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(Received 18 July 2007; accepted 23 August 2007; published online 13 September 2007)

The surface composition of isolated AugsFe,s nanoparticles (NPs) synthesized by micelle
encapsulation and supported on TiO,(110) has been investigated. The study reveals that
phase-segregated structures are present after annealing at 300 °C. A subsequent thermal treatment
at 700 °C resulted in the formation of a AuFe alloy. At this temperature, a state characteristic of Fe
was identified at the NPs’ surface. Annealing at 900 °C resulted in the disappearance of the Fe
surface state, which is attributed to Au segregation to the surface. The initial hexagonal NP
arrangement on the TiO,(110) surface was preserved up to 900 °C. At 1000 °C, Au desorption was
observed. © 2007 American Institute of Physics. [DOI: 10.1063/1.2784957]

The physical and chemical properties of bimetallic alloy
nanostructures differ strongly from those of their monome-
tallic counterparts.'_4 In the field of heterogeneous catalysis,
oxide-supported bimetallic nanoparticles are known to ex-
hibit remarkably high activities and enhanced selectivities.
This is due to their ability to lower the energy barrier of a
specific chemical reaction’ and their enhanced resistance
against poisoning.6 AuFe clusters have been proven active
for the structure-sensitive low-temperature CO oxidation’ re-
action. However, the structure and thermal stability of AuFe
nanoparticles (NPs) are still not well understood.

In the present work, scanning tunneling microscopy and
spectroscopy (STM and STS) were used to investigate the
surface composition of self-assembled size-selected AuFe
nanoparticles. Differential conductivity (dI/dV) spectra were
measured on the surface of isolated AuFe NPs after different
annealing treatments to gain insight into their local density of
states (LDOS). This local spectroscopic method has been
used in the past to identify the chemical composition of sur-
face alloys containing Fe: Fe/Pt(111),® Cr/Fe(001),” and
Au/Fe(001)."” The well-known Fe surface state near the
Fermi level (Er) (Ref. 11) which appears as a sharp feature
in the dI/dV curves is used as a signature of the presence of
Fe atoms at the NP surface.

Self-assembled size-selected Au,sFejs NPs were syn-
thesized by encapsulation in diblock-copolymer micelles
formed by dissolving polystyrene-block-poly(2-
vinylpyridine) [PS(x)-P2VP(y), with molecular weights x
=81000 and y=14200 g/mol] in toluene. Subsequently, two
metal salts, (HAuCl,-3H,0) and (FeCl;) were added simul-
taneously at equal concentration to the polymeric solution.
The complete encapsulation of the Au and Fe compounds
inside the micelles was achieved when a metal salt to PS-
P2VP concentration ratio of 0.6 was used. Following this
synthesis method, for a given particle size [determined by
the molecular weight of the polymer core (P2VP)], the alloy
composition can be easily tuned by changing the relative
concentration of the two metal salts. The interparticle dis-
tance is determined by the length of the polymer tail (PS). A
monolayer-thick film of NPs was obtained by dip coating (ex
situ) a TiO,(110) single crystal into the gold-iron polymeric
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solution. This substrate was previously cleaned in ultrahigh
vacuum (UHV) by Ar* sputtering (1 keV) and annealing
cycles at 950 °C to obtain optimum conductive properties.12
The sample was then introduced into a UHV system
(SPECS, GmbH) for in situ chemical and electronic charac-
terizations. The encapsulating polymer was removed in situ
by O,-plasma exposure (4.5 X 107> mbar, 80 min). Complete
removal of the organic ligands was evidenced by the lack of
C 1s signal in x-ray photoelectron spectroscopy (XPS) mea-
surements. Subsequently, the sample was annealed in situ for
20 min at 100 °C intervals from 300 to 800 °C and at 900
and 1000 °C for 10 min. XPS and STM data were acquired
after each thermal treatment. In order to minimize scanning
artifacts due to tip contamination, our chemically etched W
tip was cleaned by Ar* sputtering (4 keV, 4.3 uA) prior to
each STS session.

Figure 1 shows STM images acquired at 15 °C on AuFe

FIG. 1. (Color online) STM images (V,=1.0 V, 1,=0.30 nA) of Au,sFe,s
NPs on TiO,(110) measured at 15 °C after an O,-plasma treatment and
subsequent annealing at 300 °C (20 min) (a), 900 °C (10 min) (b), and
1000 °C (10 min) [(c) and (d)].

© 2007 American Institute of Physics
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FIG. 2. (Color online) XPS spectra (Al Ka, 1486.6 eV) of the Au 4f (a) and
Fe 2p (b) core levels of AuFe NPs supported on TiO,(110) measured after
an O,-plasma treatment and subsequent annealing in UHV from
300 to 1000 °C. Reference lines corresponding to bulk Au 4f and Fe 2p
levels are also plotted. In (b), the spectrum labeled as Fe corresponds to
monometallic Fe NPs deposited on TiO,.

NPs on TiO,(110) after O,-plasma treatment and subsequent
annealing at 300 °C (a), 900 °C (b), and 1000 °C [(c) and
(d)]. Size-selected AuFe NPs with well-defined interparticle
distances (I) can be observed. STM images from similarly
synthesized Au NPs showing hexagonal NP arrangement
over larger substrate areas can be found in Ref. 13. In the
temperature range from 300 to 900 °C, a stable [ of ~49 nm
was measured. However, a significant change in the mor-
phology of the TiO,(110) surface (i.e., a decrease in the
roughness caused by the O, plasma) was observed after an-
nealing at 900 °C [Fig. 1(b)]. At this temperature, the onset
of the TiO,(110)-(1 X 1) surface reconstruction appears. In
addition, at least three TiO, atomic layers are removed in the
vicinity of the AuFe NPs upon annealing at 900 °C. By con-
trast, the presence of the AuFe NPs seems to stabilize TiO,
layers underneath and on the perimeter of the NPs. No dif-
fusion of AuFe NPs or coarsening was observed at least up to
900 °C. This remarkable stability reflects the strong interac-
tion between the AuFe NPs and the underlying TiO, support.
Only a small decrease in the size of NPs was observed after
annealing from 300 °C (height #=4.6+0.4 nm) to 800 °C
(4.3£0.3 nm). However, the annealing at 900 °C signifi-
cantly reduced the average NP size to #=3.2+0.3 nm. This
height change is likely to result from (i) atomic desorption
from the cluster surface above 800 °C and (ii) a change in
the NP shape (flatter NPs). After annealing at 1000 °C, the
hexagonal NP arrangement is lost [Fig. 1(c)], bimodal size
distribution (h;=2.5+0.5 nm, h,=1.0+£0.6 nm) is observed.
Further, large terraces of the TiO,(110)-(1 X 1) reconstruc-
tion with atomic rows along the [001] direction appear12
[Fig. 1(d)].

XPS data obtained after O, plasma and annealing at
300 °C indicate the presence of Fe** (710.5 eV, 2p5),) in the
AuFe NPs (Fig. 2). The large binding energy (BE) measured
for Au (0.8 eV larger than bulk Au, 84.0 eV) is attributed to
the interaction with the nearby Fe,O; environment. At
700 °C, a further increase in the BE of Au is observed, in-
dicating the formation of the AuFe alloy (85.4 eV, 4f5)).
However, no significant shift in the Fe 2p core level is ob-
served, suggesting that the BE of Fe in a AuFe alloy
(710.9 V) is similar to that of Fe,O5. To corroborate this
point, the BE of similarly synthesized monometallic Fe clus-
ters was measured after annealing at 700 °C [curve “Fe” in
Fig. 2(b)]. In this case, a much lower BE value was obtained
(707.7 eV, 2p35). At 900 °C, a marked decrease in the Fe
signal of the AuFe NPs is observed (~40%), while the Au
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FIG. 3. (Color online) STM images (topography) and dI/dV maps of two
typical AuFe NPs supported on TiO,(110) measured after O,-plasma treat-
ment and annealing at 300 °C (a) and 900 °C (b). dI/dV maps are recorded
using a (64 X 64) grid over an area of 12.5X 12.5 nm? (light blue squares).

signal is nearly constant (~3% decrease due to minimal Au
desorption at this temperature). Since Au is expected to de-
sorb at lower temperatures than Fe, the stronger reduction in
the XPS Fe signal is most likely due to Au segregation to the
NP surface. The complete desorption of Au and the partial Fe
reduction (Feo, 707 eV) as well as desorption occur at
1000 °C. The oxidized Fe species observed at 1000 °C are
attributed to the Fe/TiO, interface.

Spatially resolved STS measurements have been per-
formed using /-V acquisition grids centered on individual
AuFe NPs in order to get insight into the electronic local
density of states, alloy composition, and segregation phe-
nomena at the nanoscale.

Figure 3 shows dI/dV maps recorded on two AuFe NPs
after annealing at 300 °C [Fig. 3(a)] and 900 °C [Fig. 3(b)].
An inhomogeneous dI/dV distribution is observed after the
low-temperature annealing. Further, the presence of indi-
vidual grains within each AuFe NP is evident from Fig. 3(a)
at 1.55 V. Similar dI/dV distributions were observed on sev-
eral other NPs in our sample after annealing at 300 °C, in-
dicating the lack of alloying between Au and Fe. Annealing
at 900 °C [Fig. 3(b)] results in a featureless dI/dV distribu-
tion within individual AuFe NPs, indicating the coalescence
of the Au and Fe grains. A more in-depth study of the elec-
tronic properties of these NPs can be made by analyzing
normalized dI/dV curves [(dI/dV)/(I/V)«(LDOS)] ob-
tained at specific NP locations.

Figure 4 shows normalized dI/dV curves recorded on
isolated AuFe NPs after annealing at 300 °C (a), 700 °C (b),
and 900 °C (c). Following Ref. 14, a moderate broadening
factor, £2=0.002 (nA/V)?, has been applied to the total con-
ductivity (I/V)=+/(I/V)*+&? to eliminate excessive noise in
the bandgap region and the divergence of (dI/dV)/(I/V) at
the band edges. The curves labeled “R-TiO,” were recorded
on the TiO, surface far away from AuFe NPs after each
thermal treatment. In Fig. 4(a), the LDOS of the TiO, sub-
strate exhibits a net bandgap of ~1 eV, with the edge of the
conduction band minimum located ~0.3 eV above Ej.
Within the bandgap region, the increase of the LDOS at ~
—0.9 and ~-1.4 eV is due to the presence of O vacancies on
the reduced TiO, surface (R-TiO,) after annealing at
300 °C. The creation of O vacancies results in free electron
charge which is partially transferred to adjacent Ti 3d levels.
These levels are associated with Ti ions in the 3* oxidation
state and appear as occupied states within the bandgap.15 In
Fig. 3(b), the LDOS of R-TiO, shows an enhancement of the
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FIG. 4. (Color online) Normalized differential conductivity curves mea-
sured on three size-selected AuFe NPs deposited on TiO,(110) after O,
plasma and subsequent annealing at 300 °C (a), 700 °C (b), and 900 °C (c).
The insers are dI/dV images indicating the position of the acquisition grids
used. Each curve was obtained from the average of 64 individual /-V curves
taken over different 1.5 1.5 nm? regions inside each NP. Dotted curves
were obtained on a reference sample containing pure Au NPs of similar size
deposited on TiO,(110) and annealed in UHV at identical temperatures.

conductivity in the bandgap (at —0.6 and —1.1 eV) resulting
from the increase of Ti 3d states as additional O vacancies
are created after annealing at 700 °C. A similar effect is
observed after annealing at 900 °C (not shown).

Curve 1 in Fig. 4(a) was acquired at the top of a AuFe
NP after annealing at 300 °C. The large bandgap
(~0.75 eV) measured at this NP location can be attributed to
oxidized Fe atoms in Fe,0s, since no metal-to-nonmetal
transition related to quantum size effects is expected for a NP
of this size (h=4.6 nm). Our XPS measurements corroborate
the presence of iron atoms in the Fe* state at this tempera-
ture [Fig. 2(b)] due to the O,-plasma treatment used to re-
move the encapsulating polymeric shell. Curve 2 in Fig. 4(a),
recorded in the perimeter area of this AuFe NP, does not
show such a large bandgap and we identify this location as a
gold-rich region. The Au,0O5 formed upon NP exposure to O,
plasma is easily decomposed well below 300 °C. A similar
curve was measured on a pure Au NP (curve “Au”) from a
reference sample with Au NPs on TiO,(110) annealed at
300 °C. Curves comparable to 1 and 2 (not shown) were
measured on regions (i) and (ii), respectively, in Fig. 4(a).
From our STS analysis, we infer that Au and Fe at this tem-
perature are phase separated.

After annealing at 700 °C [Fig. 4(b)], curves 1 and 2
show a peak in the LDOS ~0.25 eV above Ej which is
attributed to Fe surface states. These states are not observed
in the LDOS obtained on a pure Au NP after an identical
thermal treatment (curve Au). Band structure calculations'!

Appl. Phys. Lett. 91, 113110 (2007)

of the bulk Fe(001) surface show the presence of states with

high localization and surface amplitudes along the '-X di-
rection of the Brillouin zone. However, mainly states at the

center of the Brillouin zone (I') above Ej are accessible to
STS, and they arise from nearly unperturbed ds2_2 orbitals."!

The observation of the I' surface state at different locations
within the AuFe NPs’ surface indicates the formation of a
Au-Fe alloy at 700 °C. Bischoff et al."® also reported the
formation of an alloyed surface layer for the Au/Fe(001)
system after annealing at 700 °C.

The composition of the NPs’ surface was found to
change after annealing at 900 °C, namely, the spectroscopic
feature from Fe states vanishes from the LDOS [Fig. 4(c)]
(curves 1 and 2). This indicates a decrease in the number of
Fe atoms at the NP surface, leading to a Au-rich surface due
to the segregation of Au atoms toward the NP surface. This is
consistent with our XPS data at 900 °C [Fig. 2(b)]. The fa-
vorable segregation of Au atoms to the NP surface may result
from the lower surface energy 7y of Au (y,,=1.55 J/m?) as
compared to Fe (y,=3.47 J/m?),'® as well as from the
larger atomic volume of Au (~12.5 A3) with respect to Fe
(~8.0 A3).Y

In conclusion, high stability was observed for Au sFe 5
NPs supported on TiO,(110) up to an annealing temperature
of 900 °C. The preservation of the initial hexagonal NP ar-
rangement indicates strong cluster-support interactions. STS
measurements revealed that separated Au and Fe grains co-
exist within an individual AuFe NP after annealing at
300 °C. A homogenous alloy is formed upon annealing at
700 °C, with the marked appearance of an iron d5.2_ 2 sur-
face state. Further annealing at 900 °C was found to induce
the formation of a Au-rich NP surface due to gold segrega-
tion.

This work was supported by NSF (CAREER, No.
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