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Cobalt nanorods possess ideal magnetic propedieapplications requiring hard magnetic

nanoparticles. However, their exploitation is umdi@ed by their sensitivity towards oxygen

and water, which deteriorates their magnetic priogser The development of a continuous

metal shell inert to oxidation could render theab&t, opening new perspectives not only for
already identified applications but also for newesisHowever, the direct growth of a

conformal noble metal shell on magnetic metals ishallenge. Here, we show that prior

treatment of Co nanorods with a tin coordinatiormpound enables the growth of a

continuous noble metal shell, rendering them airaater-resistant. The as-synthesized core-
shell nanoparticles are the first, ferromagneticanads that combine high magnetization and
strong uniaxial magnetic anisotropy, even afterosxjpe to air and water, and hold promise
for successful implementation in new domains sushnavitro bio-diagnostics requiring

probes of high magnetization and an anisotropipsha

An important research activity in nanoscience camcéhe development of magnetic nano-
objects, prepared by solution chemical anafysi8mong them, metallic Co single-crystalline
nanorods (Co-NRs) of hexagonal close packed stelctexhibit particularly attractive
magnetic propertiésfor implementation in domains requiring materialith both high
magnetization and high coercivifff However, the practical use of metallic magnetaa:
objects in general, is undermined by their reafgtitowards oxygen and water, which
transforms them into the corresponding oxides andydroxides deteriorating their magnetic
properties. Protection of air-sensitive metalliogmetic nanoparticles against oxidation can be
achieved through an efficient coating by an adezjlayef®*’ However, air- and water-
resistant ferromagnetic nanorods of a high magmetiment have never been reported up to
now. A noble metal shell may not only act as aiciefit barrier to oxidation, but also add its

specific properties to those of the core, or becoameplatform for further surface
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functionalization**** Gold is an ideal shell material because it iswibally stable, optically
active and can be easily Hionctionalized. Pt is also chemically inert andpdtssthe fact that
its optical properties are less interesting comgppamethose of Au, it is a highly active metal in
catalysi$>*’. The development of a conformal shell of a matevia a seed nanocrystal
depends on many parameters which affect the iatgrpletween surface and interface
energies, and therefore the final reSifit For colloidal nanocrystals, the presence of litgan
necessary to ensure a good dispersion and therafommogeneous reaction with the shell
precursor, may substantially alter surface andfetel energies, but may also hamper seed-
surface accessibility, preventing a homogeneoud| shematior™?* It is furthermore
important to stress that when noble metal ions coneecontact with nanocrystals of a less
noble metal, galvanic displacement may occur, @igtdissolving the seed and reducing its
dimension¥. Some reports in the literature describe Co@Au &ui@Pt core@shell
superparamagnetic spherical nanopartféles To the best of our knowledge, Co@M
nanorods (M = noble metal) have not been reporddrs The growth of a conformal shell on
nanorods is more complicated in comparison to agdtr nanocrystals, since it requires a
homogeneous “wetting” of the various crystal facdespite their different reactivity™:
Cobalt is not a target metal for vivo biomedical applications due to its toxicity. Hoveey
the field ofin vitro bio-diagnostics does not suffer from this incongane and cobalt could
respond to the specific needs of targeted biomedpgalications, such as the magneto-optical
in vitro detection of important biomarkers in physiologitiglid sample¥. Therefore, the
growth of a protective shell opens the way to acessful implementation of highly
performant, albeit up to now inexploitable in biafeal diagnosis, magnetic metallic
nanoparticles. Apart from this specific applicatigorotection of the Co core will also
facilitate the implementation of the core-shell os in magnetic recordifig magnetically

actuated liquid crystal$ or ferrofluids®.



Here we show that while direct noble metal depositon Co-NRs fails to form a
continuous shell, a simple treatment of the Co-N&#& a Sn(ll) coordination compound
enables the subsequent development of a contimmhble metal shell of Au and Pt on Co-
NRs®, rendering them air- and water-resistant. The guesnethod should be generally
applicable to metallic magnetic nanoparticles ofiotgs shapes, not only for protection

purposes but also for obtaining performant and-etfitient core-shell catalysts®

Gold-tipped as well as gold decorated Co-NRs hé&ready been synthesized by using
bare Co-NRs as seéds In both cases Au is epitaxially grown on the Il{Rs. Based on these
results, we tried to develop a gold shell surrongdireformed Co-NRs, prepared by slight
modifications of an already published methgsee details in Supplementary Information).
However, all attempts have failed to cover the @dege (Supplementary Fig. S1). In the best
cases where Au growth was not limited to the tgmaa growth mode analogous to a Volmer-
Weber (VW) epitaxial growth mode takes pfEc& favoring small Co-Au interfaces instead

of extended interfaces required for the formatiba oomplete shell.

Platinum is also resistant towards oxidation ansl the advantage of being miscible
with Co. Thus, provided that mild temperatures ergloyed during Pt overgrowth in order
to avoid alloy formation, the growth of a contingoBt shell around Co should be more
favorable than in the case of Au. We attemptedréavgPt directly on Co-NRs by reducing
the organometallic precursor [PtMEOD] (Me = methyl; COD= cyclooctadiene) in the
presence of hexadecylamine (HDA) as a nanorod iape Under all reaction conditions
employed, a continuous Pt layer was not achievetegendent Pt nucleation in solution was
dominant, and in some cases we detected Pt “pdtohe€o (Supplementary Fig. S2). It is
thus possible that surface accessibility, due toptesence of an excess of HDA ligand in

solution, hampers the access of the incoming ntetdhe Co-NRs surface. However, the



presence of HDA is necessary in order to guaraaigaod dispersion of the nanorod seeds in
solution. In order to overcome these obstacleshawe undertaken a surface modification of
the bare Co-NRs by introducing a buffer layer tbatild remediate interfacial strain and/or
surface chemistry issues responsible for the hutlisformation failure. [{Sn(NMg),} ;] can

be reduced to metallic tin, which can form alloyishvall three metaf§3 A buffer layer of
gradient composition, in which the three elememésemasily accommodated at the interface,
could facilitate the development of a conformal ahahelf®. Additionally [{Sn(NMe)2} 4],
acting as a ligand through the amide nitrogen, ccalisplace the native laurate ligands
present on the seed nandtodhich seem to hinder the interaction of the sefaith the
noble metal. Finally, Sn(ll), can be reduced to0$mf oxidized to Sn(lV) in redox reactions
upon demand, during the different stages of thé ghawvth. Thus, Co-NRs were mixed with
a [{Sn(NMe),}o] solution and HDA and stirred at room temperatuneorder for the tin
compound to interact with the nanorod surface. [lRE] was then added and the solution
was heated under ;H The Au growth step was repeated once (See Supplany
Information). Transmission Electron Microscopy (TEbbservations (Figure 1a) show that
the resulting nano-objects do not present the sspect as the one of Co-Au prepared under
exactly the same conditions, but without [{Sn(NMg.] (Supplementary Figure S1).
Measurement of the nanorod dimensions before aed i@action indicates that growth of a
thin shell of less than 1 nm thickness has takaog(dimensions are given in Methods). High
resolution TEM (HRTEM) observations reveal the pre of a thin layer surrounding the
Co-NR (Figure 1b). As expected, the Co core prastt@ same crystal structure as prior to
shell growth. Despite the fact that the shell laygrkness is not uniform, it can be considered
as monocrystalline since no grain boundaries asilei along the nanorod axis. The shell
lattice parameters indeed correspond to Au which drawn epitaxially on the Co surface.

The opportunity to add plasmonic properties to tigbrid nano-object incited us to try to



increase the layer thickness by repetitive Au dijoos, which resulted in preferential Au
growth on thicker shell areas, without however éasing significantly the thickness of the
thinner areas (Supplementary Fig. S3). Whereagtis@tive effect of Sn on the Au shell
growth is clear, the presence of Sn on the nanoood$d not be observed by HRTEM
experiments. In order to localize Sn and have amim into the element distribution within
the core-shell nanorods, Scanning Transmissiontigledlicroscopy-Energy Dispersive X-
ray (STEM-EDX) experiments have been performed swlated nano-objects by using a
ChemiSTEM detector (Figure 1c-f). From these imagesan clearly see that Au is forming
a shell containing a small amount of Sn, and tier® indication that Sn presence is limited

to a layer between Co and Au.
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Figure 1. Co@SnAu nanorods. a, Low magnification TEM image (scale bar: 100 nim).
HRTEM image of a Co@SnAu nanorod, showing the categd structure. In the inset we
present the Fast Fourier Transform (FFT) on the levhmage showing the epitaxial
relationships between the two lattices (scale ham). The epitaxial relationship between Co
and Au is as follows: Co[2-1-10](01-10) // Au[11D])Q). It means that the interfacial plane is
parallel to the (01-10) Co plane and (110) Au plafiee lattice misfit based on lattice site
coincidence relationships is 0.5% considering titerreticular distances,€ o for Co and
020 for Au, and -2.7% with gdo1 for Co and ey for Au. .c-f, STEM-EDX maps showing the
elemental distribution separately (c-e), and frém pair Co-Au (f) (Co: green, Au: red, Sn:

blue). Scale bar for all EDX maps is 10 nm.

Treatment of the Co-NRs with [{Sn(NMJ},] followed by three successive Pt
deposition steps (See Materials and Methods), léadse nanorods shown in Figure 2. A
careful observation of the TEM images shows thastnod the nanorods are covered by a
layer Figure 2a. However not all of them are umiflyr coated. We can distinguish specimens
of variable shell thickness and nanorods that appeiato be covered at all, indicated by red
and blue arrows respectively. Supplementary Pt slépons increase the existing thickness
difference between covered and uncovered areapkSupntary Fig. S4). Obviously, once
the first layers of Pt deposited, the additionalpRtferentially deposits on the already Pt-
covered areas. HRTEM studies (Figure 2b) showRhatso grows epitaxially on the nanorod
surface. The STEM-EDX measurements performed oly fabvered isolated nanorods
(Figure 2c-f) showed that a smooth Pt-containingllsk present. Again, the presence of Sn
does not appear to be strictly limited to a layetween Co and the noble metal, and there is

no evidence of a metallic Sn crystal lattice.
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Figure 2. Co@SnPt nanorods. a, Low magnification TEM image of Co@SnPt nanorod
sample. The red arrows indicate rods where Co isompletely covered by the shell. Blue
arrows indicate nanorods for which no shell candszerned.b, HRTEM image of an
isolated nanorod. In the insets we present FFTHhefareas indicated by the arrows. The
growth orientation is different on the lateral Sidend on the tips. The epitaxial relationship
between Co and Pt on the lateral sides is Co[2}@31aL0) // Pt[110](110) and on the tips
Co[2-1-10](0001) // Pt[110](111). For the laterales, the interfacial plane is parallel to the

(01-10) Co plane and (110) Pt plane. The latticefimbased on lattice site coincidence



relationships is -3.45% considering the interrdéculistances ;.10 for Co and ebo for Pt,
and -6.75% with gho1 for Co and ey for Au. c-f, STEM- EDX maps showing the
distribution of each element separately as welbfakte couple CoPt on an isolated nanorod,
which has a completely covered Co core (Co: grBémed, Sn: blue). Scale bar for all EDX

maps is 10nm.

The resistance of the Co@SnAu and Co@SnPt nandoodsiter has been tested by TEM
observation on the samples after exposing thermeair, adding distilled water to core-shell
powders and leaving them in water for 2 days (Sarpphtary Fig. S5). Water affects the Au-
and Pt-coated nanorods differently. Almost all Ca@% nanorods were severely attacked,
but fully coated Co@SnPt specimens are seeminghbffected by water. Nevertheless,

incompletely covered or naked rods appear corrodezm the TEM/HRTEM images of the

sample prior to water exposure, all Co@SnAu naroéigure 1) appear to be coated in a
similar manner. However, important variations af ghell thickness along their length can be
observed and, at some points the shell is very (iar 3 atomic layers). We presume that
thinner Au shell areas are more reactive and ptomching. The Pt shell (Figure 2) is much
thicker and smoother, presenting fewer shell theslsnvariations. The fully covered nanorods

remain intact after water exposure, but incompjetelered nanorods are corroded.

These results prompted us to use Pt and Au suuebssirhe idea was to use these two
metals of limited miscibilit}’, in order to avoid extended overgrowth of the secaoble
metal on areas already occupied by the first m#tak favoring deposition on uncovered Co
areas. In Figure 3 we present the core-shell naisopoepared by three successive steps: (i)
[{Sn(NMey)2}o] treatment of the Co-NRs, (ii) 3 cycles of Pt dsition and (iii) 2 cycles of
Au deposition (See Supplementary Information). AMTienage of the Co@SnPtAu nanorods
is shown in (Figure 3a). A less smooth surfaceoimgarison to the Co@SnAu and Co@SnPt

nanorods is observed. The HRTEM image presentdélgare 3b shows the presence of a
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polycrystalline shell, while STEM-EDX measureme(fgure 3c-f) revealed that indeed, Pt
and Au are complementary as shown further in Supgteary Fig.S6. It is important to point
out that these nanorods are not affected by wates alemonstrated by the TEM image

showing a sample of Co@SnPtAu nanorods after 2 dagsesure to water (Supplementary

Fig. S7).

Figure 3. Co@SnPtAu nanorods. a, Low magnification TEM image of a Co@SnPtAu
nanorod sample (scale bar: 100 nl)HRTEM image on an isolated nanorod, revealing the

polycrystalline nature of the shell (scale bar:rif). c-f, STEM- EDX maps showing the
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location of the elements on a fully covered nandmdo, d: Au and Pt, e: Sn;, f: Co, Au and

Pt. (Co: green, Sn: blue, Au: red Pt: yellow). 8dadr for all EDX maps is 20nm.

In order to better understand the structure ofcire-shell nano-objects, X-Ray absorption
spectroscopy (XAS) measurements were performedo@@ &M (M= Au and/or Pt) samples
and the results are presented in Figure 4. The @amlde X-ray Absorption Near Edge
Structure (XANES) spectra for all samples and tbkerence are presented in Figure 4a.
Together with Supplementary Table S1 these reshltsv that in all samples Co is metallic.
The corresponding XANES spectra for the Sn, Au d&d edges are presented in
Supplementary Tables S2-S4 and Supplementary B@sS10. The coordination numbers
and bond distances were determined from the Extexd®ay Absorption Fine Structure
(EXAFS) data of Figure 4b-d and in Supplementarpl@e&5 and Suplementary Figs. S11-
S13). This investigation revealed that all samplastain only zero-valent Co, Pt and Au. No
Pt-Au alloy was detected by XAS in the Co@SnPtAm@a. However, Sn forms an alloy
with Pt in both Co@SnPt and Co@SnPtAu samplestdstiagly for the Co@SnAu sample
Sn is not metallic and it seems to be bonded tghtdr scatterers (O or N) (Supplementary

Fig. S12).
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Figure 4. XAS measurements on core-shell nanorods. a, XANES Co K-edge spectra of
samples and Co-foil referende. Au Ls-edge R space EXAFS fitting result of Co@Snku.
Ak = 2.6-10.5 A proving that Au is metallic and not alloyed. ThEAES of Co@SnPtAu
was similar.c, Pt Ls-edge R space EXAFS fitting result of Co@Srét.Ak = 2.7-9.2 A%,
proving that Pt is metallic. The EXAFS of Co@SnPtas similar.d, Sn K-edge R space
EXAFS fitting result of Co@SnPtjé: Ak = 2.7-10.2 AL, The EXAFS at the Sn edge does not

correspond to Sn metal and instead is indicativBrePt scattering only. This means that the

Sn has formed an alloy with Pt.
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Sn is the crucial factor that enables the nobleamstell development. Thus, in a first
approach we used TEM to examine the Co-NRs afeatrtrent with [{Sn(NMg)2}.] and
washing with tolueneAs in the case of the Co@SnM nanorods, only STENKEDalysis
allows Sn detection, indicating that an amorph@y®i covers the Co-NRs (Supplemenatry
Fig.S14). X-ray photoelectron spectroscopy (XPSasneements on a Co@Sn sample after
washing confirm the metallic nature of €oFurthermore they show that part of tin i$ ®nt

the major part is Sfi associated to O (SnO), which presumably originfes the Co-seed
native laurate ligands (8#SrP = 3.2). The presence of a small percentage of SoMils
cannot be excluded. Since ne Kas been used during treatment with [{Sn(NMe], and
HDA is not able to reduce [{Sn(NMg},] at room temperature, the presence of metallic Sn
is probably due to a limited galvanic displacemaiction between Co(0) and Sn(ll) at the

Co/Sn interface (for XPS details see Supplemenfabje S6 and Supplementary Fig. S15)

Thus, Sn treatment seems to influence two paramétet dominate the reaction outcome.
[{Sn(NMey),},] acts as a metal-containing ligand that “wets” tamstire Co surface,
presumably by displacing, or reacting with existilgands of the Co surface. This effect
could account for its positive role on the conforstzell formation independently of the shell-
metal used. Whereas the exact nature of the Snesppresent on Co@Sn intermediate is
elusive, it is possible that upon contact with CRd\a small amount of the [{Sn(NMg} ;]

not detectable by XAS but visible by XPS, is redligea transmetallation reaction, but most
of the Sn is non-metallic. Subsequent reaction \WtMe,COD] under H reduces both Pt
and Sn which form a continuous shell of Pt-Sn allajowing a reduction the interfacial
energy between Co and Pt. Subsequent [AuGJPRiduction takes place mainly on Pt
deficient areas. On the other hand, Sn is pratticabn-metallic in Co@SnAu. This
difference could be due to the Pt acting as amiefft hydrogenation catalyst in the cases of

Co@SnPt and Co@SnPtAu.
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While the above experiments give an indication altba coating efficiency of the SnPtAu
shell, thesine qua non condition for nanorod implementation in an aqueengironment is
the conservation of the Co-core magnetic proper{ldsis, magnetic measurements were
performed on the water-resistant Co@SnPtAu befodeadter exposure of the sample (i) to
air and (ii) to water (Figure 5). For comparisorg-NRs were also measured following the
same experimental protocol (See Methods). Befoyeeaposure to air or water, both samples
present a magnetization at saturation very clogaeaexpected bulk valu@is=160 Anf/kg
and 158 Amikg atT = 4 K for Co-NRs and Co@SnPtAu respectively). Eisence of
exchange bias (EB) after field cooling (FC) undé&Tamagnetic field (see Figure 5a and in
Supplementary Table S7) corroborates the metdilaracter of the Co core, and means that
coating does not affedils. Moreover, the high coercive fieldtH¢ = 0.71 T at 4 K), of the
Co@SnPtAu nanorods (just below the one of Co-N&m)firms that their effective magnetic
anisotropy is high enough (> 4°.0/nT) for applications in which hard magnetic materiais
required. As expected, the Co-NRs present sevéndbos signs of oxidation after 5 days
exposure to the air: a large drophM§ and ofHc, and a high exchange bias fielgs~ 0.5 T
(see Figure 5b). On the contrary, the magnetizatsio@o@ SnPtAu nanorods does not seem
to be sensitive to the exposure to the air aftdays. The samples exposed to the air, were
then immersed into distilled water for 1 day. Wiaer¢he oxidation unambiguously advanced
in the case of Co-NRs, the Co@SnPtAu nanorods didglayed slight changes of their
magnetic properties. At = 300 K, their magnetization was still high butdesed fronMs =

153 Anf/kg (before water exposure) Ms = 138 Anf/kg. Interestingly, the magnetization
decrease was less pronounced at low temperaige (153 Anf/kg), at which 97 % of the
initial Ms value, and a small exchange bias fi¢lgg = 7 mT were measured. The
Co@SnPtAu nanorods were then subjected to an eederwhditioning period, first to the air

for 3 months, and subsequently to water for 5 dgiang rise to a monotonous decrease of
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Ms (91% and 74% of the initiaWls value at 4 K and 300 K respectively). However this
decrease was much less severe than in the caseNRE (24% and 21% at 4 K and 300 K
respectively). This very limited oxidation could biee to the fact that some imperfectly
covered areas are still remaining. Despite the dfop6% ofMs at 300 K, the Co@SnPtAu
nanorods still present a hidifis (~115 Anf/kg) and a coercive field large enough (0.60 T at 4

Kand 0.34 T at 300 K) for applications requiringtibhigh Ms and a hard magnetic behavior.

—s—Co NRs (before water exposure) —®—Co NRs 4K
—— Co NRs (after water exposure) —®—Co NRs 300K
a) Co@SnPtAu NRs (before water exposure) b) Co@SnPtAu NRs 4K
—v»— Co@SnPtAu NRs (after water exposure) —%¥— Co@SnPtAu NRs 300K
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Figure 5. Magnetic properties of Co@SnPtAu vs Co-NRs. a, Hysteresis loops measured at
T =4 K, andT = 300 K after field cooling (FC) under 5 T of Cd=Nl (black squares: before
water exposure; red squares: after water exposamne) Co@SnPtAu nanorods (green
triangles: before water exposure; blue trianglésr avater exposureh, time evolution of the

saturation magnetization (Ms) (top), coercive fi¢lik) (middle), and exchange bias field
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(Heg ), defined adHgs = (He+ - He.)/2 with He andHc. the positive and negative coercive
field respectively (bottom). The Co-NRs traces &t dorrespond to the black squares, and at
300 K to the red circles. Co@SnPtAu nanorod tratesK correspond to the green triangles,
and at 300 K to the blue triangles. The shadedsareficate the time interval during which
the nanorods have stayed in contact with waternd % days). During the time interval

between the two water-exposure treatments the ssmysre exposed to the air.

To our knowledge, non-oxide magnetic nano-objettsoth high Ms and anisotropic
shape have not been reported. Indeed, existingnfagnetic oxide nanorods, which can be
used in water, have much lower Ms than Co@SnPtAwomasd”*> On the other hand, the
existing nano-objects of high Ms are either noistast towards oxidation or isotropically

shaped 144

We have achieved the first successful synthesigiofand water-resistant highly
magnetic and ferromagnetic nanorods through treatrok Co-NRs with [{Sn(NMe),} 2.
This treatment can modify the surface chemistry Gu-NRs enabling the subsequent
development of a conformal noble metal shell whiehders them air- and water-resistant.
While the present work is mainly focused on a dpenpietal, this new chemical approach has
a broad interest and can be adapted to the systb&siore-shell nanoparticles of different
shapes and compositions with applications spanfitig nanomedicine to ferrofluids and

catalysis.
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Methods

Due to the air sensitivity of the metal precursas,well as of the Co-NRs, all experiments
were performed under inert conditions, in the ioteof a glove-box or by using standard
Schlenk techniques. The starting Co-NRs have beepaped by slight modifications of an
already published proceddréThe naked Co-NRs were treated with [{Sn(NMp] before
coating by the noble metals takes place. A detalkestription of the standard procedures is
given in the Supplementary Information.

The dimensions of the samples presented in Figi#are given below.

Co@SnAu: Sample shown in Figure 1. Before coating: lengdh= 61+6nm, diameter (d) =
5.7+0.7 nm; after coating: L = 61+ 5 nm, d = 7.Z&tn EDX analysis on several areas of a
TEM grid yields the following mean values % at: €67%, Sn = 10%, Au = 23%.

Co@SnPt: The size distribution taking into account onlg fially covered nanorods indicates
that the shell thickness is about 1 nm. Sample showFigure 2: Before coating: L = 44+4
nm, d = 5.7+ 0.5 nm; after coating: L = 46+3 nn¥ @.7+ 0.6 nm

EDX analysis on several areas of a TEM grid yighs following mean values % at: Co =
52%, Sn = 6%, Pt = 42%

Co@SnPtAu: The mean length and diameter of the final nar®iualve increased, however
the irregular metal deposition does not allow aakbdé and statistically relevant diameter
measurement Sample shown in Figure 3: naked nasiotod 74+5 nm, d = 5.9+ 0.5 nm;
core-shell nanorods: L = 756 nm, d: around 9 nDXEnalysis on several areas of a TEM

grid yields the following mean values % at: Co #8%n = 4%, Pt = 40% Au = 21%.

TEM-HRTEM
Samples for TEM observations were prepared in aeglbox, by drop-casting toluene

suspensions of the nanorods on a carbon coate@icgpg.
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TEM characterization was performed on a JEOL JEMI11®icroscope, equipped with a W
thermionic electron source and a Mega-View Olymg@GD camera and working at an
acceleration voltage of 100 kV, or with a JEOL JEMDO microscope equipped with LaB6
thermionic electron source and working at an acagt voltage of 120 kV. HRTEM
observations were realized using a 200 kV FEI Teomaroscope equipped with a field
emission gun and a Cs corrector which avoids dewaten effects at interfaces (point
resolution of 0.12 nm). The structural featureshaf nanostructures imaged by HREM were

studied by means of 2D Fourier analysis.

STEM-EDX

STEM-EDX measurements were performed using an afi@nrcorrected cubed FEI-Titan
60-300 electron microscope operated at 200kV. HFer &cquisition of the maps, a
ChemiSTEM system was usédFor the acquisition and quantification of the mafhe
ESPRIT software was used.

Routine EDX was performed using JEOL JEM 2100 Eted®@ microscope equipped with a
field emission gun (FEG) and SDD Brucker (lightretmts detection), with a resolution of

127eV.

XAS

X-ray absorption measurements were acquired alCinek-edge (7.709 keV), Sn K-edge

(29.200 keV), Pt g-edge (11.564 keV) and Auiledge (11.919 keV) on the bending magnet
beam line of the Materials Research CollaboraticeeSs Team (MRCAT) at the Advanced
Photon Source, Argonne National Laboratory. The aegre collected in transmission step-
scan mode. Photon energies were selected usingtexr-egoled, double-crystal Si (111)

monochromator, which was detuned by approximat@lybto reduce harmonic reflections.
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The ionization chambers were optimized for the mmxn current with linear response (210
photons detected/sec) with 10 % absorption innlcaent ion chamber and 70 % absorption
in the transmission X-ray detector. The appropriatetal foil spectrum was acquired

simultaneously with each sample measurement faggraalibration.

Nanorod samples after being washed and dried wessgd into a cylindrical sample holder
consisting of six wells, forming a self-supportingfer. All samples were prepared in a N

glove box and the sample holder was placed in &zjtizbe (1-in. OD, 10—in. length) sealed
with Kapton windows by two Ultra-Torr fittings. Sgues of interest were pressed directly as

received to achieve an absorbance (ux) of apprdgisna.o.

Standard data reduction techniques were employdd tbe data using the WINXAS 3.1
software program. The normalized, energy—calibrategbrption spectra were obtained using
standard methods. The edge energy was determiaedtfire maximum of the first peak of
the first derivative of the XANES spectrum. For tbe, Pt, Au edges experimental phase shift
and backscattering amplitudes were measured useggpropriate metal foils (coordination
numbers and bond distances shown in Supplementde 1S5). For the Sn edge, Snilas
used as the reference for Sn bonded to a lighteseai{Sn-O or Sn-N scattering). The EXAFS
and XANES of the [Sn(N(Ck).]. precursor was also obtained for comparison. Since
experimental references were not available foryalltheoretical references were prepared for
Sn-Co and Sn-Pt using FEFF. The EXAFS parameters algained by a least square fit in
R-space of thé®-weighted Fourier Transform (FT) data for all saespéxcept the Sn K-edge
of sample Co@SnAu where the EXAFS parameters wataned by a least square fit kn
space of thé?-weighted Back-Fourier Transform data. The Debydivdactor (\c?) is
dependent on the amount of disorder in the samplevwaas fixed at a given edge at either

0.001 or 0.002 for metallic particles or 0.004 Ifght scatterers. All fits were single shell.
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XPS

XPS measurements were carried out with a Thermen8tic K-Alpha X-ray photoelectron
spectrometer, using a focused monochromatized cAtddliation (lv = 1486.6 eV). The XPS
spectrometer was directly connected through a gimxeunder argon atmosphere, in order to
avoid moisture/air exposure of the samples. ForAbge3d5/2 line the full width at half-
maximum (FWHM) was 0.50 eV under the recording ¢omals. The X-ray spot size was 400
um. Peaks were recorded with constant pass ener@® @V. The pressure in the analysis
chamber was less than 2 x®l®a. Short acquisition time spectra were recordethe
beginning and at the end of each experiment tokchigt the samples did not suffer from
degradation during the measuremeisak assignments were made with respect to referenc
compounds analyzed in the same conditidifse binding energy scale was calibrated from the
hydrocarbon contamination using the C 1s peak at028V. Core peaks were analyzed using
a nonlinear Shirley-type backgrodfidThe peak positions and areas were optimized by a
weighted least-squares fitting method using 70% sSian, 30% Lorentzian line shapes.
Quantification was performed on the basis of Stderelative sensitivity factofé. Several

XPS analyses were performed at different posittormaake the results statistically reliable.

M agnetic measur ements
The magnetic properties of Co and Co@SnPtAu naisonade been characterized by VSM

using a 9T EverCool Il Quantum Design PPMS.

In order to ensure a reliable quantitative analgéithe magnetization evolution upon air and
water exposure, the same sample was used throutjieowhole series of measurements, thus
avoiding any errors stemming from the use of dédfgérsamples. Standard VSM capsules were
filled with a known amount (a few mg) of sample asehled, without any other material

commonly used to freeze the magnetic compound (raagrease, epoxy...). The addition of
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the blocking material (vacuum grease, epoxy...) waqulevent contact of the nanorods with

air and water.

The initial magnetization is measured for both GeshNand Co@ SnPtAu, freshly synthesized
samples, kept in the glove box. To avoid any oxahatthe samples are prepared in the glove-
box, and transferred to the cryostat in a Schleredsel. The VSM capsule containing the
sample is rapidly introduced into the VSM in ortiziavoid exposure of the sample to the air.
These measurements represent the reference of/atar-stability of the nanorods and are
referred ast'= 0” (see Figure 5). Zero Field Cooled (ZFC) andld-Cooled (FC) at 5T
measurements are realized at 4 K in order to aorttre metallic state of the Co before water
addition. ZFC was performed by cooling the sampdevrd to 4 K without application of
magnetic field and field-dependent magnetizatios vexorded at 4 K. The temperature was
then increased to 300K, and a 5T magnetic field agslied. A second field- dependent
magnetization was recorded after having cooled dmmK while the 5T magnetic field was
applied. The mass magnetization of Co is calculdtedaking into account the metallic

fraction of Co obtained by ICP.

After measuring the magnetic properties beforeaanl water exposure, the VSM capsules
were opened to the air and after measurement ofetfeet of air exposure, they were
completely filled with deionized water (around 4D)pAfter the complete evaporation of the
water, ZFC FC measurements were performed againeMfghasize that only this protocol
that measures the same samples before and aftesweepallows a quantitative analysis and

control of the variation of the magnetization of gample after exposure.
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