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Abstract

In contrast with bimetallics, multimetallic nanoparticles (NPs) can combine different
chemical orders in a same NP, which favors an enhanced tuning of their properties. In
this work, trimetallic (Fe,Rh,Au) nanocrystals with controlled composition and chemi-
cal distribution were grown through a physical vapor deposition route using a two step
process. First FeRh nanocrystals, 8.5 nm of mean diameter, were formed according to
a Volmer-Weber growth mode. The growth conditions were tuned so as to achieve the
atomic scale chemical order displayed by the intermetallic B2-FeRh phase. Then the
gold layer was deposited at a lower temperature. Evidence is given for the complete
coverage of the gold shell, which grows epitaxially over the B2-FeRh core exposed facets.

These different features are particularly promising for further applications.



Introduction

Combining more than two different metals in a single nanoparticle (NP) offers new per-
spectives for generating novel physical and chemical properties. Such NPs are highly de-
sirable for applications in many different fields including catalysis, plasmonics, electronics
or magnetism. Presently a large effort is thus dedicated to new synthesis strategies for de-
signing multimetallic NPs with controlled chemical composition.' Beyond the composition,

3 or separated

the distribution of the different elements inside the NP, i.e. forming alloys?®
domains 4 is also of the utmost importance for the properties of the NPs and their multi-
functionality. For instance, high catalytic activity was combined with superior durability in
Au@FePt; core-shell NPs.* The same three elements, with a different chemical distribution,
were used to design FePt@Au core@shell NPs of interest for the biomedical field.?

Whereas a remarkable control of the NP composition has been achieved through efficient
synthesis techniques,?"® precise chemical distribution at the NP level remains difficult as it
depends on many different factors. Already in bimetallic NPs, the large surface/volume ratio
can promote the surface segregation of one of the elements of a binary alloy, which can lead
to different geometries, among which a core-shell chemical distribution.® '3 The synthesis of
intermetallics appears even more challenging at the nanoscale as chemically ordered alloys
usually form at high temperature, not accessible to any synthesis route. Yet, intermetallic
nanoparticles offer a better resistance to oxidation and display enhanced properties compared
to disordered alloys. '4!?

In this paper, we report the synthesis of trimetallic (Fe,Rh,Au) nanoparticles with well-
controlled composition, crystalline quality and chemical distribution. These nanoparti-
cles adopt a core-shell distribution, in which the chemically ordered intermetallic phase is
achieved in the FeRh alloy. In contrast with the Fe-Au and Rh-Au binary systems, ''7 which
both display bulk-immiscibility, Fe and Rh are highly miscible in the whole range of compo-

sition and crystallize in a CsCl type intermetallic phase (B2 phase) close to the equiatomic

composition.'® Among the three metals, Au has a much lower surface energy than the two



others which, together with its larger size, is in favor of its segregation towards the NP sur-
face.'? Consistently, gold thodium nanoparticles were seen to display either Rh@Au core-shell
geometry or ball-cup distribution with Rh partially encapsulated by Au.2%2! A core@shell
distribution is also adopted in Fe@Au NPs.??22* However, the synthesis way of the NPs,
as the overall composition and environment can also lead to the formation of RhAu?® and
FeAu?8 alloys or Rh@Fe core-shell NPs.2" Thus, the precise chemical distribution in trimetal-
lic (Fe,Rh,Au) NPs remains difficult to foresee and it will directly impact the properties of
these NPs together with their potential applications in catalysis or in the biomedical field.
Indeed, both Au and Rh are known for their catalytic properties and many gold or rhodium
based bimetallic nanoparticles have demonstrated their enhanced performances compared to
single metal NPs.2®

There is also a great interest in alloying them with easily available low-cost metals as
some 3d transition metals (Fe, Co or Ni for instance).?62?30 Au as well as Rh, as recently
demonstrated,®! are suitable for applications in the biomedical field. Substituting FeRh for
Fe (or FePt) in core-shell Fe@Au (or FePt@Au) NPs can also be of great interest for this
field. Besides, the intermetallic B2-FeRh phase is known to undergo a first order magnetic

transition upon heating above 370K,3?%3 which is highly attractive for a wide range of

34,35 36,37

applications and its properties are known to be sensitive to both size and shape effects

as well as to interface effects.3®3°

Taking advantage of our expertise in the synthesis of B2-ordered FeRh nanoalloys®¢ and
highly crystalline Fe@Au core-shell NPs?2:2* using a magnetron sputtering technique, we were
able to optimize the growth conditions to synthesize a homogeneous assembly of FeRh@Au
core@shell trimetallic NPs in the 10 nm range. We report the atomic structure, chemical

order and morphology observed in these NPs and compare them to related monometallic

and bimetallic NPs.



Experimental details

The trimetallic NPs were grown on amorphous alumina (a— AlsOs3) by dc magnetron sputter-
ing from three high-purity Fe, Rh and Au elemental targets in an ultra-high vacuum (UHV)
chamber. In order to facilitate transmission electron microscopy (TEM) observations, the
alumina layer, about 5 nm thick, was itself deposited on a water soluble NaCl crystal. Both
NaCl and alumina can stand the temperatures required to synthesize chemically ordered
B2-FeRh. In order to achieve a core-shell distribution, we followed a two-step synthesis
process. First, FeRh NPs were grown by co-deposition from Fe and Rh targets, in order to
avoid the formation of small pure Rh NPs. A temperature of 600°C is sufficient to favor
a Volmer-Weber growth mode of the FeRh NPs but a higher temperature, typically 750°C
was necessary to achieve the desired intermetallic phase. The given temperatures are the
ones measured at the rear of the substrate. Then the temperature was lowered to 600°C for
the deposition of the Au layer. The sputter conditions were tuned to near a 1:1:1 Fe:Rh:Au
composition. Finally an amorphous alumina cover layer was deposited at room temperature
to prevent water damage during the removal of the NaCl support. The Au layer deposition
step was skipped in one of the samples in order to analyse the FeRh NPs before the growth
of the Au shell.

The NaCl free films containing the trimetallic NPs were carefully deposited onto TEM
copper grids to be studied through high-resolution TEM (HREM) and atomically resolved
high-angle annular-dark-field scanning TEM (HAADF-STEM) experiments. These analyses
were conducted using cold FEG Cs-corrected instruments. A Cs corrected Hitachi HF 3300C
microscope was used for HREM studies and a probe corrected Jeol ARM200F microscope

was used for HAADF-STEM and energy x-ray dispersive spectroscopy (EDS) studies.



Results and discussion

Forming B2- FeRh nanocrystals

As reported in the experimental section, the FeRh cores were grown in the first step of the
synthesis process. As observed in Figure 1, the FeRh NPs display a narrow size distribution
with mean diameter around 8.5 nm. The set of reflections displayed in the image Fourier
transform, and better observed in its intensity profile (cf. Figure 1-¢) is fully consistent with
the B2-FeRh phase (CsCl type). The strong 100 reflection, forbidden in the body-centered
cubic (bce) lattice, originates from the B2 chemical order in which one element occupies
the cube vertices and the other the cube center of the bcc unit cell, as displayed in the
figure. When suitably oriented, typically along a [100] or a [110] zone axis, the two types of
atomic planes (Fe rich and Rh rich ones) can be clearly distinguished in atomically resolved
HAADF-STEM images, the rhodium atomic columns displaying a much brighter contrast

than the iron ones. This contrast is clearly observed in Figure 1-d.

From bi- to trimetallic NPs
Achieving a core-shell chemical distribution

Gold was deposited in a second step after the substrate temperature was lowered to 600°C.
Figure 2 presents a general view of the NPs after gold deposition together with its cor-
responding size distribution histogram, which clearly stretches towards larger sizes. The
important enlargement of the NPs can originate from the coalescence of several FeRh NPs.
Indeed, the z-contrast HAADF /STEM image, displayed on the right side of the figure, shows
that gold (in bright contrast) acts as a cement to assemble two or more FeRh NPS, leading
to larger multicore NPs. Besides, the presence of a gold shell surrounding the FeRh NPs
supports the hypothesis of a core-shell chemical distribution, also confirmed by the STEM-
EDS analysis displayed in Figure 3. The elemental maps presented in the figure clearly agree

with a FeRh@Au core@shell distribution of the three elements, the FeRh alloy remaining in
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Figure 1: FeRh nanoparticles. (a) low magnification TEM image; b) associated size distri-
bution histogram; c) intensity profile of the image Fourier transform displayed in the inset,
with (blue) and without (red) the important background originating from the amorphous
matrix; (d) atomically resolved HAADF-STEM image showing FeRh NPs observed along a
(110) direction for the NP at upper left and along a (100) direction for the NP on the right.
Both orientations are suitable for observing the B2 chemical order (the B2-FeRh unit cell is
displayed at the upper right of the figure). As emphasized in the small enlarged region of
the image, the bright large dots correspond to Rh atomic columns and the smaller ones to

Fe columuns.



Figure 2: FeRh@Au nanoparticles. (a) TEM micrograph of the FeRh NPs after the deposi-
tion of a gold layer and its corresponding size histogram revealing an important enlargement
of the NPs.(b) STEM-HAADF image of the trimetallic NPs showing the FeRh cores in gray
and the gold regions in bright contrast. The image emphasizes the multicore nature of the
larger nanoparticles (as the ones displayed with numbered cores).

the core of the NPs. Indeed, both Fe and Rh are present in all the NPs cores and no pure
gold NPs are observed. This confirms that the gold deposition temperature promotes the
diffusion of the Au atoms (or small clusters) on the alumina substrate towards FeRh NPs

and not the growth of Au clusters.

Epitaxial growth of the Au shell

The structural analysis of FeRh@Au NPs oriented along a low-index zone axis (typically
(100) or (110) FeRh lattice axes) shows that the B2-FeRh cores are mainly single crystals.
The lattice parameter ap.g, = 0.299 + 0.011nm, measured from the images is in good
agreement with the lattice parameter reported in the literature for equiatomic B2-FeRh. 840
Gold crystallizes in a face-centered cubic phase (fcc) with a lattice parameter a4, = 0.40784
nm.!® As previously observed in Fe@Au NPs,?* the crystalline gold shell grows along a
(100) ;, direction on the {100}, FeRh facets and along a (111) . direction on the {110},
FeRh facets, the two main surface facets of the FeRh cores. Moreover, the quasi-continuity

of the atomic planes across the different interfaces that can be observed in the NPs displayed



Figure 3: EDS analysis of the chemical distribution of the different elements. Top) Elemental
maps of Fe, Rh and Au; bottom) HAADF-STEM image and corresponding chemical map
emphasizing the FeRh-core@Au-shell distribution.



in Figure 4, agrees with the occurrence of epitaxial growth. As the contrast displayed by
HREM images is essentially phase contrast, hence sensitive to crystal structure and not
to atomic number, the core-shell interface may be difficult to locate even in NPs observed
along a low-index zone axis, depending on their precise orientation. This is typically the
case for the NP displayed in figure 4-c. The artificial colors on the b and d images of
figure 4 are aimed at improving the distinction between the fcc Au shell and the B2-FeRh
core. The important misfit between the two different lattices, except at their {100}, /
{100} g, interface, is compensated by the introduction of misfit dislocations. Nevertheless,
the NP displayed in figure 4-c,d exhibits a stepped interface on its right side, an unusual
feature among the NPs that we observed. This feature may result from a different misfit
accommodation mechanism as a stepped interphase boundary can be energetically favored.
This should indeed be the case at the {111}, / {110} 5, interface, which is expected to adopt
a Kurdjumov-Sachs (KS) orientation owing to the ratio of the nearest neighbour distance
in the two different phases (i.e. 0.288 nm in fecc Au and 0.259 nm in B2-FeRh, leading
to a ratio equal to 1.11).*! However, the stepped interface displayed in this NP seems to
include larger {100} 5, terraces than {110}, ones. We think that the occurrence of stepped
interface may originate from the progressive reconstruction of the core-shell interface when
the FeRh NP forming the core presents a large {110}, facet, which is scarsely observed.?¢
Besides, the nanoparticle displayed in figure 4-a,b presents a very regular shape in which the
Au shell roughly reproduces the morphology adopted by the core. In contrast, the Au shell
in figure 4-c,d clearly presents two hillocks on its right side. More generally, both centered
core and off-centered core geometries are observed in the grown FeRh@Au NPs, contrary
to what is observed in both Fe@Au NPs (only centered core) and Rh@Au ones (centered
core or ball-cup). Most importantly, the Au shell always forms a complete coverage for the
FeRh nanocrystals thus providing an efficient protection of the cores and preventing their

coalescence.



Figure 4: HREM images (greyscale and artificially coloured) of FeRh @ Au NPs: top) with
regular shape; bottom) with off-centrered core. The orientations of the FeRh core and of Au
shell, are indicated using the same colour as the corresponding regions.
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Conclusion

In conclusion, using a physical vapor deposition route, we succeeded in growing trimetallic
(Fe, Rh, Au) nanoparticles in the 10 nm range with well controlled composition and chemical
distribution. In particular, the FeRh core was successfully synthesized in its intermetallic B2
phase displaying a chemical order at the atomic level. Besides, the Au layer, deposited in
the second step of the process, grows epitaxially on the {100} 5, and {110} 5, facets, which
are the preferential surface facets of the nanocrystalline intermetallic core. As expected from
thermodynamic considerations, Au not only remains at the surface of the FeRh crystals but
also forms a complete shell, even if, in a large majority of the NPs, its thickness is not
isotropic, leading to a NP geometry closer to Janus than to core-shell.® Most importantly,
together with this complete coverage, the low surface energy of the Au exposed facets, in
particular the large {111} ,, facets, should ensure the long term stability of the NPs geometry,

making them highly suitable for the foreseen catalysis or biomedical applications.
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Synopsis : Precise chemical distribution of the ele-
ments is essential for a fine tuning of the properties of
multimetallic nanoparticles. Using a physical route,
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metallic FeRh cores surrounded by Au shells were
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geometry.
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