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In-situ scanning tunneling microscopy (STM) and X-ray photoelectron spectroscopy (XPS) measurements
have been performed to investigate the formation and thermal stability of mono- and bimetallic AusFe, (x
=1, 0.8, 0.5, 0.2, 0) nanoparticles (NPs) supported on TiO,(110). Nearly hexagonal arrangements of size-
selected Au, Fe, and Au—Fe NPs with well-defined interparticle distances have been achieved by diblock-
copolymer encapsulation. Upon stepwise annealing from 300 to 1060 °C, a remarkable thermal stability of
the Au—Fe NPs was observed, maintaining their original spatial arrangement on the TiO, surface up to 900
°C. A majority phase of a gold—iron alloy (solid solution) was achieved for our AuysFeys NPs in the
temperature range of 700 °C - 800 °C, and for Aug,Feyg NPs at 800 °C, while a phase mixture of bcc Fe and
Au—Fe alloy was observed for the AuggFe, system at 800 °C-900 °C. For all samples the segregation of Au
atoms toward the NP surface was detected upon high temperature annealing (800 °C) in vacuum. Nearly
complete Au desorption was observed by XPS at 900 °C for Aug,Feyg NPs, at 1000 °C for AujsFeqs NPs,
and at 1060 °C for AuggFey, NPs. The enhanced thermal stability of Au in the AuggFey, NPs is believed to
be related to the formation of core(Fe)/shell(Au) structures. Furthermore, contrary to the case of pure Fe or
Fe-rich NPs where nearly complete Fe desorption or Fe diffusion into TiO, was observed at 1000 °C, an Fe
signal was detected at this temperature for the Au-rich samples (AuggFep, and AugsFeys).

Introduction

The physical and chemical properties of bimetallic systems
have been found to differ strongly from their corresponding
monometallic analogues'? and have therefore been the subject
of intensive theoretical and experimental research.?™> In the field
of heterogeneous catalysis, oxide-supported bimetallic nano-
particles (NPs) have shown remarkably high activity and
selectivity. Several mechanisms are believed to be responsible
for such enhanced catalytic performance, including the presence
of lower barriers for specific chemical reactions® and improved
resistance against poisoning and subsequent deactivation.’
Combining two active metal catalysts in a single nanoparticle
induces fundamental changes in their electronic properties which
are relevant for the activation of many reactions.*® In particular,
charge-transfer between the two metals in a bimetallic system
can favorably change the binding energy of adsorbates.>¢%1°
Additionally, the catalytic activity can be tuned by systematically
changing the composition of the elemental constituents in the
bimetallic NPs.!'! Among the binary nanoscale alloy systems,
Au—Fe NPs have received less attention'>”!7 due to the
immiscibility of Au and Fe in the bulk. However, this is an
interesting material system for optical, magnetic, and biomedical
applications including drug delivery.'”~? For example, density-
functional theory (DFT) calculations by Sun et al.'” revealed
that the magnetic moment of the Fe core in core(Fe)-shell(Au)
nanoparticles is significantly higher than that of bulk Fe while
the Fe—Fe coupling remained ferromagnetic, independent of
the thickness of the Au shell. In addition, the Au-coated Fe
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clusters were found to have an enhanced chemical stability
against oxidation and coalescence, diminishing the probability
of free radical and thromboses formation in the human body.!”
Thus, in order to take advantage of the biocompatibility and
surface functionalization possibilities that this bimetallic system
presents, it is crucial to be able to understand the conditions
under which stable core(Fe)-shell(Au) NP structures can be
experimentally obtained. Furthermore, Au—Fe nanoparticles are
also considered promising catalytic systems for industrially
relevant processes such as Fischer—Tropsch reactions, methanol
synthesis from syngas and high temperature CO oxidation. To
date, the high catalytic activity of gold NPs deposited on iron
oxide has been demonstrated for the oxidation of CO, Cs;Hg,
and C;Hg,>'7>* as well as the liquid-phase oxidation of O-
hydroxybenzyl alcohol,> and ethylacetate combustion over Au
and Fe NPs in a SiO, matrix.?® The reactivity of truly bimetallic
Au—Fe NPs systems is still vastly unexplored, but is currently
being evaluated by our group.

Extensive theoretical studies have been dedicated to the
understanding of effects that govern the structure and composi-
tion of bimetallic NPs, including alloying,””~% segregation,?830~34
cluster size, 37 melting temperature,’®* and surface recon-
struction.* In general, the segregation processes are explained
in terms of the atomic size mismatch and the surface energy
difference between the metallic constituents. In addition, atten-
tion has been paid to how the chemical environment of the
bimetallic system can affect segregation phenomena.*! Further,
under oxidizing conditions, the element with the highest affinity
for oxygen was found to have the highest tendency to surface
segregation.*! Although the melting of small metal NPs usually
occurs at lower temperatures than their bulk counterparts, the
formation of an alloy through the introduction of a secondary
metal component can stabilize the NPs and increase their onset
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melting temperature above those of the individual constituents.
Molecular dynamics (MD) simulations by Mottet et al.*® showed
a considerable upward shift in the melting temperature of
icosahedral Ag clusters when Ni and Cu impurities were
introduced. This effect was attributed to the release of stress in
the core, induced by the presence of Ni and Cu, leading to a
superior stability of the clusters against thermal effects. A similar
effect will be discussed here for our AuggFey, NPs.

Relatively few systematic experimental studies are available
on the composition and surface structure of bimetallic NPs 36424
Yi et al.*? reported the formation of a stable Pd—Au alloy in
the temperature range of 427—727 °C, with a Au-rich surface.*?
By means of XPS and scanning tunneling spectroscopy (STS)
measurements, our group has recently monitored the formation
and thermal stability of Au—Fe alloys in AugsFeys NPs
deposited on TiO,(110).> Our STS measurements revealed that
separated Au and Fe grains coexisted within an individual
Au—Fe NP after annealing at 300 °C. An Au—Fe alloy is formed
upon annealing at 700 °C, with the marked appearance of an
iron ds,2—2 electronic surface state. Further annealing at 900 °C
resulted in the disappearance of the Fe surface state and in a
drastic decrease of the Fe XPS signal.’ The latter effects were
attributed to the segregation of Au to the NP surface. In both
examples, Au was the element with the lowest surface energy.

In the present work we have performed ex-sifu atomic force
microscopy (AFM), in situ (ultrahigh vacuum, UHV) STM and
XPS measurements in order to investigate the morphological
and chemical stability of self-assembled size-selected Au,Fe;.,
(x=1,0.8,0.5, 0.2, 0) NPs supported on TiO,(110). Through
the in situ study, insight will be gained into the onset of alloy
formation as well as segregation and atomic desorption phe-
nomena in Au,Fe,, NPs with different compositions. Compari-
sons will be made with similarly synthesized pure Au and pure
Fe NPs of similar average size. The outcome of these studies is
relevant for the catalysis scientific community, since a better
understanding of the composition and stability of bimetallic NPs
under industrial reaction conditions (high temperature) could
shed light on the mechanisms of catalyst reactivity and
deactivation.

Experimental Details

Au,Fe,_, nanoparticles (x = 1, 0.8, 0.5, 0.2, 0) were prepared
by reverse micelle encapsulation® using a commercial diblock
copolymer, polystyrene-block-poly(2-vinylpyridine) [PS(81000)-
P2VP(14200), Polymer Source, Inc.]. Two metal salts,
(HAuCl,*3H,0) and (FeCls), were added simultaneously to the
polymeric solution previously obtained by dissolving 50 mg of
the PS-P2VP in 10 mL of toluene. Subsequently, the solution
was stirred for 48 h leading to the complete encapsulation of
the two metal salts in the micelles. Using this synthesis method,
the size of the NPs can be tuned by changing the length of the
diblock-copolymer core (P2VP) or the metal-salt/PVP concen-
tration ratio, while the interparticle distance can be controlled
by modifying the length of the PS tail. Here, the metal salt to
P2VP weight ratio was 0.6. The two metal salts were added in
molar weight proportions leading to the formation of nominal
AuggFep, AugsFeps, and Aug,Feps NPs inside the micelles.
Although changes in the individual Au/Fe concentration ratio
of NPs within the same sample are possible, compositional
analysis carried out by XPS on these samples after annealing
at 300 °C revealed that Au/Fe concentrations averaged over a
sample region of 3.5 mm? are in agreement with the nominal
compositions targeted in our synthesis.

A self-assembled monolayer of NPs was obtained on the
TiO,(110) substrate by dip-coating the single crystal into the
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gold—iron polymeric solution at a speed of 1 um/s. Prior to
the ex-situ NP deposition, the rutile TiO,(110) substrates were
cleaned in UHV by several cycles of Art sputtering at room
temperature (1 keV, 5 uA) for 45 min and annealing at
900—1000 °C for 20 min. This procedure was repeated until
adequate substrate conductivity was obtained and large (1 x
1)-TiO, terraces were observed by STM.*

These samples were then introduced in a multichamber UHV
system (SPECS, GmbH) equipped with standard surface prepa-
ration and characterization techniques. The removal of the
encapsulating polymer was achieved by an in situ oxygen—plasma
treatment (O, pressure = 4 x 107> mbar, 80 min). XPS
measurements (Al Ka, 1486.6 eV) conducted after the latter
treatment corroborated the complete disappearance of the
polymeric C-1s signal (see Suppl. Figure 1, Supporting Informa-
tion). Subsequently, the samples were annealed in situ by
electron bombardment in 100 °C intervals from 300 to 700 °C
for 20 min (per interval) and from 800 to 1000 °C for 10 min
(per interval). After each thermal treatment, XPS spectra were
acquired at room temperature. After the subtraction of a linear
background, the XPS spectra were fitted using Gaussian—
Lorentzian line shapes with a small asymmetry term (CASA
XPS software). The Au-4f XPS data were fitted using two
spin—orbit doublets (4f7,, 4fs;) corresponding to metallic Au
(84.6 eV, 88.3 ¢V) and Au*"/Au—Fe alloy (86.9 eV, 90.6 eV).
The above BE values are higher than those previously reported
for bulk Au (84 eV, 87.7 eV).*’ The origin of this difference
will be discussed in the XPS section below. The Fe-2p spectra
were fitted using three doublets (2ps, 2pi) corresponding to
Fe® (706.9 eV, 720.0 eV), Fe**/Au—Fe alloy/FeTiOs.s (709.8
eV, 723.4 eV), and the corresponding Fe oxide satellite peaks
(720 eV, 734 eV). 8732

STM images were also measured (Aarhus STM, SPECS
GmbH) following several of the annealing treatments after
sample cooling to a stabilized temperature of 15 °C (STM). An
electrochemically etched W tip was used for the STM measure-
ments. The tip was cleaned in UHV by Ar" sputtering before
each STM session.

To conduct additional morphological analysis over larger
sample areas via AFM, a second set of samples was prepared
using the same nanoparticle solutions and an identical TiO»(110)
substrate precleaned in UHV as described above.

Results

A. Morphological Characterization (AFM, STM). Figure
1 displays ex-situ AFM images of (a) Au, (b) Fe, and (c—f)
AugsFeys NPs obtained after atomic oxygen exposure in UHV
(a—c) and subsequent annealing of the AujsFeys NPs at 500
°C (d), 700 °C (e), and 900 °C (f). A homogeneous surface
coverage over large sample regions is observed. The increased
roughness of the air-exposed TiO,(110) substrate prevents us
from obtaining accurate information of the NP size due to the
difficulty of defining a common background for all NPs.
Histograms of the AFM height distributions (not shown)
obtained from Figure 1 provided the following values: 4.3 +
1.4 nm (pure Au), 4.3 £ 1.3 nm (pure Fe), and 2.9 &+ 1.3 nm
(AugsFegs) after O,—plasma treatment. The average AFM
heights of the AugsFeos NPs after subsequent annealing are:
3.2+ 1.3 nmat 500 °C, 4.1 & 1.4 nm at 700 °C, and 2.5 £+ 0.9
nm at 900 °C. The particles are arranged in a nearly hexagonal
2D pattern, as can be seen in the STM images of AugsFeqs
NPs (taken after annealing at 900 °C) and the corresponding
spatial autocorrelation plots of Figure 2.

Figure 3a—e shows additional STM images (200 x 200 nm?)
acquired on a sample with self-assembled AugsFegs NPs
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Figure 1. AFM images of (a) Au, (b) Fe, (c—f) AugsFeys nano-
particles synthesized by inverse micelle encapsulation in PS(81000)-
P2VP(142000) and supported on TiO,(110). The images were taken
in air after polymer removal in UHV by an O,—plasma treatment
(a—c) and subsequent annealing of the AugsFeqs NPs at 500 °C
(d), 700 °C (e), and 900 °C (f).

deposited on TiO,(110) after O, plasma treatment and subse-
quent annealing in UHV at (a) 300 °C, (b) 700 °C, (c) 800 °C,
(d) 900 °C, and (e) 1000 °C. Figure 3f contains a high resolution
(50 x 50 nm?) image of a AugsFeps NP on an atomically
resolved TiO, terrace acquired after sample annealing at 1000
°C. Parallel atomic rows separated by a distance of 1.3 nm can
be observed. This structure corresponds to the formation of the
(1 x 2) reconstruction of the TiO,(110) surface.>™>

STM images of similarly prepared monometallic Au [Figure
3g,h] and Fe [Figure 3i] NPs were acquired after annealing at
300 °C (g), and 700 °C (h,i). Additional STM images of these
two samples after annealing at 500 °C can be found in the Suppl.
Figure 2. Our systematic AFM and STM studies indicate the
stability of the spatial arrangement of the AugsFeys and Au NPS
up to 900 °C, and Fe NPs up to 700 °C, with an average
interparticle distance dp,, of 39 £ 9 nm (AugsFeys at 900 °C,
STM). The height (h) of the NPs also remains stable up to at
least 800 °C. Representative histograms of the height (/) and
interparticle distance (dy,) of AugsFegs, Au, and Fe NPs obtained
from the analysis of numerous STM images acquired after
sample annealing at 900 °C (AugsFeqs) and 700 °C (Au and
Fe) are shown in Figure 4. A summary of the measured average
particle height (k) as a function of annealing temperature is
shown in Figure 5. [The error bars correspond to the standard
deviation calculated from the distribution of particle heights,
Figure 4a, and interparticle distance, Figure 4b]. As an example,

Figure 2. STM (a),(c) and corresponding spatial autocorrelation images
(b),(d) of AugsFeyps nanoparticles synthesized by inverse micelle
encapsulation and supported on TiO,(110). The images were taken after
sample annealing in UHV at 900 °C for 20 min.

for the AugsFeqs NPs only a moderate increase in the average
NP height fromh =4.6 = 1.4 nm at 500 °Cto h = 5.7 £ 1.3
nm at 900 °C was observed, Figure 5. For higher annealing
temperatures, a strong decrease in the AugsFeys NP height was
measured, with 2 = 1.4 & 0.9 nm at 1000 °C. The temperature
of 900 °C appears to be a transition temperature, above which
metal atoms start to desorb from the AugsFeqs NPs since a sharp
reduction of both the NP height and its diameter (not shown)
was measured. A similar trend was observed for the pure Au
and pure Fe NPs, although the sharp decrease in the average
height of Fe NPs occurred at an earlier temperature (between
700 and 900 °C). The NP height is considered here as the
significant size parameter in our samples, since the NP diameter
is obscured by tip convolution effects.

Annealing the AugsFeps NPs at 1000 °C, Figure 3(e,f),
resulted in the disappearance of the initial hexagonal NP
arrangement, in Au and Fe atomic desorption, and in the
development of a wider nanoparticle size distribution. At this
temperature, wide terraces are observed in the TiO,(110) surface.
Only small variations in the roughness of the TiO, substrate
(due to the initial O,—plasma treatment) were noticed up to an
annealing temperature of 700 °C. At this stage, no clear
crystalline orientation can be observed on the substrate, but
pearl-like TiO, structures (clusters) are present at the surface.>
According to Stone et al.,*® such morphologies are due to the
diffusion of Ti°" interstitials from the bulk. Upon further
annealing above 900 °C, the original TiO, clusters break up
and atomic diffusion leads to the formation of parallel Ti and
O rows along the [001] direction, Figure 3f. In these samples,
the average rms roughness of the TiO, substrate obtained from
the analysis of STM images acquired after the different thermal
treatments is: 0.30 £ 0.05 nm after annealing at 300 °C, 0.31
£ 0.06 nm at 700 °C, 0.20 &+ 0.05 nm at 800 °C, 0.16 £ 0.03
nm at 900 °C, and 0.07 4+ 0.03 nm at 1000 °C (See Suppl.
Figure 3, Supporting Information).

B. Electronic and Chemical Characterization (XPS).
1. Pure Au and Pure Fe Nanoparticles. Figure 6 displays XPS
spectra from the Au-4f and Fe-2p core levels of two samples
containing pure gold (Figure 6a) and pure Fe (Figure 6b) NPs
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Figure 3. STM images of bimetallic AugsFes (a—f), pure Au (g,h) and pure Fe (i) nanoparticles supported on TiO,(110) and measured at 15 °C
after an in situ O, plasma treatment and subsequent annealing at: (a,g) 300 °C, (b,i) 700 °C, (c) 800 °C, (d,h) 900 °C, and (e,f) 1000 °C. With the
exception of image (f) (50 x 50 nm?), the rest of the images correspond to a scan region of (200 x 200 nm?).

deposited on TiO,(110). The XPS data were acquired after an
O,—plasma treatment and subsequent annealing from 300 to
1000 °C. Nanoparticle exposure to atomic oxygen resulted in
the partial oxidation of Au, with 72% of the signal being Au**
(binding energy BE = 87.1 eV of Au-4f;,) and 28% metallic
Au,”® Figure 6a and Table 1. Interestingly, a large positive
BE shift is observed in the Au-4f peaks of all our samples
directly after atomic oxygen exposure (+1.1 eV with respect
to Au*™). 7% After reduction of the Au** present below 300
°C, no changes in the binding energy of Au are observed in the
temperature range from 300 to 600 °C,%>% with a stable BE
value of ~84.8 eV, Figure 6a. This value is +0.8 eV higher
than the value of bulk metallic gold (84.0 eV, Au 4f;)).
However, upon annealing at 700 °C, an additional shift of +0.5
eV (BE = 85.3 eV) is observed. As will be described in more
detail in the discussion section, such shifts may be attributed to
size-dependent final state effects,*”%* as well as to NP/support
interactions.® %’ Since at 700 °C the NP size did not experience
significant changes (Figure 5), Au—Ti interactions are believed
to be responsible for the additional shift.*%3 A clear decrease
in the Au signal is observed upon annealing at 900 °C, and no
gold is detected by XPS after annealing at 1000 °C.

Figure 6b indicates that the pure Fe NPs are oxidized to Fe,O;
(711.6 eV, Fe-2ps;, in Fe,05*) during the in situ O,—plasma
treatment used to remove the encapsulating polymer, and that
Fe" is stable at least up to 300 °C (100% signal, Table 1).
Annealing at 500 °C resulted in partial reduction of Fe,Os
species to metallic Fe (Fe’-2ps, peak at 707.6 eV, 2%). In
analogy to the case of the Au/TiO, system, the positive BE shifts
(+0.7 eV with respect to bulk Fe’ at 707.1 eV***°) observed

for our Fe/TiO, NPs above 500 °C are attributed to final state
effects*®* in the photoemission process and to cluster/support
interactions.®®®’ In the temperature range of 500—900 °C the
content of metallic Fe in these clusters increases, reaching a
maximum of ~45% at of 700—800 °C (Table 1). In addition,
a shoulder is observed in the Fe-2p spectrum at ~710.5 eV
[marked with an arrow in Figure 6b, 800 °C], indicating the
presence of FeO, (Fe*™-2ps at ~709.6 eV)*~3 and/or FeTiOz.4
compounds.®'*? Further details on this assignment are given in
the discussion section.

2. AuygsFey; Nanoparticles. The formation and thermal
stability of Au—Fe alloys in size-selected NPs with different
alloy compositions has been investigated in sifu by XPS. Figure
7 shows thermally induced changes in the Au-4f (a) and Fe-2p
(b) core levels of AuggFey, NPs supported on TiO,(110) after
an O, plasma treatment followed by a stepwise annealing from
300 to 1000 °C. In Figure 7a, a BE shift of +0.5 eV with respect
to bulk Au was measured after annealing at 300 °C, and an
additional shift of +0.2 eV after annealing at 500 °C (BE =
84.7 eV, Au 4f;,). Above this temperature, the BE of Au is
stable up to 1000 °C. Unlike the case of the pure Au NPs (lack
of Au signal at 1000 °C), total desorption of Au from the
AuggFep, NPs was not detected until the annealing temperature
reached 1060 °C (not shown).

Another clear difference in the Au-4f XPS spectra of the Au-
rich AuggFey, NPs [Figure 7a] with respect to their monome-
tallic counterparts is the need to include an additional, weak
high-BE component (Au-4f7,, 86.2—87 eV, ~10—14% of the
total Au spectral area) in order to properly reproduce the raw
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data [see arrow in Figure 7a]. This component is attributed to
Au—Fe bonding.%%~7!

Figure 7b displays the evolution of the Fe-2p signal in
AuggFep, NPs with increasing annealing temperature. Similarly
to the case of the pure Fe clusters, the O,—plasma treatment
employed leads to the oxidation of Fe (Fe*t, 712.2 eV). At 300
°C a small shift to lower BE (710.6 eV) is observed. However,
in contrast to the case of the pure Fe clusters, where ~38%
metallic Fe was detected at 500 °C (Table 1), two clear XPS
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Figure 6. XPS spectra of (a) the Au-4f and (b) Fe-2p core level regions
of pure Au (a) and pure Fe (b) nanoparticles supported on TiO,(110).
The spectra were acquired after O,-plasma treatment and after
subsequent in situ annealing from 300 to 700 °C for 20 min and from
800 to 1000 °C for 10 min. The reference straight solid lines indicate
the binding energies of bulk Au and Fe. The arrow in (b) at a BE of
710.5 eV indicates the presence of oxidized Fe species (Fe>*/Fe*") and/
or an FeTiO;;45 compound at the Fe/TiO, interface after annealing at
700 °C. The corresponding spectral least-squares fits for the different
Au and Fe species are also shown, (solid lines).

peaks can be observed on the AuggFey, NPs at 500 °C. The
low energy peak (707.7 eV) corresponds to Fe?, while the high
energy peak (710.6 eV) can be attributed to residual Fe—oxides
and/or to the formation of a partial Au—Fe alloy. In order to
test whether the latter component is exclusively related to the
formation of a Au—Fe alloy or also, at least partially, to the
presence of unreduced Fe-oxide compounds, similarly oxidized
AugsFey s NPs were exposed to a hot H,—plasma treatment. The
results of these experiments will be discussed below in the
section dedicated to the AugsFeys sample.

With increasing annealing temperature from 500 to 700 °C,
the intensity of the second Fe component (710.6 eV) is reduced,
which is attributed to the reduction of Fe oxide compounds. At
700 °C, ~35% of the Fe content is in the metallic state (707.6
eV, Table 1). Interestingly, further annealing to 800—900 °C
leads to an increase in the 710.6 eV/707.6 eV intensity ratio
[(Fe-oxide/Fe—Au alloy)/(Fe metal)]. Since at 800 °C Fe is
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TABLE 1: Relative Content of the Different Au and Fe Phases of Pure Au, Pure Fe, AujgFe),, AuysFe)s, and Auj,Fe)g
Nanoparticles Deposited on TiO,(110) Obtained from the Analysis of the Au-4f and Fe-2p XPS Data Shown in Figure 6, 7, 8,

and 10°
phase content (£5%)
Au’ Aut Au—Fe Alloy Fe Fe’t/Au—Fe Alloy/FeTiOz4
sample temperature 84.6—86.0 eV 86.9—87.3 eV 86.2—88.6 eV 706.9—707.7 eV 709.8—712.2 eV
Au-NPs 0O,—Plasma 28 72 - — -
300 °C 100 0 - - -
500 °C 100 0 - - -
600 °C 100 0 - - -
700 °C 100 0 - - -
800 °C 100 0 - - -
900 °C 100 0 - - -
1000 °C - - - - -
Fe-NPs 0O,—Plasma — — - 0 100
300 °C - - - 2 98
500 °C - - - 38 62
600 °C - - - 43 57
700 °C - - - 45 55
800 °C - - - 46 54
900 °C - - - 44 56
1000 °C - - - 38 62
AuggFe(,NPs 0O,—Plasma 38 62 - 0 100
300 °C 87 - 13 5 95
500 °C 87 — 13 26 74
600 °C 89 - 11 36 64
700 °C 90 - 10 35 65
800 °C 88 — 12 30 70
900 °C 86 - 14 19 81
1000 °C 87 - 13 15 85
AugsFegsNPs 0O,—Plasma 9 91 - 0 100
300 °C 85 - 15 0 100
500 °C 87 — 13 28 72
600 °C 88 - 12 30 70
700 °C 88 - 12 3 97
800 °C 87 — 13 5 95
900 °C 73 - 27 11 89
1000 °C - — - 24 76
Aug,FeysNPs 0O,—Plasma 34 66 - 0 100
300 °C 84 - 16 28 72
500 °C 80 — 20 42 58
600 °C 79 - 21 43 57
700 °C 77 - 23 33 67
800 °C 70 — 30 7 93
900 °C 72 - 28 7 93
1000 °C - — - - -

“The binding energies corresponding to the Au-4f;, and Fe-2p;, XPS peaks detected in each sample are indicated below each phase

assignment in the top row.

expected to be completely reduced’? (with exception of the
interfacial Fe atoms in contact with the oxide support), the
sudden increase of the 710.6 eV component (see arrow in Figure
7b) signalized the formation of a partial Au—Fe alloy. At 900
°C only 19% of the remaining Fe in these NPs is in its pure
metallic state, while the rest has formed an alloy with Au. In
addition, a decrease in the total Fe signal is observed (by ~30%
at 900 °C and by ~60% at 1000 °C) with respect to the value
at RT, and incomplete desorption (Figure 7b) is noticed at 1000
°C. Due to the enhanced surface sensitivity of XPS, the marked
decrease in the Fe signal above 700 °C (Figure 7b) might be
attributed to the segregation of Au to the NP surface.

3. AugsFeys Nanoparticles. Figure 8 shows XPS spectra
from the Au-4f (a) and Fe-2p (b) core levels of AugsFeys NPs
acquired after O,- plasma treatment and subsequent annealing
at the indicated temperatures. In analogy to the case of the pure
or Au-rich (AuggFej,) NPs, a binding energy of 84.8 eV was
measured for Au-4f;, after annealing at 300 °C, Figure 8a.
Similar to the case of the Au-rich nanoparticles, for this new
NP composition the Fe atoms still show a BE energy signifi-

cantly higher than that of bulk Fe (710.4 eV versus 707.1 eV
for bulk Fe?) after annealing at 300 °C, suggesting the presence
of oxidized Fe compounds, Figure 8b. The Au signal remained
nearly stable up to an annealing temperature of 600 °C, where
an additional positive BE shift was measured (+0.4 eV with
respect to the 500 °C Au spectrum in AugsFeys NPs), Figure
8a. Analogously to the case of the Au-rich NPs, in the
temperature range of 500 to 600 °C the two peaks observed in
the Fe-2p spectra are attributed to Fe-oxides or a Au—Fe alloy
(~710.4 eV), and to Fe’ (~707.7 eV) from the partial reduction
of Fe,0;, Figure 8b. Since both the Au-4f and the Fe-2p (710.4
eV) peaks in the AugsFeqs NPs are shifted to higher BEs with
respect to their pure NP counterparts at 600 °C, the onset of
partial Au—Fe alloying at this temperature is plausible as will
be discussed in detail below.

To separate the relative contributions from Fe—oxide and
Au—Fe alloy (similar in BE) to the Fe-XPS spectra measured
below 700 °C, we have performed in situ hot H,—plasma
treatments on a similarly prepared AugsFeys NP sample, Figure
9. A H, plasma treatment has been successfully used by Wang
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Figure 7. XPS spectra of (a) the Au-4f and (b) Fe-2p core level regions
of AuggFe(, nanoparticles supported on TiO,(110). The spectra were
acquired after O, plasma treatment and after subsequent in sifu annealing
from 300—700 °C for 20 min and from 800—1000 °C for 10 min. The
arrow in (b) at a BE of 710.5 eV indicates the position of a XPS peak
corresponding to the partial formation of an Fe—Au alloy after annealing
at 700 °C. Coincidentally, a similar BE is observed for oxidized Fe
species and/or FeTiO;4s compounds at the Fe/TiO, interface in pure
Fe clusters. The corresponding spectral least-squares fits for the different
Au and Fe species are also shown, (solid lines).

et al.” to reduce 25 nm-thick oxidized Fe-layers. Ethirajan et
al.”* and Boyen et al.”> have also demonstrated that oxidized
(O,—plasma treated) FePt and Co NPs, synthesized by the same
inverse micelle encapsulation method used in the present work,
can be completely reduced by atomic hydrogen exposure. In
our samples, the first Hy—plasma treatment at 300 °C resulted
in a reduction of the Fe’* signal, with 28% metallic Fe detected.
It should be noted that annealing the same sample at 300 °C
immediately after the O,—plasma treatment (Figure 8b) but
without exposure to atomic hydrogen, did not result in any
reduction of Fe’™ (100% Fe’*, Table 1). A subsequent
H,—plasma treatment at 500 °C resulted in further reduction of
the Fe—oxide component, but 60% of the total Fe signal at 710.6
eV remained. This experiment shows that the Fe-2p component
at 710.6 eV cannot be completely eliminated by hydrogen
reduction, indicating that ~60% of that signal is due to partial
Au—Fe alloying, Figure 9. By comparison, in the AugsFeys NP
sample of Figure 8b, after annealing at 500 °C but without a
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Figure 8. XPS spectra of (a) the Au-4f and (b) Fe-2p core level regions
of AugsFe(s nanoparticles supported on TiO,(110). The spectra were
acquired after O, plasma treatment and after subsequent in situ annealing
from 300—700 °C for 20 min and from 800—1000 °C for 10 min. The
arrow in (b) at a BE of 710.7 eV indicates the position of the XPS
peak corresponding to Fe in an Fe—Au alloy after annealing at 700
°C. Accidentally, a similar BE is observed for oxidized Fe species and/
or FeTiOs4s compounds at the Fe/TiO, interface in pure Fe clusters.
The corresponding spectral least-squares fits for the different Au and
Fe species are also shown, (solid lines).

simultaneous H,—plasma treatment, a ~72% Fe signal remained
at 710.6 eV. Interestingly, after the last H,—plasma treatment
at 600 °C (Figure 9), an increase in the 710.6 eV Fe component
(74%) was observed. On the AugsFeys NP sample of Figure
8b, annealed to the same temperature (600 °C) but not
H,—plasma treated, ~71% of the total Fe signal corresponded
to the 710.6 eV component. This value is very close to that
obtained on the same sample after annealing at 500 °C (~72%).
This apparent lack of reduction at the higher temperature is
attributed to a compensation effect, since the thermal reduction
of Fe,05 at 600 °C is convoluted with an increase in the number
of Fe—Au bonds, and consequently leads to an increase of the
high BE XPS component at 710.6 eV. Our H,-reduction
experiments indicate that although a slightly enhanced thermal
stability of Fe-oxides exists for this bimetallic sample at 500
°C (~12% higher signal of the second Fe component on
Aug sFeq s in the absence of H,), annealing at 600 °C appears to
completely reduce the Fe oxides present.
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Figure 9. XPS spectra of the Fe-2p core level region from a sample
containing AugsFeys NPs deposited on TiO,(110). The sample was first
exposed to an O,—plasma treatment in UHV for 80 min and
subsequently to H,—plasma treatments (60 min each) at 300, 500, and
600 °C. At 500 °C, the arrow at a BE of 710 eV indicates the presence
of an Au—Fe alloy. The corresponding spectral least-squares fits for
the different Fe species are also shown.

Upon further annealing the AugsFeps NPs from 700 to 900
°C (Figure 8b), the metallic Fe signal (Fe®) at 707.3 eV has
nearly vanished (~10% at 900 °C, Table 1). At 700 °C, only
the XPS peak at 710.5 eV can be observed (see arrow in Figure
8b). This change is ascribed to a modification in the coordination
of Fe atoms in the AugsFeys NPs, caused by the complete
alloying with Au atoms. The high BE measured for Au at 700
°C (~85.4 eV) also indicates the formation of a Au,sFe, s alloy,
Figure 8a. From 700 to 800 °C, no additional changes in the
BEs of Fe and Au were observed, pointing toward a relatively
stable alloy. However, after annealing at 900 °C, a drastic
decrease in the Fe XPS signal at 709.8 eV (high BE component)
is observed (Fe in AugsFes alloy). In parallel, a new XPS peak
appears at lower BE (707.3 eV), corresponding to Fe atoms in
a less-Au-rich environment, Figure 8b. On the other hand, the
intensity of the Au XPS signal did not exhibit such a decrease.
Besides, an additional BE shift (+0.3 eV with respect to the
value at 800 °C) was measured in the Au-4f signal at 900 °C
(85.6 eV), Figure 8a. This effect is attributed to the decrease in
the NP size (final state effects) observed by STM after annealing
at 900 °C. After annealing at 1000 °C, the nearly complete
desorption of gold (within the XPS sensitivity limits, estimated
to be approximately 0.3 at. % Au’®) was observed in our XPS
spectra (Figure 8a), while some iron clusters still remain on
the TiO,(110) surface. Traces of gold were found on the surface
of these NPs by XPS after annealing at 960 °C (not shown).

4. Auy,Feys Nanoparticles. XPS measurements were also
conducted on Fe-rich Auj,Feqs NPs of similar size, Figure 10.
Several important differences with the previous measurements
should be noted: (i) a lower onset temperature for Au desorption
is observed (>800 °C) as compared to >900 °C for pure Au
clusters and AugsFeys (Au being only slightly more stable than
on the pure Au clusters), and >1000 °C for AuggFeq,; (ii)
significant atomic Fe desorption is observed at/above 800 °C,
this being the lowest Fe desorption temperature among all
samples investigated; (iii) all Fe atoms in these NPs are
incorporated in a Au—Fe alloy above 800 °C.
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Figure 10. XPS spectra of (a) the Au-4f and (b) Fe-2p core level
regions of Aug,Feg nanoparticles supported on TiO,(110). The spectra
were acquired after O, plasma treatment and after subsequent in situ
annealing from 300 to 700 °C for 20 min and from 800 to 1000 °C for
10 min. The arrow in (b) at a BE of 710.5 eV indicates the position of
the XPS peak corresponding to Fe in a Fe—Au alloy after annealing at
800 °C. Coincidentally, a similar BE is observed for oxidized Fe species
and/or FeTiOs44 compounds at the Fe/TiO, interface in pure Fe clusters.
The corresponding spectral least-squares fits for the different Au and
Fe species are also shown.

Discussion

A. Morphology (AFM, STM). Our AFM and STM images
(Figures 1-3) demonstrate that our preparation technique results
in self-assembled size-selected Au,Fe;, nanoparticles. The
average NP heights of Au, Fe and AuyFe,, are centered in a
narrow range (e.g., at ~3.5—4.5 nm after UHV annealing at
300 °C, Figure 5a) and show insignificant changes with
annealing up to 700 °C. Further, the NP height distributions
are relatively narrow with standard deviations in the range of
~=1.2 to £1.8 nm, Figure 5a. Similar observations can be made
for the average interparticle distances, which are centered at
~38 — 47 nm, Figure 5b, with standard deviations ranging from
~=%9 to +10 nm. Moreover, the spatial autocorrelation plots in
Figure 2b,d (averaged over the sample areas shown in Figure
2a,c) provide evidence for the quasi-hexagonal spatial arrange-
ment of the NPs. All of these observations show that our self-
assembled NPs have regular interparticle spacing and are size-
selected.
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Figure 11. Evolution of the (a) Au-4f;, and (b) Fe-2p;;, binding
energies of Au (O), Fe (O), and Au,Fe,, [x = 0.8 (@), 0.5 (&), 0.2
(M)] nanoparticles supported on TiO,(110) with annealing temperature.
In (b), the component labeled as 1 corresponds to metallic Fe (Fe-2ps/,
BE of 706.9—707.7 eV), while component 2 (Fe-2ps, BE of 709.8—712.2
eV) includes Fe—oxides + FeTiOs4s + Au—Fe alloy compounds, which
cannot be distinguished based on the BE. These data were extracted
from the XPS spectra displayed in Figures 6, 7, 8, and 10.

Our AFM and STM images (Figures 1-3) as well as the
results shown in Figure 5 provide proof for the high thermal
stability of mono and bimetallic nanoparticles prepared by
inverse micelle encapsulation and deposited on TiO,(110). It
should be noted that the height of the Fe NPs was found to
decrease above 700 °C, while the Au and AugsFeys NP heights
decrease only above 900 °C. This difference could be related
to changes in the TiO, morphology originating from the distinct
interaction of Fe versus Au with TiO, (e.g., Fe encapsulation
by TiO,). Interestingly, the changes in the TiO, morphology
observed at 900 °C, Figure 3d,h, do not significantly alter the
initial arrangement of the NPs, providing evidence for a strong
NP/support adhesion. This is an important factor for catalysis
applications, since the longevity of a catalyst is largely
determined by its morphological stability under reaction condi-
tions (e.g., high temperature). Recently, Matthey et al.”’ observed
that UHV-evaporated Au clusters supported on reduced
TiO,(110) exhibit a clear tendency toward sintering, while
similar clusters deposited on an oxidized TiO,(110) surface
displayed a stronger adhesion and stability. Since our TiO,(110)
surface is significantly reduced at 900 °C (the presence of a
Ti** component with binding energy of 457.8 eV can be seen
in Suppl. Figure 4, Supporting Information), the stability of our
NPs must have a different origin. This should be investigated
in more detail in the future.

B. Electronic and Chemical Characterization (XPS).
1. Size and Support Effects. Figure 11 summarizes the evolu-
tion of the Au-4f;, (a) and Fe-2p;, (b) binding energies
extracted from the XPS spectra in Figures 6, 7, 8, and 10.

In our pure Au NP samples, Au-4f binding energy shifts of
+0.8—1.3 eV (relative to bulk Au, 84.0 eV) were detected.
Similar positive BE shifts were previously observed by Chusuei
et al.*’ and Howard et al. on Au clusters evaporated on
TiO,(110) at room temperature. It has been reported that the
magnitude of these shifts strongly depends on the particle size*’
as well as on the structure and stoichiometry of the TiO, support,
both of which change upon high temperature annealing.%> The
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origin of these shifts is commonly assigned to either initial state
effects (changes in the electronic structure of NPs with decreas-
ing size) or to final state effects (insufficient screening of the
positive charge left behind during the photoemission process)
and NP charging.®#76465 Shifts of similar origin were also
observed in the XPS spectra of our pure Fe NPs. In particular,
a BE shift of up to +0.7 eV with respect to bulk Fe’ at 707.1
eV*4 was detected for the low BE Fe component in the Fe
NPs.

The Au-4f binding energies in the AugsFegs and Aug,Feqs
NP samples are slightly higher than those obtained for the pure
Au NPs, but follow the same trend of increasing BE with
increasing annealing temperature, Figure 11a. The large Au-4f
BEs observed for these samples at 900 °C (up to 86 eV for
AugFej g and 85.3 eV for pure Au clusters as compared to bulk
Au at 84 eV) can be attributed to a decrease in the particle size
due to partial Au desorption from the NPs. Although for the
bimetallic samples the formation of a Au—Fe alloy might also
contribute to the observed Au-4f BE increase, such an effect is
not considered dominant, since the temperature-dependent trends
observed in the Au-4f BEs were not found to correlate with
those of the Fe-2p signals, Figure 11b. Interestingly, the Au-4f
BE of the AuggFey, NPs was found to remain nearly constant
throughout the entire temperature range. This sample also
demonstrated the highest stability against Au desorption (a clear
Au signal was detected after annealing at 1000 °C), suggesting
that the increase in the BE of the pure Au NPs and the other
bimetallic samples may be attributed to a decrease in the NP
size.

2. Stability of Fe—Oxide and/or TiO, Encapsulation. The
thermal evolution of the binding energy of the two Fe-2p
components of our mono- and bimetallic samples is shown in
Figure 11b. In this graph, the low BE component (706.9
eV—707.7 eV) labeled as 1 corresponds to metallic Fe, while
component 2 (709.6—712.2) is assigned to Fe—oxides, and/or
FeTiOs+s compounds, and/or a Au—Fe alloy. The first compo-
nent appears at 300 °C after an initial Fe,O3 reduction, and its
BE remains nearly constant up to 800 °C. The presence of this
component in all bimetallic samples indicates that complete
Au—Fe alloying was not achieved at any given temperature.
Sample annealing above 800 °C results in a slight decrease of
the BE of this component for the bimetallic NPs, while it
remains nearly constant for the pure Fe NPs. The BE of the
second component (high BE, labeled as 2) initially decreases
up to 500 °C signalizing the reduction of Fe—oxide complexes.
However, it remains nearly constant from 500 °C up to 800 °C
for all samples, indicating the presence of interfacial FeTiO344
compounds (pure Fe NPs) and/or an Au—Fe alloy component.
A significant decrease in the BE of this second component above
800 °C is only observed for the AugsFeps sample. As will be
discussed in more detail later, this effect indicates Au—Fe phase
separation.

The presence of the high-BE shoulder in the XPS spectra of
the pure Fe NPs at ~710.5 eV (arrow in Figure 6b and
component 2 in Figure 11b) upon annealing at/above 500 °C
could be indicative of the enhanced thermal stability of Fe-
oxides in these clusters, as well as of the formation of FeTiO,
compounds. Since previous TEM studies reported the decom-
position of Fe,O; on the surface of pure Fe nanoparticles [Fe,0;
shell(2 nm)/bce-Fe core(5 nm)] at about 500 °C,”? the presence
of FeTiOx species in our annealed samples must be considered.
The latter explanation for our high BE component in the pristine
Fe NPs is in agreement with XPS’! and ultraviolet photoelectron
spectroscopy’® data on ultrathin Fe films on TiO,(110). Ternary
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oxides such as FeTiOj are likely to form at the particle-substrate
interface.”! Fuji et al.>? reported binding energies of 709 eV
(Fe**) for bulk FeTiOs, and 711 eV (Fe*") for FeTiO;s
compounds. Our 710.5 eV BE (shoulder in Figure 6b, arrow)
might indicate the formation of nonstoichiometric FeTiOs;
compounds. Furthermore, the observation by Fuji et al.’? of a
weak high BE components (Fe*") in the Fe-2p XPS spectra of
stoichiometric FeTiOj; films (dominated by Fe?*) was ascribed
to intervalence charge transfer (Fe?t + Ti*" — Fe3* + Ti’").3?
In addition, according to the work by Pan et al.’' and Diebold
et al.% on UHV evaporated Fe islands deposited on TiO,(110),
the possibility of encapsulation of our Fe nanoparticles by TiO,
upon annealing should also be considered. Nearly complete TiOy
encapsulation of Fe was reported in the temperature range of
500—700 °C upon several hours of annealing in UHV.’!
Interestingly, despite the encapsulation, the Fe particles in this
study were found to be in the metallic state, with the exception
of the interfacial Fe atoms. Although from our XPS data we
cannot exclude the possibility of Fe encapsulation by TiOy, one
should keep in mind that the shapes of UHV grown (mainly
flat 2D islands®') and micellar (3D spherical) clusters are
different and that cluster/support interactions in these two
systems might also be different. In addition, the previous
studies>!% reported the Fe encapsulation by TiO after several
hours of annealing in UHV, while in our study the annealing
times were much shorter (10—20 min) and therefore the
encapsulation less likely. In order to clarify this aspect,
additional spectroscopic (STS) studies are currently being
conducted in our group and will be published elsewhere.
Previous STS data by Dulub et al.”” on UHV evaporated Pt
clusters deposited on TiO,(110) indicated the appearance of a
bandgap in Pt regions after sample annealing up to a maximum
temperature of 700 °C. The authors attributed this bandgap to
the encapsulation of Pt by an ultrathin TiOy film. Some
preliminary STS data on AugsFe;s NPs deposited on TiO,(110)
can be found in our previous work.’ For this bimetallic sample,
no bandgap was observed in the current—voltage curves
measured after annealing at 700 °C on the top of our AugsFeqs
NPs (below the onset temperature of Au segregation to the NP
surface at about 800 °C), suggesting the lack of significant
encapsulation by TiO. A more exhaustive study focused on this
aspect is still needed to rule out this possibility with certainty.

The second Fe-2p BE component (labeled as 2 in Figure 11b)
is also present for all bimetallic samples, and as can be seen in
Figure 12, its relative contribution to the total Fe XPS signal is
higher than in the case of the monometallic (pure) Fe sample
at elevated annealing temperatures. This result could have two
different origins: (i) the enhanced stability of FeO, or FeTiO,
compounds in the presence of Au, and/or (ii) the formation of
a Au—Fe alloy. The latter point is considered to be the main
factor responsible for the high BE Fe component observed for
these samples at elevated temperatures, and will be discussed
in the next section. Based on our H,-reduction experiments on
AugsFeys NPs, it appears that only a slightly enhanced stability
of Fe—oxide species is present for our samples at 500 °C, and
that above that temperature, the second Fe component should
be attributed to the formation of a Au—Fe alloy as well as to
interfacial FeTiO, compounds. The mechanism by which the
presence of Au impurities could help stabilize oxidized Fe com-
pounds at 500 °C is unclear, but could be related to the low
affinity of Au for O, to the presence of subsurface Fe—oxide,
to the reduction of the FeO,—Au interfacial energy, or to strain
relaxation in the FeOy film on the Au—Fe NP due to a change
in the average lattice parameter. The effect of a secondary metal
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Figure 12. Evolution of the relative content (spectral area) of the two
different Fe phases (component 1 and component 2) obtained from the
fits of Fe-2p XPS spectra acquired after sample annealing in UHV from
RT to 1000 °C. The data shown correspond to the following samples:
(a) AuggFeq», (b) AugsFeqs, and (c) Aug,Fegg NPs, (O and O connected
by solid lines). For comparison, the phase content of the pure Fe NPs
is also plotted (M and @ connected by dashed lines). The component
labeled as 1 (squares) corresponds to the low BE feature (Fe-2p;;, at
706.9—707.7 eV) assigned to metallic Fe, while component 2 corre-
sponds to the high BE feature (Fe-2p;/; at 709.8—712.2 eV and satellites
at ~720 eV) attributed to Fe—oxides + FeTiO3,, compounds + Au—Fe
alloy. These data were extracted from the XPS spectra displayed in
Figures 6, 7, 8, and 10. The vertical arrows indicate the increase in the
phase content of component 2 in the AuxFel-x nanoparticles relative
to the phase content of component 2 in the pure Fe NPs. This increase
is attributed to the formation of an Au-Fe alloy.

on the stability of Pt oxides in similarly synthesized bimetallic
Pty sMo, (M = Fe, Ru, Pd, Au) nanoparticles has been recently
reported by Croy et al.’’ based on XPS investigations. In this
study, the largest amount of PtO was present in the samples
that contained a secondary metal that did not have a high affinity
for O (in this example Au in Pt—Au NPs), and a slightly higher
content of PtO was observed in the Pt—Au NPs as compared
to pure Pt NPs %

3. Au—Fe Alloy Formation. Figure 12 summarizes the
thermal evolution of the relative content of the two Fe species
(components 1 and 2) present in our bimetallic samples: (a)
AuggFeo, (b) AugsFegs, and (c) Aug,Fegs NPs, (open squares
and open circles connected by solid lines). For comparison
purposes, the phase contents obtained for the pure Fe NPs are
also plotted (closed squares and closed circles connected by
dashed lines). In analogy to Figure 11, the low BE component
labeled as 1 corresponds to metallic Fe, while component 2 is
assigned to Fe-oxides, and/or FeTiO34s compounds, and/or a
Au—Fe alloy. If one considers that the presence of Au in the
Au—Fe NPs does not significantly alter the stability of oxidized
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Fe species above 500 °C, the difference in the total content of
component 2 in our bimetallic NPs with respect to the pure Fe
NPs (indicated in Figure 12 by arrows) can be attributed to the
formation of a partial Au—Fe alloy.

The behavior displayed in Figure 12a for both Fe components
in the AuggFey, NPs is similar to the pure Fe NPs, although a
clear increase in the concentration of the high BE Fe component
2 (assigned to Fe-oxide/FeTiO,/Au—Fe), combined with a
decrease of the concentration of component 1, is observed in
the bimetallic sample above 500 °C, contrary to the case of the
pure Fe NPs. This indicates that in addition to the presence of
segregated metallic Fe grains (component 1), increasing partial
Au—Fe alloying occurs at and above 500 °C.

The thermal evolution of the two Fe components (1 and 2)
in the bimetallic samples with higher Fe content is also
drastically different from that of the pure Fe NPs. In particular,
a strong decrease in the content of metallic Fe (component 1),
combined with a strong increase of the content of component 2
(Au—Fe alloy), is observed above 600 °C for the AugsFegs
(Figure 12b) and Aug,Fegg (Figure 12c¢) NP samples, indicating
a higher degree of Au—Fe interaction and alloying. In the
temperature range of 600—800 °C, the majority phase in the
AugsFeps NPs was found to be a Au—Fe alloy. This result is in
agreement with our previous STS data on AugsFeqs NPs,” where
phase-segregated structures (separated Au and Fe grains) were
present at 300 °C, and phase segregation into pure bcc-Fe and
a Au—Fe solid-solution (alloy) was found to be present up to
600 °C. At 700 °C the formation of a Au—Fe alloy was also
observed by STS. The increase in the content of the Au—Fe
alloy component is more gradual in the case of the Aug,Feys
NPs, and is shifted to higher temperatures, with a majority
Au—Fe alloy phase in the range of 800—900 °C.

The trends described above show a clear difference with the
behavior expected from the currently known bulk phase
diagrams. According to the Fe—Au phase diagram for a bulk
alloy with an average composition of 50 at. % Fe (and 50 at. %
Au),’! a phase segregation would occur at 300 °C, resulting in
nearly pure bce Fe and in a Au-rich fcc Au—Fe alloy containing
roughly 4 at. % Fe. However, the phase separation line on the
Au-rich side is not well-known. If the temperature is increased
to 700 °C, such an alloy would segregate into a bcc Fe—Au
alloy containing ~1 at. % Au, and in a fcc Au—Fe alloy with
40 at. % Fe. For 50 at. % Fe, a temperature of at least 800 °C
is required in order to form a solid solution (alloy) of fcc
FeysAugs. This occurs for example at 900 °C. A comparison
with our results obtained for nanoparticles with nominally 50
at. % Fe, shows that the phase diagram is shifted to lower
temperatures as compared to bulk Au—Fe alloys. For instance,
our results indicate the formation of a Au—Fe alloy (solid
solution) in the Au,sFe, s nanoparticles at 700 °C, which is lower
than the value of 800 °C for bulk alloys of the same
composition.

4. Au—Fe Phase Separation and Au Segregation to the NP
Surface. As can be seen in Figure 12b, after the formation of
a Au—Fe alloy, further annealing above 800 °C results in a
sudden increase of the metallic Fe content (component 1) for
the AugsFegs NPs, while the metallic Fe content for the
Aug,Feps NPs does not drop further, but stabilizes at 900 °C
(Figure 12c). This effect (and the associated decrease in the
high BE Fe component) is attributed to Au—Fe phase separation.
Surprisingly, after annealing up to 1000 °C, no signs of phase
separation can be observed by XPS on the Au,sFe,, NPs, Figure
12a, since the content of the high BE Fe component 2 remains
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Figure 13. Evolution of the (a) Au-4f and (b) Fe-2p XPS normalized
spectral areas (integrated intensities) of Au (O), Fe (O), and Au,Fe,,
[x =10.8 (@), 0.5 (a), 0.2 (W)] nanoparticles supported on TiO,(110)
with annealing temperature. These data were extracted from the XPS
spectra displayed in Figures 6, 7, 8, and 10. The spectral areas were
calculated from the least-squares fits of the XPS peaks using the Casa-
XPS software considering alinear background and a Gaussian—Lorentzian
line-shape. The data are normalized using the respective XPS spectral
area measured directly after O,—plasma treatment as reference.

nearly stable from 900—1000 °C and is clearly higher than at
lower temperatures.

Our in situ temperature-dependent XPS data can also be used
to extract information about atomic segregation within our NPs
after Au—Fe phase separation as well as the possible encapsula-
tion by ultrathin TiO, films. The Au-4f and Fe-2p integrated
intensities have been plotted in Figure 13 as a function of the
annealing temperature. The data are normalized using the
respective XPS spectral area measured directly after O,—plasma
treatment as reference. For all samples a general decrease in
the Au-4f XPS signal was observed with increasing annealing
temperature, Figure 13a. However, while the Au signal in pure
Au NPs decreases nearly monotonically with temperature,
enhanced stability and a slower decay rate was observed on the
bimetallic clusters. Specifically, at 900 °C the largest normalized
Au signals were measured on the AuggFe(, and AugsFeps NPs,
and at 1000 °C a gold signal was detected only for the AuggFe»
NPs. This difference indicates that the presence of Fe stabilizes
Au atoms in these Au-rich bimetallic clusters, minimizing Au
desorption. In addition, the possibility of Au segregation to the
NP surface should be taken into consideration, since higher Au
signals will be measured by XPS when the Au atoms reside at
the NP surface. As an example, for the AugsFeys NPs only a
negligible reduction in the Au signal (2%) was measured going
from 800 to 900 °C, Figure 13a, while a much larger decrease
(46%) is evident in the Fe signal of this sample in the same
temperature range, Figure 13b. This result is consistent with
Au atoms segregating to the AugsFeps NP surface, damping
the XPS signal from Fe atoms closer to the NP core.

The decrease in the Fe XPS signal observed in Figure 13b
for the bimetallic samples above 600—700 °C could be ascribed
to four different origins: (i) the desorption of Fe atoms, (ii) the
segregation of Au atoms to the surface of the NPs, (iii) the
migration of Fe atoms into the TiO, support, (iv) the encapsula-



1444 J. Phys. Chem. C, Vol. 113, No. 4, 2009

tion of Fe by TiO,. The diffusion of Au atoms to the surface
will induce the attenuation of the photoelectrons arising from
the underlying Fe atoms which in turn decreases the Fe XPS
signal. If Au segregation to the NP surface is the origin of the
reduction in the Fe signal, this is expected to be accompanied
by a partial decomposition of the gold—iron alloy phase (solid
solution) at 900 °C. The latter fact is in agreement with the
remarkable increase of the metallic Fe component 1 (707.6 eV)
above 800 °C for the AugsFeqs (Figure 12b) and the constancy
(instead of a further drop) of this Fe signal at 900 °C for the
Aug,Feps NP samples (Figure 12c). The segregation of gold
can be driven by the tendency of the Au—Fe NPs to lower their
surface free energy by altering the composition of their surface.
Since Au has a much lower surface energy (ya, = 1.61 J/m?)
than Fe (yg. = 3.28 J/m?),% the segregation of Au atoms to the
NP surface upon annealing in an oxygen-depleted environment
(UHV) is likely. Since an analogous, strong reduction in the
Fe XPS signal above 700 °C was also observed for the gold-
free Fe NPs, Figure 13b, the desorption of Fe atoms or the
diffusion of Fe atoms into the TiO,(110) substrate, should also
be considered. As was mentioned before, the encapsulation of
Fe by TiO, is unlikely due to the short annealing times used in
the present study.

5. Au and Fe Desorption. For the pure Au NPs, the mono-
tonic decrease in the Au signal observed upon annealing, Figure
13a, and its complete disappearance at 1000 °C is attributed to
the desorption of Au. A decrease in the Au XPS signal could
also be a result of Au encapsulation by TiO,. However, such
an effect is excluded due to the low affinity of Au for O, the
high positive heat of formation of Au—Ti alloys, and previous
data by Zhang et al.®* demonstrating the lack of encapsulation
of Au by TiO,.

From the XPS integrated area, Figure 13, we estimate that
the onset of Au desorption from the AuggFey, NPs occurs above
800 °C, since only a ~15% decrease in the Au signal was
measured below 800 °C, and a much stronger decrease above
900 °C. Surprisingly, as Figure 13 shows, at and above 900 °C
the gold signal from the AuggFey, clusters (Figure 7a) is
significantly higher than that of similarly sized pure Au clusters
annealed under identical conditions, Figure 6a. Furthermore,
although nearly complete Au desorption (within the resolution
of XPS) was observed on the pure Au clusters at 1000 °C
(Figure 6a), a clear gold signal was measured on the AuggFe(,
NPs at 1000 °C (being ~43% of the Au signal detected on this
sample at 300 °C). This observation suggests the positive effect
of small amounts of Fe (nominally 20 at. %) on the thermal
stability of Au in our Au-rich NPs.

Contrary to the case of the AuggFe;, NPs, the complete
desorption of Au from our AugsFes and Aug,Feys NPs occurred
in the temperature range of 960 to 1000 °C. Such temperatures
are in agreement with TPD experiments conducted by Chen et
al.,%* who observed a maximum Au desorption peak at ~977
°C for a 3.4 ML-thick gold film deposited on a TiOy/Mo(112)
surface. The authors mentioned that the desorption of Au
occurred in the form of Au dimers. Similarly, Yi et al.*? observed
the desorption of Au from Pd—Au surfaces in the temperature
range of [927 °C — 1027 °C]. According to refs 51 and 84—96,
the dissociation (or bond) energies of Au,, Fe,, Au—Fe, Au—Ti
and Fe—Ti dimers are: ~2.02 eV (DFT) and ~2.30 eV (exp)
for Au—Au, ~1.20 eV (DFT) and ~1.14 eV (exp) for Fe—Fe,
~1.79 eV (DFT) and ~1.95 eV (exp) for Au—Fe, ~2.52 eV
(DFT) and ~2.15 eV (exp) for Au—Ti, 2.6 eV (exp) for Fe—Ti.
Although the reported energies vary significantly depending on
the reference consulted, the most stable bonds appear to be those
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between Au—Ti, Au—Au, and Au—Fe atoms, followed by
Fe—Ti and Fe—Fe. Since Fe encapsulation by TiO, has been
suggested in the past,®*®’ the presence of Fe in our Au—Fe
nanoparticles could lead to an enhanced Au—Ti interaction that
might stabilize the Au atoms against thermal desorption. In
addition, since the bond energy of Au—Fe is higher than that
of Fe—Fe dimers, it is expected that the presence of Au in these
bimetallic clusters helps to stabilize the Fe atoms.

Although theoretical simulations are necessary to fully
understand the concentration-dependence of the thermal stability
of Au,Fe,, NPs, with AuggFeq, being particularly stable, a
tentative mechanism is described below. First, the higher melting
temperature of Fe (T, = 1535 °C) as compared to Au (T, =
1064 °C) could induce an upward shift of the Au melting
temperature once an alloy is formed. Second, the diffusion of
Au atoms to the surface of the Au—Fe NPs, owing to its lower
surface energy and higher atomic volume (V,, = 12.5 A%
compared with those of Fe, Vg, = 8.0 1&3), may reduce the
mechanical stress on the atoms at the NP’s core (presumably
Fe-rich upon high temperature annealing), enhancing the NP
stability. For example, Rodriguez-Lopez et al.?® have observed
that the substitution of the central Ag atom in an Agss cluster
by a smaller atom such as Ni or Cu increases the melting
temperature of the Ags4Ni; and Ags,Cu, clusters by 50 and 30
K, respectively.® The authors explain this effect based on a
decrease in the stress at the core of the small Ag clusters that
seems to stabilize these clusters against thermal disordering.3

Conclusions

The thermal evolution of the morphological and electronic
properties of bimetallic Au,Fe;, NPs supported on TiO,(110)
has been investigated in situ via STM and XPS. The STM
measurements revealed that Au—Fe NPs prepared by diblock
copolymer encapsulation and self-assembled on TiO,(110)
exhibit a remarkable stability against geometric disorder. In fact,
the initial hexagonal arrangement was preserved up to an
annealing temperature of 900 °C.

XPS measurements were used to gain understanding on the
onset of Au—Fe alloy formation and segregation or encapsula-
tion phenomena in nanoparticles with similar average size but
distinct composition. In general, with increasing annealing
temperature, four types of structures were inferred in a nano-
particle: (i) segregated Fe and Au grains, (ii) a heterogeneous
mixture of fcc—Au-Fe alloy (majority phase) plus bcc Fe phase
(minority phase), (iii) an Fe-rich core (bcc-Fe) and a Au-rich
surface, (iv) an Fe—Ti—O alloy after gold desorption. Fe
encapsulation by TiOy is unlikely in our nanoparticle samples
due to our short annealing times.

As expected from the bulk phase diagram of Au and Fe, for
a given particle size distribution, the onset temperature for these
four regions strongly depends on the initial Au/Fe ratios. Our
study highlighted the remarkably high thermal stability of Au
in AuggFeq, NPs (up to 1000 °C), as compared to the pure Au,
AugsFejs, and Aug,Feqg NPs, where Au was found to desorb
above 900 °C. This effect is tentatively attributed to a possible
release of core stress upon Au segregation to the NP surface.
Detailed molecular dynamics studies are needed to fully
understand the origin of the enhanced thermal stability of certain
Au—Fe nanoparticle compositions.
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