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Abstract. The chemical stability of supported CoPt nanoparticles in out-of-equilibrium core-shell config-
urations was investigated mainly by anomalous grazing incidence small angle x-ray scattering (AGISAXS)
in association with combined transmission electron microscopy and x-ray absorption spectroscopy. CoPt
nanoparticles were prepared at room temperature by ultrahigh vacuum atom beam deposition using two
different routes: simultaneous deposition of the two metals (CoPt) or sequential deposition. In this last
case, Co deposition on a Pt-core (Pt@Co) and the reverse configuration (Co@Pt) are explored. In the
Pt@Co case, our experimental analysis of 2.5nm particles show the stability of a Pt rich-core (80% Pt)
surrounded by a two-monolayers-thick Co shell. In the reverse case, the core-shell structure is also stabi-
lized, while the codeposited sample leads to an alloyed structure. These results suggest that the growth
kinetics can trap the thermodynamically non-favorable core-shell structure even for this system which has
a high alloying tendency. Besides the lack of atom mobility at room temperature, this stabilization maybe
associated with core strain effects. Post thermal treatment of core-shell samples induces a structural tran-
sition from the core-shell configuration to the equilibrium alloyed configuration. This study demonstrates
that the element-selective scattering technique, AGISAXS is highly efficient for the extraction of chemical
segregation information from multi-component supported nanoparticles, such as core-shell structures, up

to ultimate small sizes.

PACS. XX.XX.XX No PACS code given

1 Introduction

Bimetallic nanoparticles (NPs) have received considerable
attention because besides the size reduction effect, the ad-
dition of a second metal provides a method to control
their properties and functionalities.[1-3] In magnetic data
storage applications, most of 3d-based NPs exhibit a de-
crease of magnetization and magnetic anisotropy due to
surface contamination (poisoning, oxidation, ligands). At
the same time, in heterogeneous catalysis, a decrease of
catalytic activity can be due to inappropriate arrangement
of atoms in the particles (poisoning, segregation). In both
cases, using core-shell nanoparticles can be a great solu-
tion depending on the nature of the shell. In fact, core-shell
NPs present even more attractive features than a simple
protective or stabilizing function, due to the unusual elec-
tronic or magnetic properties of shells alone or combined
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with the properties of the core.[1,4] However, these prop-
erties are depended on kinetically- and thermodynamically-
controlled growth mechanisms which influence the stabil-
ity of the core-shell structure. These different mechanisms
depend on intrinsic parameters of metals such as binding
strengths, surface energies, atomic radii, as well as ex-
trinsic aspects related to preparation methods or experi-
mental conditions, such as the nature of substrates when
supported or the nature of matrix when embedded, envi-
ronment, temperature and deposition rate, that contribute
to the formation of many types of nanoalloy structures.

Among nanoalloys, CoPt nanostructures are very in-
teresting systems because they offer the possibility to tune
the magnetic properties by changing the composition and
the chemical order. [5] In particular, the Pt neighborhood
around Co atoms can induce an enhancement of the mag-
netic moment and anisotropy. [6,7] However, at nanosize,
due to the presence of numerous atomic configurations
or defects (partial alloying, oxidation, surface disorder,
strain, etc), magnetic properties can greatly differ from



the expected performance. [8-11] Recent electrocatalysis
studies suggest that Pt alloyed with Co, may not only help
to reduce the loading of Pt, but also allow the individual
functional components to work synergistically to enhance
the catalytic performance toward the improvement of the
oxygen reduction reaction. [12,13] In addition, the core-
shell configuration can induce core-to-shell strain effect
which is extensively used in (electro)catalysis to promote
the shell metal performance. [14] These behaviors moti-
vate the development of core-shell CoPt-based particles
for three distinct features [15-17]; i) the core-shell struc-
ture is able to maintain favorable properties of the core
(magnetism in particular) while protecting the nanopar-
ticles from oxidation thanks to the shell; ii) the shell can
enhance the properties of the core (magnetic, catalytic);
iii) the core only stabilizes the structure of the particle
whereas the useful property results from the shell.

However, producing and stabilizing a CoPt core-shell
structure is not an easy task, and few researchs exam-
ine these mechanisms.[15,18] Core-shell nanoparticles are
produced mainly by wet chemical methods, [15,22-24] for
which the core-shell structure is mostly induced or stabi-
lized by an environment effect (synthesis media, ligands).
In fact, the synthesis of a core of one metal surrounded by
a thin shell of another metal can be achieved via two main
fabrication strategies [1,4,5]: the first one is to take advan-
tage of the difference of surface energy and atomic size of
the two metals in order to promote the segregation of one
metal; the second one is to trap the core-shell arrangement
in a metastable state by a kinetic or environment effect.
The former case is difficult to achieve in the Co-Pt sys-
tem due to the strong tendency of CoPt alloying [19,20,
10] although several theoretical works based on DFT cal-
culations [8,21] show a tendency of Pt segregation at the
surface of CoPt NPs. In the latter, the metastable state
is trapped by sequential preparation: one type of metal
is often first nucleated (or deposited) and forms the core,
while the second metal is grown in a second step as a shell
(surrounding the nucleated core).

Thus, the goal of this work was to control the for-
mation and the stability of core-shell NPs to provide a
chemically- or magnetically-active coating around a metal-
lic core. The objective was to investigate the stability of
CoPt NPs, prepared at room temperature by a physi-
cal method and different routes, and to study the con-
sequence of thermal treatments (annealing) which can in-
duce a higher mobility of species (atoms and sometimes
particles). The sequential deposition (Co deposited on the
Pt-core named Pt@Co and the reverse configuration Co@QPt)
and the co-deposition (Co and Pt together named CoPt)
were compared. Firstly, we will focus our attention on
the element-selective morphological and structural char-
acterizations of the stability of a thermodynamically non-
favorable Co-Pt atom arrangement: Pt@Co. Secondly, this
structural configuration will be compared with those of
CoPt and Co@Pt routes. The study after thermal treat-
ments will allow the question of stability of core-shell or
alloyed structure to be addressed. Several techniques were
combined to provide a comprehensive description of NPs,
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difficult to achieve without complementarity and cross-
fertilization effects between techniques. We have performed
a two absorption edge (Co K and Pt L3) analysis of XANES
(x-ray absorption near edge structure) measurements sup-
plemented with a EXAFS (extended x-ray absorption fine
structure)[25] signal interpretation to obtain the cross-
checked local structure around each of the two elements.
Transmission electron microscopy (TEM) has given the
actual size distribution and morphology of the NPs. The
largest experimental piece of information was obtained by
anomalous grazing incidence small angle x-ray scattering
(Anomalous GISAXS, i.e. AGISAXS). Small-Angle X-ray
Scattering (SAXS) is a well-established technique giving
information on spatial correlation and morphological fea-
tures of nanometric or submicrometric objects.[26] The
scattering intensity collected close to the X-ray incidence
is directly related to large-scale inhomogeneities in the
electron density of the probed material. In nanoalloys,
the scattering contributions of heterogeneities in particles
(phase separation, surface segregation) can be disentan-
gled using the anomalous effect taking advantage of the
variation of the scattering factor close to an absorption
edge of a given element.[27,28] For nano-objects supported
on a dense substrate, limiting the probed depth, the com-
bination of grazing incidence small-angle X-ray scatter-
ing [26,29,30] with the anomalous technique (AGISAXS)
provides a powerful method to extract the scattering data
from multi-component supported NPs, such as core-shell
structures.[31,32]

Detecting chemical order or demixing in nanoalloys,
experimentally is a non-trivial issue. Consequently the de-
velopment and combination of relevant methods to de-
termine the size, shape, structural and chemical arrange-
ments, and spatial organization of NPs assemblies are still
key challenges. This paper presents an application of such
combined approach of CoPt nanoalloy phase separation,
comparing co-deposited and sequentially-deposited NPs in
the 1-4nm size range.

2 Experimental
2.1 Particle preparation

Co and Pt atoms were deposited at room temperature, in a
UHYV chamber using electron beam evaporation, leading to
the formation of 1-4nm NPs . The base pressure was typi-
cally a few 10719 mbar to avoid any contamination during
the deposition. Preliminarily degassed at 600 ° C, Si with
its SiO4 native layer coated with an amorphous carbon
(a-C) layer was chosen as substrate to limit the cluster-
substrate interactions [20] during the metal condensation.
Consequently, the NPs were randomly oriented on the sub-
strate. Co and Pt deposition rates were calibrated to con-
trol the amount of the deposited metal and the average
composition during co-deposition or sequential deposition.
These rates (0.2 — 0.6 x 10'5 atoms/cm?/hour) were se-
lected as low as possible in order to induce an atomic
rearrangement at room temperature during the growth
(self-annealing effect) within the bimetallic NPs.[33] After
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Fig. 1. (a) Two-dimensional GISAXS patterns of the Pt-Co
sample measured near the Pt L3 edge (intensity in log scale).
(b)gy and (c) g. one-dimensional cross-sections (g, and g, cuts
in (a)) measured at different energies show the anomalous in-
tensity variation in linear scale.

deposition, the supported NPs were covered by an amor-
phous alumina cover layer for AGISAXS and XAS experi-
ments, to avoid Co oxidation, as demonstrated in previous
studies [37]. This protected layer is deposited in situ under
UHYV just after metallic nanoparticle deposition. To con-
firm this assumption, the chemical state of each covered
sample was checked by x-ray photoelectron spectroscopy
(XPS). Uncovered samples were used for TEM observa-
tions and to post-check the composition of the NP as-
sembly by an average method, Rutherford backscattering
spectroscopy (RBS) and a local method, energy dispersive
X-ray spectroscopy (EDX). In all cases, the local compo-
sition on a few particles obtained in STEM-EDX mode
are the same as the average composition, especially for
as-grown nanoparticles, with a width of compositional dis-
tribution of less than 5%.

2.2 Analysis methods

The scattering experiments were performed at the SWING
beamline at the Synchrotron Facility SOLEIL (France) us-
ing a two-dimensional AVIEX CCD camera. The sample-
detector distance was set to 1200mm in order to optimize
the q range of the data collection with respect to the par-
ticle size. The incidence angles, ; = 0.45° and 0.60°
used for Pt 1.3 and Co K absorption edges respectively, for
all samples are significantly larger than the critical angles
of the Al,O3 coverlayer and the a-C underlayer to allow
the scattering of CoPt NPs. GISAXS 2D pattern were
recorded in an adapted framework, as a function of the
in-plane g, and out-of-plane g, components respectively,
parallel and perpendicular to the substrate.[38,39] The
in-plane intensity informs about the particle correlations
(in-plane patterning) and the size distribution while out-
of-plane intensity contains only shape information. The
detailed experimental procedure for data collection and
data handling is described in ref.[31,32]. The small an-
gle scattering was measured at six energies just below the
Co K and the Pt L3 edges, corresponding to a scatter-
ing factor variation of 3.4 and 6.6 electrons respectively.
The analysis methods were of two types, referred to ”di-
rect method” and ”differential method”.[32,40,28] In the
direct method, the intensities I(q, F) measured at differ-
ent energies were fitted directly with calculated models
taking into account the variation of the scattering factor
with energy, extracting the morphological parameters. In
the differential method, the partial structure factors were
first extracted from the difference between the intensities
measured at different energies with various levels of ap-
proximation.[41] At this stage a qualitative interpretation
of the data is possible, prior to model fitting. This al-
lows the selection of relevant morphological models. Our
AGISAXS data at both edges were analyzed by the com-
bination of the two methods.

Fig. 1 displays the 2D GISAXS pattern collected at
an energy far from the Pt edge. The 2D patterns reveal
the in-plane and out-of-plane organization and shape of
the NP assembly. In the direct method, the form factor
(corresponding to a truncated sphere shape with a size
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Fig. 2. TEM micrographs and size distribution histograms
of Co-Pt NPs prepared at 300K by sequential deposition: (a)
initial Pt core only (1.3 x 10*® atoms/cm? and 1.2 nm mean
size), (b) Pt core then Co (4.0 x 10'® atoms/cm? and 1.5 nm
mean size) and (c) Pt core then Co (5.5 x 10'® atoms/cm? and
about 2 nm across).

dispersion) and the structure factor were simultaneously
fitted with calculated scattering profiles from at least two
experimental cross sections (intensity cuts), in the ¢, and
q. directions (Fig. 1b-c).[39,42,26]

In addition, XAS spectra at the Co K (7709 eV) and
Pt L3-edges (11564 eV) of supported CoPt particles and
Co3Pt bulk material were recorded at the European Syn-
chrotron Radiation Facility ESRF (BM30 FAME station,
Grenoble, France).[34] Data were collected at 4K and at
RT over an extended energy range: 11450 to 12200 keV
for Pt, and 7600 to 8500 eV for Co, using a 30-element
fluorescence detector. XANES was interpreted in compar-
ison with litterature results on CoPt nanosized granular
films of differents compositions [47,11] and pure Co, Pt
and Co3Pt bulk reference samples. EXAFS measurements
were performed only on two samples with a methodology
explained in the electronic supplementary material.
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Table 1. Number of nearest-neighbors NN (with a standard
deviation of 0.5) and interatomic distances R around Co and
Pt atoms for (s-index) sequential and (c-index) codeposited
NPs, (R in A and ¢? in A? with uncertainities of 0.02A and
0.002A2 respectively) deduced from EXAFS fits.

edge bond NNs; R, o’ NN. R. o’

Co Co-Co 5.2 2.53 0.008 4.7 2.55 0.010
Co-Pt 2.2 2.59 0.009 34 2.63 0.007

Pt Pt-Co 5.1 2.59 0.008 4.0 2.63 0.011
Pt-Pt 6.8 2.74 0.005 4.6 2.70  0.009

3 Results and discussion
3.1 Sequential Pt@Co deposition

Figure 2 shows TEM images illustrating the morphological
evolution of supported NPs prepared by sequential depo-
sition at room temperature: Pt NPs were obtained first by
a Volmer-Weber nucleation mode [44,20] up to an average
diameter of 1.2nm, then Co atoms were deposited on the
Pt cores. While the NP average size increased during Co
deposition, the density of clusters remained constant close
to 1 x 1013 NPs/cm? (Fig. 2a and b). Then, static coales-
cence between NPs occurs (Fig. 2¢) and the density drops
progressively down to 0.8 x 10'® NPs/cm?. During this
second stage, the elementary neighboring NPs coalesce.
This phenomenon is still limited to the amount deposited
(5.5 x 10'% atoms/cm?). From these TEM images, the di-
ameter distribution of elementary particles [45,20] can be
fitted with a Gaussian function allowing the determina-
tion of the mean NP diameter D and the width of size
distributions, which remained narrow with a constant rel-
ative geometrical standard deviation o(D)/D around 0.3.
These results show that no nucleation of Co NP occurs
outside Pt core sites. This behavior is due to the high
Pt particle density, the nucleation sites on the substrate
being already saturated by Pt atoms. All Co atoms are
deposited on Pt cores. The initial particles remain almost
individual until a composition of PtCo3 (Fig. 2b-c). At
this stage, the open issue is: what is the atom arrange-
ment in these particles: an out-of equilibrium core-shell
configuration or an alloyed state?

To achieve a clear evidence of the core-shell nanostruc-
ture formation of these Pt@Co samples, x-ray absorption
spectroscopic analysis was also performed, with a strictly
parallel procedure, for co-deposited samples showing sim-
ilar average composition (PtCo3) and particle size distri-
bution (centered around 2-2.5nm). Normalized XANES
spectra at the Co K edge for Co-Pt NPs are shown in Fig.
3a, along with the Co3Pt alloyed bulk spectrum, plotted
for reference. Changes in the intensity and shape of the
edge shoulder and the white line (denoted as feature A
and B, respectively, in Fig. 3a) are appreciable and reflect
changes in the electronic structure of the Co and Pt atoms.
The shoulder A is assigned to transitions from the 1s levels
to the unoccupied states mainly originating from the 4p
orbitals. In bulk systems, this feature varies upon alloy-
ing of Co and Pt, reflecting a population rearrangement
between the electronic levels. A drop of the A shoulder is
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Fig. 3. XANES spectra (a) at the Co K edge and (b) at the
Pt L3 edge for a sequentially deposited Pt@Co3 (light-orange
line) sample, a codeposited PtCo3 sample (dark-violet line)
indicating the A, B1, B2 and C features. The XANES spectrum
of a Co3Pt alloyed bulk material is shown for comparison (pink
dashed line). The inset shows an enlargement of the A shoulder
for the two NP samples.

expected to be concomitant of a lowering of the 4p band
at Co sites with increasing number of Pt neighbors (see
the inset of Fig. 3a). Such a drop was already observed
in previous work [47]. The band structure effect for bulk
alloy compounds is observed as a split of the white line B,
while the nanoparticle samples show a broad white line.

Let us recall that the Co K-edge white line (labelled
peak B1-B2) reflects the 4p empty states of Co near the
Fermi energy, while the pre-edge feature (labelled peak
A) arises from transitions to more localized unoccupied
3d states, influenced by Co 4p-3d hybridization. The in-
tensity of peaks B1-B2 depends on both the number of
available 4p states, and the structure of the system. The
shape of the white line of NP samples is less structured
than the Co3Pt alloyed bulk sample but closer to the code-
posited sample than the Pt@Co sample. In addition, the
reduction of the intensity of shoulder A in the CoPt sam-
ples with respect to that of a pure Co sample reveals a
delocalization of the Co 3d empty states, and is a proof
of Co 4p-3d/Pt 5d hybridization.[11] In our samples, it
is a first signature of the low amount of Pt atoms in the

neighborhood of Co in Pt@Co samples. As at the Co K-
edge, normalized XANES spectra at the Pt L3-edge for
the Co-Pt samples are shown in Fig. 3b), along with that
of a Co3Pt alloyed bulk for comparison. Since Pt is a 5d
metal, the L3 absorption edge appears for transitions from
2p to both 5d3/2 and 5d5/2 bands. In general, the white
line feature of the Pt L3 in the Co-Pt samples is reduced
as the amount of Pt in the alloyed sample decreases. [11]
Fig. 3b does not show variations in the XANES signal be-
tween codeposited and sequential samples, no significante
difference in the nature of the neighborhood of Pt is evi-
denced.

Structural parameters for the nearest-neighbor NN
atoms, obtained from the fit of the experimental spec-
tra (as shown in the supplementary material), are shown
in Table I. These data were obtained from the simultane-
ous first-shell fitting of the Co and Pt edges. The uncer-
tainties on structural parameters were estimated from the
standard deviations of the experimental data. Let us first
examine the results for the samples obtained by codepo-
sition. The interatomic distances between the Co-Co and
Pt-Pt nearest neighbor were 2.55 and 2.70 A, respectively
and 2.63 A between the Co-Pt NN atoms which is consis-
tent with the values measured by several authors [46,47]
for alloyed CoPt nanoparticles. Moreover, the fact that
Rcoco; Roopt and Rpyp; are different [46,48] also implies
that the particles are either strained with significant relax-
ation as the result of size reduction, or partially chemically
ordered.[47] Interestingly, the mean-square deviation pa-
rameter o2 is unusually large (close to 1 x 1072A42) for
all bonds. This is the signature of a significant dispersion
of the NN distances. More trivially, the resulting Co and
Pt first shell coordination numbers N;,; = 8.1 & 0.5 and
8.6 + 1, respectively are less than the bulk fcc value of
12, owing to the small size of NPs and the relatively large
number of surface atoms with small coordination numbers.
Considering the Co and Pt neighbors, Table 1 shows that:
i) the total coordination numbers for Pt and Co nearest-
neighbors are similar, ii) the number of Pt or Co neighbors
surrounding a given emitter are nearly identical, i.e. the
number of Co scatterers and Pt scatterers around Co (or
Pt) are nearly the same. These two considerations are in
agreement with a local structure of co-deposited particles
in a mixed state, and consistent with an alloyed model
(Fig. 4a).

Turning now to the sequentially deposited particles,
the local structure appears different. Concerning the num-
ber of nearest neighbors, Table 1 shows that they are not
similar. This behavior can be interpreted as a phase sep-
aration between Co and Pt atoms. Moreover, the first
shell coordination numbers for Pt and Co are different:
Niypt = 7.4 +1 and 11.9 £ 1 for Co and Pt atoms re-
spectively. This significant NN difference reflects a seg-
regation of Co and Pt species, consistent with the hy-
pothesis of a Pt-rich core (maximum coordination value)
surrounded by a Co-rich shell (low value due to surface
atoms). These EXAFS data in terms of number of Pt-Co
Co-Co and Pt-Pt bonds are in accordance with those ex-
pected for the core-shell model structures (Fig. 4) and are
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Fig. 4. Configurations of the CoPt3 nanoparticle models (a)
alloyed and (b) Pt core-Co shell. The Pt and Co atoms are
represented by green large spheres and black small spheres,
respectively.

very different from the PtCo alloy one. Similar EXAF'S re-
sults from both absorption edges were found in the case of
core-shell particles prepared by complex sequential chemi-
cal methods: in dendrimer-encapsulated Pd-Pt and Pd-Cu
[49] or oxidized Pt-Ru particles.[50] The Co-Co and Pt-Pt
homo-atomic bond lengths (2.53 and 2.74 A, respectively),
spread apart more largely than for the codeposited sample
and get closer to the values found in the bulk monometal-
lic phases (average values for the bulk face-centered cu-
bic (fcc) phase of Co and Pt of 2.51 and 2.77 A, respec-
tively [5]). It is worth noting that the Rco—c, distances
are larger while the Rp;_p; distances are shorter com-
pared to the bulk values. Although contracted bonds are
commonly observed in metallic nanoparticles due to their
lower coordination environment, [51,52] it appears that for
these samples, the Pt-Pt distances were not fully relaxed
with the Co deposition. Interestingly, the o2 parameter
remains large for both Co-Co and Co-Pt bonds, but de-
creases for Pt-Pt bonds (0.5 x 10_2;12), indicating that
the core has a higher degree of order. These results reveal
the stabilization of the core-shell structure which may be
related to the core strain effect.

Further evidences of the core -shell morphology of the
sequentially grown NPs can be obtained more directly

from differential analysis of AGISAXS measurements. Small

angle scattering is collected at two energies near the Pt
L3- absorption edge and two energies near the Co K- ab-
sorption edge ((F2) and (F1), near and far from the edge
respectively). The form factor of a heterogeneous particle
with a core diameter D, and a shell thickness AR is de-
pendent on electron densities of the core and of the shell
(for the CoPt system, the Pt scattering factor is three
times larger than the Co one). Thus, the variation of in-
tensity between two energies at the Co edge is character-
istic of the Co part of the particle and similarly, of the Pt
part at the Pt edge. Fig. 5 shows the out-of-plane scat-
tering intensity from the entire particle and the difference
Al = I(Ey)—I(E,) for sequentially deposited Pt@Co par-
ticles, where F4 and FEs; are the energies 11461 and 11560
eV near the Pt L3 edge and 7606 and 7705 eV near the Co
K edge, respectively. The I and AT are significantly differ-
ent at the Pt-edge (Fig. 5(a)), which reflects the size dif-
ference between the entire particle (Co and Pt parts) and

a, i,

b)

1 PtL3edge | |}

Co K edge

Intensity (a.u.)

Fig. 5. GISAXS one-dimensional ¢, cuts of Pt@QCo sequen-
tially deposited particles in log scale: (a) at Pt L3 edge, (b) at
Co K edge. Differential intensity AI = I(E;) — I(E2) (sym-
bols) and total intensity I(FE1) (solid line) are shown for each
graphs. I(E1) and I(Es) are the energies 11461 and 11560 eV
and 7606 and 7705 eV at the Pt L3 edge and at Co K edge,
respectively. AT is normalized with respect to I(E2) to allow
a direct comparison.

the Pt part. We did not observe the same effect at the Co
K edge (Fig. 5(b)). These two behaviors can be explained
by the presence of Co in the entire particle, while the Pt is
confined in the core. However, due to the high difference
between atomic scattering power of Co and Pt, at the Pt
edge, the homogeneous part (Pt-Pt) is dominant in the
differential intensity, while at the Co edge, the Co-Pt and
Co-Co terms are equivalent. Consequently, a model of a
pure Co-shell /Pt-core is also compatible, which would give
also a small variation of intensity at the shell edge (Co)
as observed here.

Quantitative morphological parameters were obtained
from the direct method. The GISAXS intensity were fit-
ted in the distorded wave Born approximation (DWBA)
framework using ISGISAXS software.[42] The output mor-
phological parameters (inset in Fig. 6) were the NP diam-
eter D, height H and interparticle distance A, and espe-
cially in the case of core-shell structure, the core diame-
ter D, and the shell thickness AR = (D — D,)/2.[35,36,
32] The best results were obtained with a spherical shape
truncated by the substrate surface with an aspect ratio
H/D < 1. A narrow Gaussian size distribution with rela-
tive geometrical standard deviation close to o(D)/D = 0.3
was used for each simulation. Several form factors were
used: homogeneous alloyed and totally or partially Co-
Pt separated core-shell NPs. The best fit corresponds to
a core-shell configuration in agreement with the results
suggested by the differential method. The fitting results
shown in Fig. 6, gave D = 2.8nm, H = 2.3nm and AR =
0.35nm. These results correspond to a model of a Pt-rich
core (80% Pt atoms) covered by a shell of about two Co
monolayers. The atom number ratio between Pt and Co
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Fig. 6. GISAXS measured (symbols) and simulated (solid
line) (a) gy in-plane cross-section and (b) ¢. out-of-plane cross-
section of Pt@QCo sequentially deposited particle sample. For a
better understanding, diameter D, height H and interparticle
distance /A, and the core diameter D, in a core-shell structure
are shown in the inset.

calculated with this model is in agreement with the ratio
obtained by the RBS method over the whole sample or by
EDX at the particle scale (Np;/N¢o = 3).

The combination of AGISAXS and EXAFS analysis,
shows that for sequentially deposited Pt@Co NPs, the
growth kinetic traps a core-shell structure, with a strained
Pt core, even if these two metals have a strong tendency
to form an alloy.

3.2 Annealed Pt@Co and reverse Co@Pt deposition

In this section, we report the AGISAXS investigation on
the morphology changes induced by annealing at low tem-
perature (500° C) of Pt@Co NPs obtained by sequential
deposition. In a similar procedure, the small angle scat-
tering was measured at the vicinity of the Co K edge and
the Pt L3 edge as shown in Figure 7. Represented in the
" differential mode”, the 1D AGISAXS intensities of the
annealed particles (5 x 10! atoms/cm?, 3.5nm) reveal a
similar behavior in the I and AI profiles at the Pt-edge
(Fig. 7) and at Co-edge (not shown). These results are
interpreted as a mixing between Co and Pt atoms in the
entire particle. For randomly distributed Co and Pt atoms
in the particle, all partial scattering factors (Pt-Pt, Co-Pt
and Co-Co) should be homothetic and consequently, the
intensity profiles exhibit the same shape. This behavior
confirms a chemical transition from the core-shell to the
alloyed structure when the temperature (500°C) induces
enough atom mobility to achieve the equilibrium alloyed
structure. Similar measurements for CoPt co-deposited
particles sample (6 x 10*® atoms/cm?, 2.2nm) show also
homothetic profiles (only Pt edge results are shown in Fig.
7(b)) which confirm the alloying of bimetallic CoPt par-
ticles without segregation, as was already demonstrated.

a)

b)

Pt@Co

-

PtCo NP

annealed 1

Intensity (a.u)

q,(nm™)

Fig. 7. GISAXS one-dimensional ¢. cuts at the Pt L3 edge
of : (a) Pt@Co sequentially deposited particles annealed at
500° C, (b) PtCo codeposited particles. Normalized differential
intensity AI = I(FE1) — I(E2) (symbols) and total intensity
I(E1) (solid line) are shown for each graphs in log scale.

[20,33] We have therefore clear evidence of a transition
to the alloyed configuration by annealing. The occurence
of such transition strengthens certainty about the initial
core-shell configuration.

Figure 8 shows the out-of-plane total scattering inten-
sity and the difference AI for sequentially deposited par-
ticles in a reverse configuration, Co then Pt with a CoPt3
composition. The I and AI are significantly different at
the Co-edge (Fig. 8(b)), which reflects the size difference
between the entire particle (Co and Pt parts) and the Co
part. These results are similar to those described in the
Pt@Co configuration. Indeed, if an effect is observed at the
core edge, no effect is observed at the shell edge (Pt-edge)
(Fig. 8a). These results confirm that the growth kinetics
or/and the core structure trap the core-shell structure for
sequentially deposited Co-core and Pt-shell at room tem-
perature in an out-of equilibrium configuration. The fit-
ting of these scattering intensity profile gives D = 2.3nm,
H = 1.8nm and AR = 0.4nm. It corresponds to an av-
erage shell thickness of about 2 monolayers of Pt. In the
case of core-shell particles, it is worth noting that it is
difficult to identify the chemical configuration if the shell
thickness is below 2 monolayers, even for two metals with
high scattering contrast.

In the previous case of Pt@QCo, one argument to ex-
plain the stabilization of the Pt-core Co-shell configura-
tion could be an effect of the alumina coverlayer. For
Co@Pt configuration, this reason is also relevant. How-
ever, the most likely reason appears to be the kinetic
trapping which is consistent with the mechanism of lim-
ited diffusion observed at low temperature in alloyed CoPt
nanoparticle. Indeed, even if the CoPt chemically L1j or-
dered phase is thermodynamically stable at room tem-
perature,[19] CoPt NPs grow generally in the metastable
face-centered-cubic (fcc) chemically disordered phase Al.
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Fig. 8. GISAXS one-dimensional g, cuts of reverse CoQPt se-
quentially deposited particles : (a) at Pt L3 edge, (b) at Co K
edge. Differential intensity Al = I(E1) — I(E2) (symbols) and
total intensity I(F1) (solid line) are shown for each graphs.
I(E1) and I(E.) are at the energies 11461 and 11560 eV, and
7606 and 7705 eV at the Pt L3 edge and at Co K edge, respec-
tively. AT is normalized with respect to I(E2) to allow a direct
comparison.

Annealing is then required to promote atomic diffusion
and to reach a chemically ordered state.[10,39,5] Among
the origins of this behavior, the major obstacles to the
order are the tendency of CoPt NPs to grow with mul-
tiple twinning, surface segregation (Pt-rich surface layer)
or internal strains.[21,53,54] Among these, the two latter
effects may also be a source of stability for our core-shell
NPs.

4 Conclusion

We have reported here a comprehensive architectural eval-
uation of the supported Co@QPt and Pt@QCo core-shell and
alloyed nanoparticles that provides spatially and elemen-
tary resolved structural information on NPs with size lower
than 4 nm. This comparative study illustrates how anoma-
lous grazing incidence small-angle X-ray scattering (AG-
ISAXS), combined with transmission electron microscopy/
energy dispersive spectroscopy (TEM/EDX) analyses pro-
vide complementary information used to construct a de-
tailed description of the core-shell and alloy nanostruc-
tures. The X-ray absorption spectroscopy measurements
are in agreement with the AGISAXS results. We can clearly
differentiate NPs of the same size in alloyed or core shell
structures with two-monolayers-thick shells. AGISAXS al-
lowed a very detailed view for the two main samples in op-
posite configurations: Co@QPt sequentially grown nanopar-
ticles led to a Co-core surrounded by a Pt-shell, and Pt@QCo
sequentially grown nanoparticles led to a non trivial result
with the reverse configuration of a Pt-rich core surrounded
by a Co shell with a lattice contraction of the core rela-
tive to the bulk metal. The former case is in agreement

with results on alloyed bulk system surfaces or on larger
NPs, [15,22] showing that a Pt top-layer may be stabi-
lized. In the latter case, the strained structure present in
Pt-core at this size range may contribute to this tendency
to kinetically stabilize the core-shell configuration.

These results allow us to claim that the lack of atom
mobility at room temperature is the main origin of the sta-
bilization of core-shell structures for NPs obtained by se-
quential deposition, even for the CoPt system which has a
high alloying tendency. The mechanism of kinetic trapping
poses an interesting theoretical question. Further investi-
gations of the growth or rather the stability and consen-
quently ageing of metal nanoalloys is an open direction of
research, already explored theoretically in several systems
[55-59] but more rarely experimentally due to the need to
carry out time resolved investigations. Finite-size phenom-
ena of strain-dependent atom rearrangement is expected
to be of major importance for the relative stability of the
different cluster structures. Recent in situ and real-time
investigations of the structural and morphological evolu-
tion during the sequential deposition in ultra high vacuum
confirmed the interest of these interpretations and meth-
ods.[41,60]
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Extended X-ray Absorption Fine Structure Methodology

Our methodology to analyse the XAS data followed the typical procedure used in EXAFS
many papers, as in ref. [1]. The XAS spectra at the Co K (7709 eV) and Pt L3-edges (11564
eV) of supported CoPt particles and Co3Pt bulk material were recorded at the European
Synchrotron Radiation Facility ESRF (BM30 FAME station, Grenoble, France). Data were
collected at 4K and at RT over an extended energy range: 11450 to 12200 keV for Pt, and
7600 to 8500 eV for Co, using a 30-element fluorescence detector. Co and Pt foils were used
as references. In order to obtain the local environment around the Pt and Co atoms, simulation
and fitting of the EXAFS experimental data were performed with IFEFFIT [2,3]. The k-
weighted x-ray absorption fine structure function were Fourier transformed using Kaiser-
Bessel window and subsequently fitted in R space (radial interatomic distance). Theoretical
paths were calculated with the FEFF code using muffin tin potentials and the Hedin-Lunqvist
approximation for the energy-dependent part [4].

Figure S1 shows Fourier-transformed EXAFS modulus (a) at the Co K edge and (b) at the Pt
L3 edge. From this procedure, analysis have been carried out simultaneously for the data
collected at the two edges (multi-edge analysis). Such procedure allows an accurate
determination of the first-shell Co-Co, Co-Pt and Pt-Pt coordination numbers N (scattered
atom number), atomic distances R and mean-square deviation in R, 6°. To avoid
misinterpretation, many constraints have been applied: Rpt.co (Pt-edge)= Rco-pt (Co-edge) and
6%p-Co = G%Co-pt, and Niot value (i.e. the average coordination number) chosen in a range in
accordance with the particle size distribution deduced from TEM or GISAXS [5,6,7]. In
addition, the number of neighbours was checked quantitatively to be consistent with the core
size, the shell thickness, the size of choose model for each element type (Co and Pt). The
compositional distribution (typically of 5%, deduced from STEM-EDX measurements on our
samples prepared by UHV deposition due a low atoms mobility at RT and a high density of
particles on the substrate) is enough narrow to agree to only one nanoparticle model in each



sample. In addition, at each analysis, Co-O contributions have also been tested and appeared

negligible.
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Figure S1: Fourier-transformed EXAFS modulus (a) at the Co K edge and (b) at the Pt L3
edge for a sequentially deposited Pt@Co3 (light-orange line) sample and a codeposited PtCo3
sample (dark-violet line) with the same composition.

Anomalous X-ray scattering Methodology

The detailed experimental procedure for data collection and data handling is described in ref.
[8,9]. The small angle scattering was measured for at six energies just below the Co K and the
Pt L3 edges, corresponding to a scattering factor variation of 3.4 and 6.6 electrons
respectively. The analysis methods were within two types, referred as "direct method" and
"differential method" [9,10]

The GISAXS intensity of the assembly of supported particles can be expressed in the local
monodisperse approximation with a form factor of nanoparticles (depending on the particle



shape function) calculated in the DWBA framework. NPs morphological parameters (radius
R, height H and inter-particle distance) have been extracted from GISAXS experimental data
by comparison with simulations using ISGISAXS software [11]. The best results are obtained
with a spherical shape that can be truncated by the substrate surface by taking an aspect ratio
H/2R < 1. A narrow Gaussian size distribution with relative geometrical standard deviation
close to o(R) / R = 0.2 according to preliminar TEM observations is used for each simulation
[typically as in ref. 12]. Based on the qualitative results of the differential method, several
form factors were used: homogeneous truncated sphere for alloyed and pure particles and
core-shell truncated sphere for sequentially deposited particles.

In the direct method, the intensities I(q,E) measured at different energies were fitted
directly with calculated models taking into account the variation of the scattering factor
with energy, extracting the morphological parameters. For example, Figure S2a shows
the weak variation in the simulated profiles in the case of alloyed particles and core-shell
particles of a same size. Only the Yoneda peak (the strong enhancement of the intensity
originates from the interference of incoming and reflected beam) is significantly
different, which is the signature of the nature of the particle external surface (Co for core
Pt-shell Co and Pt-Co mixed for alloyed).

In the differential method, the partial structure factors were first extracted by difference
between the intensities measured at different energies with various levels of
approximation [9]. At this stage a qualitative interpretation of the data is possible, prior to
model fitting. For example, Figure S2b shows the high difference of the GISAXS profile
for Pt@Co core-shell and Pt core alone particles of same core-size distribution. In this
case at the Pt-edge of the core, the intensity coming from the Pt core alone reflects the
lower size effect with respect to size of the entire particle (Co shell and Pt core). In
addition, the AGISAXS data analysed at both edges, enriches the quality of the
interpretation, with the combination of the two methods.
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Figure S2 : Example of Pt-edge GISAXS simulated (solid line) g, out-of-plane cross-sections
of (a) PtCo alloyed and Pt@Co core-shell particles of same size distribution and (b) Pt@Co



core-shell and Pt core alone particles of same core-size distribution. The measured (symbols)
profile is given for comparison. This case corresponds to a typical experimental sample
obtained sequentially, Pt then Co, and the final combined analysis gives R=1.4nm, H=2.3nm
for the entire particle and AR= 0.35nm for the Co shell thickness. These results agree
perfectly with a model of a Pt supported particle covered by a shell of two Co monolayers
excepted at the substrate-Pt core interface.

Rutherford Backscattering method

Rutherford backscattering spectroscopy (RBS) was performed using a particles of 2 MeV
extracted from a Pelletron accelerator in the CEMHTI laboratory (Orléans, France). The
scattering geometry is : scattering angle = 165°, exit angle 15°, incident angle 0°. The detector
size is 25 mm2 and sample to detector distance is 90 mm. Typical RBS spectra of Pt-Co
nanoparticles deposited on a-C/Si02/Si(100) are shown in Fig. S3. The left side of the
spectrum, at low backscattering energies, corresponds to Si and O atoms, The area under the
Pt and Co peak in the high energy side of the spectrum is directly related to the number of
platinum atoms in the porous substrate. The RBS spectra were fitted using the SIMNRA
software, to estimate the number of deposited Co and Pt atoms and their concentration
[14,15].
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Figure S3: RBS spectra (red dots) and SIMNRA simulations (grey line) for an example of
sample: sequential deposition of Co on Pt clusters, named Co3Pt. The peak near 1.8 MeV
corresponds to backscattering from Pt atoms while the peak close to 1.55 MeV corresponds to
Co atoms. The different large steps starting near 1.5 MeV, 0.75 MeV and 0.6 KeV
corresponds to backscattering from Si and O atoms in the SiO2 layer and the Si substrate. The
CoPt composition and quantity of atoms were obtained by simulation of the first layers and of
the substrate from SIMNRA software as shown in this figure.
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