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ABSTRACT (obalt nanorods possess ideal magnetic properties

for applications requiring magnetically hard nanoparticles. However, 5

their exploitation is undermined by their sensitivity toward oxygen Jé 50
<

1501 Magnetic properties
after air- and water-
exposure

and water, which deteriorates their magnetic properties. The 0
development of a continuous metal shell inert to oxidation could -1-22

render them stable, opening perspectives not only for already 50  sweeessseeeme
identified applications but also for uses in which contact with air 6 4

and/or aqueous media is inevitable. However, the direct growth of a

HoH (T)

conformal noble metal shell on magnetic metals is a challenge. Here,

we show that prior treatment of Co nanorods with a tin coordination compound is the crucial step that enables the subsequent growth of a continuous

noble metal shell on their surface, rendering them air- and water-resistant, while conserving the monocrystallity, metallicity and the magnetic properties

of the Co core. Thus, the as-synthesized core—shell ferromagnetic nanorods combine high magnetization and strong uniaxial magnetic anisotropy, even

after exposure to air and water, and hold promise for successful implementation in in vitro biodiagnostics requiring probes of high magnetization and

anisotropic shape.
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agnetic nanocrystals, either sim-

ple or multicomponent prepared

by solution chemical methods,
can be exploited in very diverse technolog-
ical domains. As a result, an important re-
search activity in nanoscience concerns the
development of magnetic nano-objects.’ >
Among them, metallic magnetic nanocryst-
als of the 3d series such as Fe and Co display
much higher magnetization than their
oxide counterparts. This potential advan-
tage, exploitable in many technologically
important domains, is however under-
mined by their increased reactivity toward
air and water, which readily converts them
to oxides and/or hydroxides. In particular,
cobalt nanoparticles are characterized by a
high magnetic moment that guarantees an
efficient response to an externally applied
magnetic field and a magnetic anisotropy
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that can be tuned through modification
of their size, shape and crystal structure.®
Anisotropically shaped Co nanocrystals
such as nanorods or nanowires are ideal
candidates for applications concerning in-
formation storage and permanent mag-
nets.”® Metallic Co single-crystalline nano-
rods (Co-NRs) of hexagonal close packed
(hep) structure, prepared by the reduction
of an organometallic or coordination Co
precursor under hydrogen,®'° exhibit parti-
cularly attractive magnetic properties'' for
implementation in domains requiring
materials with both high magnetization
and high coercivity.”®'2 An efficient protec-
tion against oxidation of these nanorods is
crucial for an implementation in all identi-
fied nanotechnology domains, and further-
more, it would open the way to applications
not envisaged up to now. Protection of
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air-sensitive metallic magnetic nanoparticles against
oxidation can be achieved through an efficient coating
by an adequate shell. Metal oxides, polymers, silica,
carbon and noble metals have been employed as shell
materials and in a few cases a protection against
oxidation has been reported;*'3>~'® however, air- and
water-resistant ferromagnetic nanorods with a high
magnetic moment have not been reported until now.

A noble metal shell may not only act as an efficient
barrier to oxidation, but it may also add its specific
properties to those of the core, or become a platform
for further surface functionalization.>'”~'° Gold is an
ideal shell material because it is chemically stable,
optically active and can be easily biofunctionalized.
Platinum is also chemically inert, and despite the
fact that its optical properties are less interesting com-
pared to those of Au, it is a highly active metal in
catalysis.?®~ %

Seeded-growth is the most efficient strategy for the
synthesis of core—shell nanocrystals.**~2° The devel-
opment of a conformal shell of a material on a seed
nanocrystal depends on many parameters, such as the
lattice mismatch between the core and the shell, the
electronegativity, and the relative size of the atoms,
which affect the interplay between surface and inter-
face energies, and therefore, the final result.*~2° For
colloidal nanocrystals, the presence of ligands, neces-
sary to ensure a good dispersion in solution, may
substantially alter surface and interfacial energies,
but may also hamper seed-surface accessibility, pre-
venting a homogeneous shell formation.?*2° It is
furthermore important to stress that when noble metal
ions come into contact with nanocrystals of a less
noble metal, galvanic displacement may occur, par-
tially dissolving the seed and reducing its dimen-
sions.?**" Some literature reports describe Co@Au
and Co@Pt core@shell superparamagnetic spherical
nanoparticles,> >3 but Co@M nanorods (M = noble
metal) have not been reported so far.

The growth of a conformal shell on nanorods is more
complicated in comparison to isotropic nanocrystals,
since it requires a homogeneous “wetting” of the
various crystal facets despite their different reac-
tivities.?*?° Furthermore, the different crystal struc-
tures of the core and the shell, hcp for Co nanorods
and face centered cubic (fcc) for the noble metal is an
additional parameter that does not promote the for-
mation of extended interfaces and therefore conformal
shell formation.

Cobalt is not a target metal for in vivo biomedical
applications due to its toxicity. However, the field of
in vitro biodiagnostics does not suffer from this factor
and cobalt could respond to the specific needs of
targeted biomedical applications, such as the point-
of-care (POC) magneto-optical in vitro detection of
important biomarkers in physiological liquid sam-
ples 343> Therefore, the growth of a protective shell
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Figure 1. (a) Low magnification TEM image (scale bar:
100 nm). (b) HRTEM image of a Co@SnAu nanorod, showing
the core@shell structure. In the inset we present the fast
Fourier transform (FFT) on the whole image showing the
epitaxial relationship between the two lattices (scale bar:
5 nm). (c) Magnification of the area marked by the red
rectangle in b (scale bar: 2 nm).

would open the way to the successful implementation
of highly performant, albeit up to now inexploitable in
biomedical diagnosis, magnetic metallic nanoparticles.
Apart from this specific application, protection of the
Co core will also facilitate the implementation of such
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Figure 2. STEM-EDX maps showing the elemental distribution separately (a—c), and for the pair Co—Au (d) (Co: green, Au: red,
Sn: blue). Scale bar for all EDX maps is 10 nm.

core—shell nanorods in magnetic recording,*® magne-
tically actuated liquid crystals,*” or ferrofluids.*®

Here we show that whereas direct noble metal
deposition on Co-NRs fails to form a continuous shell,
a simple treatment of the Co-NRs with a Sn(ll) coordi-
nation compound enables the subsequent develop-
ment of a continuous noble metal shell of Auand Pt on
Co-NRs, rendering them air- and water-resistant.3® The
present method is expected to be generally applicable
to metallic magnetic nanoparticles of various shapes,
not only for protection purposes but also for obtaining
performant and cost-efficient core—shell catalysts.***!

RESULTS AND DISCUSSION

Gold-tipped as well as gold decorated Co-NRs have
already been synthesized by using Co-NRs as seeds.
The preferential binding of surfactants on the lateral
surfaces of the nanorods drives Au growth selectively
to the tips, where surfactant coverage is less efficient.
Removing ligand excess from the entire surface, allows
the nonselective decoration of the whole nanorod
surface.*? Either when it is present on the apexes, or
on the lateral nanorod sides, Au is epitaxially grown on
the Co-NRs. On the basis of these results, we tried to
develop a gold shell surrounding preformed Co-NRs,
prepared in the presence of hexadecylamine (HDA)
and lauric acid, by slight modifications of an already
published method'® (see details in Supporting Infor-
mation). However, all attempts have failed to cover the
Co surface (Supporting Figure S1). In the best cases,
where Au deposition was not limited to the tip area, a
growth mode analogous to a Volmer—Weber epitaxial
growth mode takes place,**** favoring small Co—Au
interfaces instead of extended interfaces required for
the formation of a complete shell.

Platinum is also resistant toward oxidation and has
the advantage of being miscible with Co. Thus, pro-
vided that mild temperatures are employed during Pt
overgrowth in order to avoid alloy formation, the
growth of a continuous Pt shell around Co should be
more favorable than in the case of Au. We attempted to
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grow Pt directly on Co-NRs by reducing the organo-
metallic precursor [PtMe,COD] (Me = methyl; COD =
cyclooctadiene) in the presence of HDA as a nanorod
dispersant. Under all reaction conditions employed, a
continuous Pt layer was not achieved. Independent Pt
nucleation in solution was dominant, and in some
cases we detected Pt “patches” on Co (Supporting
Figure S2). It is thus possible, that surface accessibility,
due to the presence of native ligands and the excess of
HDA, hampers the access of the incoming metal to the
Co-NRs surface. However, the presence of HDA is
necessary in order to guarantee a good dispersion of
the nanorod seeds in solution.

In order to overcome these obstacles, we have
undertaken a surface modification of the Co-NRs by
introducing a buffer layer that could remediate inter-
facial strain and/or surface chemistry issues responsi-
ble for the full-shell formation failure. [{Sn(NMe,),}]
can be reduced to metallic tin, which can form alloys
with all three metals (Co, Au, Pt).**~*® A buffer layer
with a gradient composition, in which the three ele-
ments are easily accommodated at the interface, could
facilitate the development of a conformal metal
shell 2% Additionally, [{Sn(NMe,),},] acting as a
ligand through the amide nitrogen, could displace
the native laurate or HDA ligands present on the seed
nanorod,'® which seem to hinder the interaction of the
cobalt surface with the incoming noble metal. Finally,
Sn(ll) can be reduced to Sn(0) or oxidized to Sn(IV) in
redox reactions as required, during the different stages
of the shell growth.

Thus, Co-NRs were mixed with a [{Sn(NMe,),}>]
solution and HDA, and stirred at room temperature,
in order for the tin compound to interact with the
nanorod surface. [AuCIPPhs] (PPh; = triphenylphos-
phine) was then added, and the solution was heated
under H,. The Au growth step was repeated once (see
Supporting Information). Transmission electron micros-
copy (TEM) observations (Figure 1a) show that the
resulting nano-objects are different than the Co—Au
structures prepared under exactly the same conditions,

e
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Figure 3. (a) Low magnification TEM image of Co@SnPt
nanorod sample. The red arrows indicate rods where Co is
not completely covered by the shell. Blue arrows indicate
nanorods for which no shell can be discerned. (b) HRTEM
image of an isolated nanorod. In the insets we present FFTs
of the areas indicated by the arrows. The growth orientation
is different on the lateral sides and on the tips. (c) Magni-
fication of the area marked by the red rectangle in b (scale
bar: 2 nm).

but without [{Sn(NMe,),},] (Supporting Figure S1d).
Measurements of the nanorod dimensions before and
after the reaction indicate that growth of a thin shell of
less than 1 nm thickness has taken place (dimensions
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are given in Methods). High resolution TEM (HRTEM)
observations reveal the presence of a thin layer sur-
rounding the Co-NR (Figure 1b,c). As expected, the Co
core retains its hcp crystal structure. Despite the fact
that the shell layer thickness is not uniform, as shown
further by the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and
complementary HRTEM images of Co@SnAu nanorods
(Supporting Figure S3), the shell can be considered as
monocrystalline since the HRTEM images always reveal
the same orientation relationships. The symbol used
for the shell, corresponds to the order of material
deposition on the Co core. The shell lattice parameters
indeed correspond to Au, which has grown epitaxially
on Co. The epitaxial relationship between Co and Au
is as follows: Co[2—1—10](01—10) // Au[01—1](011),
indicating that the interface plane is parallel to the
(01—10) Co plane and (011) Au plane.®' The lattice
misfit dAu,,, — dCoapca/dCO,pcq, referred to the Co
bulk lattice, and based on lattice site coincidence
relationships is 0.5%, considering the interplanar dis-
tances d,_;_o for Co and d, for Au, and —2.7% with
dooo1 for Co and dyq for Au.

The opportunity to add plasmonic properties to the
hybrid nano-object led us to try to increase the layer
thickness by repetitive Au depositions, which resulted
in preferential Au growth on thicker shell areas, with-
out however increasing significantly the thickness of
the thinner areas (Supporting Figure S4a). The UV—vis
absorbance spectrum obtained from this sample
shows a large resonance at about 570 nm, which
presumably corresponds to the plasmon resonance
from thicker roughly spherical Audomains (Supporting
Figure S4b). This growth mode is analogous to the
Stranski—Krastanov heteroepitaxial growth mode ob-
served in physical vapor deposition systems,2?4344
Whereas the positive effect of Sn on the continuous
Au shell growth is clear, the presence of Sn on the
nanorods could not be revealed by HRTEM experi-
ments. In order to detect the Sn and have an insight
into the element distribution within the core—shell
nanorods, STEM-energy dispersive X-ray (STEM-EDX)
experiments were performed on isolated nano-objects
by using a ChemiSTEM system (Figure 2a—d). From
these images we can clearly see that both Au and Sn
are present and homogeneously distributed in the
same spatial region and there is no indication that
the presence of Sn is limited to a layer between Co
and Au.

A similar treatment of the Co-NRs with
[{Sn(NMe,),},] followed by three successive Pt deposi-
tion steps (see Supporting Information), leads to the
nanorods presented in Figure 3. The TEM images show
that most of the nanorods are covered by a thin layer
(Figure 3a). However, not all of them are uniformly
coated. We can distinguish specimens of variable shell
thickness and nanorods that appear to be completely
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Figure 4. STEM- EDX maps showing the distribution of each element separately (a—c), as well as of the couple CoPt on an
isolated nanorod (d), which has a completely covered Co core (Co: green, Pt: red, Sn: blue). Scale bar for all EDX maps is 10 nm.

TABLE 1. Fitted EXAFS Data of the Samples and
References at All Edges

sample scattering path N R (&) Ac? Eq (eV)
Co foil CGo—Co 12 251 N/A N/A
Pt foil Pt—Pt 12 271 N/A N/A
Au foil Au—Au 12 2.89 N/A N/A
Sn foil Sn—Sn 4 221 N/A N/A
Sn—Sn 2 292 N/A N/A
Sn—Sn 6 3.16 N/A N/A
Sn0, Sn—0 6 2.05 N/A N/A
[{SnMe))sl”  Sn—N 1 201 NA L NA
Sn—N 2 226 N/A N/A

Co@SnPt Co—Co 8.0 251 0.001 —04

Sn—Pt 8.8 2.79 0.002 —47

Pt—Pt 5.1 274 0.002 —15

Co@SnAu Co—Co 9.7 251 0.001 —0.2
Sn—N (Sn—0) 4.1 2.07 0.004 23

Au—Au 6.3 2.81 0.002 —15

Co@SnPtAu CGo—Co 1.1 250 0.001 —0.5

Sn—Pt 8.9 2.80 0.002 —-32

Pt—Pt 8.9 275 0.002 —-19
Au—Au 10.3 287 0.001 03

“Ref 53

bare, as indicated by red and blue arrows, respectively.
Supplementary Pt depositions take place preferentially
on already covered Pt-areas further increasing the
existing thickness difference between covered and
uncovered areas (Supporting Figure S5). Obviously,
once the first layers of Pt deposited, the incoming Pt
preferentially deposits on the already formed Pt shell.
HRTEM studies (Figure 3b,c) show that Pt also grows
epitaxially on the nanorod surface. The epitaxial rela-
tionship between Co and Pt on the lateral sides is
Co[2—1-10](01—10) // Pt[01—11(011), and on the tips
Co[2—1-101(0001) // P{01—11(—=111).>" The lattice
misfit considering only the lateral planes of the nano-
rods, referred to the Co bulk lattice, and based on lattice
site coincidence relationships is —3.45% considering

LENTIJO-MOZO ET AL.

the interplanar distances d,_;_ 1 for Co and d,, for Pt,
and —6.75% with dggo; for Co and dqq for Pt.

The STEM-EDX measurements performed on fully
covered isolated nanorods (Figure 4a—d) reveal that a
shell in which both Sn and Pt are present has smoothly
grown on Co. Again, the presence of Sn does not
appear to be strictly limited to a layer between Co
and the noble metal.

The resistance of the Co@SnAu and Co@SnPt nano-
rods to oxidation was investigated by TEM observa-
tions after exposure to air and distilled water for 2 days
(Supporting Figure S6). Water affects the Au- and
Pt-coated nanorods differently. Almost all Co@SnAu
nanorods were severely attacked, but fully coated
Co@SnPt specimens are seemingly unaffected by
water. Nevertheless, incompletely covered or naked
Co@SnPtrods appear corroded. From the TEM/HRTEM/
HAADF images of the sample prior to water exposure,
all Co@SnAu nanorods (Figure 1 and Supporting
Figure S3) appear to be coated in a similar manner.
However, important variations of the shell thickness
along their length can be observed, and at some points
the shell is very thin (2 or 3 atomic layers). We presume
that thinner Au shell areas are more reactive and prone
to etching. The Pt shell (Figure 3) is much thicker and
smoother, presenting fewer shell thickness variations.
The fully covered Co@SnPt nanorods remain intact
after water exposure, but incompletely covered or
naked nanorods are corroded.

These results prompted us to use Pt and Au succes-
sively. The idea was to use these two metals of limited
miscibility,>? in order to avoid extended overgrowth of
the second noble metal on areas already occupied by
the first metal, thus favoring deposition on the uncov-
ered Co surface. In Figure 5 we present the core—shell
nanorods prepared by three successive steps: (i)
[{Sn(NMe,),},] treatment of the Co-NRs, (i) 3 cycles
of Pt deposition and (iii) 2 cycles of Au deposition

e
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Figure 5. (a) Low magnification TEM image of a Co@SnPtAu nanorod sample (scale bar: 100 nm). (b) HRTEM image on an
isolated nanorod, revealing the polycrystalline nature of the shell (scale bar: 10 nm). (c—f) STEM- EDX maps showing the
location of the elements on a fully covered nanorod (c: Co, d: Au and Pt, e: Sn, f: Co, Au and Pt). (Co: green, Sn: blue, Au: red Pt:

yellow). Scale bar for all EDX maps is 20 nm.

(see Supporting Information). A TEM image of the
Co@SnPtAu nanorods is shown in (Figure 5a). A less
smooth surface in comparison to the Co@SnAu and
Co@SnPt nanorods is observed. The HRTEM image
presented in Figure 5b shows the presence of a poly-
crystalline shell, whereas STEM-EDX measurements
(Figure 5c—f) reveal that indeed, Pt and Au are com-
plementary as shown further in Supporting Figure S7.
It is important to point out that Co@SnPtAu nanorods
do not seem to be affected by water, as indicated by
the TEM inspection, which shows that after 2 days of
water exposure, the nanorods are apparently intact
(Supporting Figure S8).

An inversion of the noble metal addition order has
also been attempted. The deposition of Au prevents Pt
deposition. This result is not unexpected, considering
that (i) Au does not let any uncovered areas in order for

LENTIJO-MOZO ET AL.

Pt to be deposited and (ii) Pt and Au do not occupy the
same area. The TEM micrograph of this sample and EDX
maps of a single nanorod are shown in Supporting
Figure S9.

X-ray diffraction (XRD) measurements on the as
prepared core—shell powders are dominated by the
signals of Au or/and Pt as shown in the XRD patterns
presented in Supporting Figure S10. Thus, no informa-
tion can be obtained from XRD about the state of tin in
the core—shell nanorods. In order to better understand
the structure of the core—shell nano-objects, X-ray
absorption spectroscopy (XAS) measurements were
performed on as prepared Co@SnM (M = Au and/or Pt)
samples, and the results are presented in Figure 6.
The Co K-edge X-ray absorption near edge structure
(XANES) spectra for all samples and the reference are
presented in Figure 6a. Together with the Supporting

VOL.9 = NO.3 = 2792-2804 = 2015 L@L I

WWwWW.acsnano.org



12 T T T T T
1a
1.0 A
c
ie]
B
5 0.8 -
[
®
o 06+
[0]
2]
© 044
£
o
Z 0.2 :
Co fail
Co@SnAu
_ Co@SnPt _
0.0 Co@SnPtAu
—T 7T T T
769 770 7.71 772 773 774 775
Photon energy (keV)
0.006
0.004 4
g 0.002
= X 4
)
E 0.000 4
- J
L
-0.002
-0.004
—— Fit magnitude
— — Fitimaginan
-0.006 +—————————1———
0 1 2 3 4 5 6
R (A)

Figure 6. (a) XANES Co K-edge spectra of as prepared sam

S
=
e
3
|_
[T
] ‘,, ,
——FT magnitude
-0.004 - ‘” - = FT imaginary part||
] ¢ ——Fit magnitude
— — Fitimaginary part
-0.006 —————
0 1 2 3 4 5 6

FT [K* (Chi(k)]

1
-0.002 v, K —— FT magnitude
\ J = = FT imaginary part| 1
0,004 4 = —— Fit magnitude
= = Fit imaginary part
T T T T T T T T T T j
0 1 2 3 4 5 6

R (A)

ples obtained under inert conditions and Co-foil reference,

demonstrating that Co is metallic. (b) Au L3-edge R space EXAFS fitting result of Co@SnAu. k*: Ak =2.6—10.5 A~", evidencing
that Au is metallic and not alloyed. The EXAFS of Co@SnPtAu was similar. (c) Pt L3-edge R space EXAFS fitting result of

Co@5SnPt. k% Ak=2.7—9.2 A~", showing that Pt is metallic. The

EXAFS of Co@SnPtAu was similar. (d) Sn K-edge R space EXAFS

fitting result of Co@SnPt. k*: Ak = 2.7—10.2 A~". The EXAFS at the Sn edge does not correspond to Sn metal and instead is
indicative of Sn—Pt scattering only, suggesting formation of a Pt—Sn alloy. Co@SnPtAu was similar, also indicating Pt—Sn

alloy formation (see Figure S16), whereas Co@SnAu contained

Table S1 these results show that in all samples Co
is metallic. The corresponding XANES spectra for
the Sn, Au and Pt edges are presented in Supporting
Tables S2—S4 and Supporting Figures S11—S513. This
investigation revealed that all samples contain only
zerovalent Co, Pt and Au. However, Sn was metallic in
Co@SnPt and Co@SnPtAu, but nonmetallic in Co@SnAu.
The coordination numbers and bond distances were
determined from the extended X-ray absorption
fine structure (EXAFS) data, allowing identification of
alloying where present. Selected plots of the Fourier-
transformed EXAFS data are shown in Figure 6b-d and
in Table 1 and Supporting Figures S14—S16. No evi-
dence for alloy formation between Co or Au with any
other element was detected in any sample, and in
addition, no Pt—Au alloys were observed in Co@SnPtAu.
However, at the Sn K-edge, Sn—Pt scattering was
observed for both Co@SnPt and Co@SnPtAu suggest-
ing formation of Pt—Sn alloys in both samples. At the Pt
Ls-edge, Pt—Sn scattering could not be detected in
either Co@SnPt or Co@SnPtAu, likely due to the much

LENTIJO-MOZO ET AL.

nonmetallic and hence nonalloyed Sn species (see Figure S15).

larger number of Pt—Pt scatters, which obscures the
signal from the Pt—Sn scattering. The lack of detect-
able Sn—Sn scattering suggests that there were no
large Sn-rich regions in the shell. Interestingly, for the
Co@SnAu sample there was only scattering character-
istic of Sn bonded to 4 light scatterers (O or N)
(Supporting Figure S15), in agreement with the ob-
servation from the XANES that the Sn is nonmetallic
and hence unalloyed.

Sn is the crucial factor that enables the noble metal
shell development. Thus, in a first approach we used
TEM to examine the Co-NRs after treatment with
[{Sn(NMe,),},] and washing with toluene. As in the
case of the Co@SnM nanorods, only STEM-EDX analysis
shows the presence of Sn on Co-NRs (Supporting
Figure S17). X-ray photoelectron spectroscopy (XPS)
measurements on Co@Sn after washing confirm
the metallic nature of Co.>* Furthermore, these mea-
surements show that part of the tin is Sn° but the major
part is Sn*" associated with O, which presumably
originates from the Co-seed native laurate ligands
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Figure 7. (a) Hysteresis loops measured at T = 4 K, and at T = 300 K after FC under 5 T of Co- (black squares: before air- and
water-exposure; red squares: after 5 days air-exposure and 1 day water-exposure) and Co@SnPtAu nanorods (green triangles:
before air- and water-exposure; blue triangles: after 6 days air-exposure and 1 day water-exposure). (b) Time evolution of the
saturation magnetization (Ms) (top), coercive field (uoH.) (middle), and exchange bias field (1oHgg) (bottom). The Co-NRs traces
at 4 K correspond to the black squares, and at 300 K to the red circles. Co@SnPtAu nanorod traces at 4 K correspond to the
green triangles, and at 300 K to the blue triangles. The shaded areas indicate the time interval during which the nanorods have
stayed in contact with water (1 and 5 days). During the time intervals between the two water exposure treatments the samples
were exposed to air. All water and air exposure treatments have been performed at room temperature.

(Sn?*/5n° = 3.2). The presence of a small percentage of
Sn—N bonds cannot be excluded. Since no H, has been
used during treatment with [{Sn(NMe,),},], and HDA is
not able to reduce [{Sn(NMe;),},] at room tempera-
ture, the presence of metallic Sn is probably due to a
limited galvanic displacement reaction between Co(0)
and Sn(ll) at the Co/Sn interface (for XPS details see
Supporting Figure S18 and Supporting Table S5).
Thus, Sn treatment seems to influence two para-
meters that dominate the reaction outcome.
[{Sn(NMe,),},] acts as a metal-containing ligand that
“wets” the entire Co surface, presumably by displacing,
or reacting with, existing ligands of the Co surface. This
effect could account for its positive role on the con-
formal shell formation independently of the shell-
metal used. Additionally, Sn affects surface/interfacial
energies allowing the formation of a favorable inter-
face even between immiscible metals (Co—Au). Where-
as the exact nature of the Sn species present on Co@Sn
intermediate is elusive, it is possible that upon contact
with Co-NRs, a small amount of the [{Sn(NMe,),}>], not
detectable by XAS in the final core—shell nanorods, but
visible by XPS in the Co@Sn sample, is reduced in a
transmetalation reaction, but most of the Sn is non-
metallic. Sn species can play a role similar to the role of
“surfactants” in the epitaxial thin film growth.** The
EDX map (Figure 2), that does not exclude nonmetallic
Sn associated with lighter scatterers “floating” to the
surface, indicate that such a function is possible. Sub-
sequent reaction with [PtMe,COD] under H, reduces
both Pt and Sn, which form a continuous shell in which
Sn is present as an alloy. Subsequent [AuCIPPhs]
reduction takes place mainly on Pt deficient areas.

LENTIJO-MOZO ET AL.

On the other hand, Sn is practically nonmetallic in
Co@SnAu. This difference could be due to the Pt acting
as an efficient hydrogenation catalyst in the cases of
Co@SnPt and Co@SnPtAu.

Whereas the above experiments give an indication
about the coating efficiency of the SnPtAu shell, the
sine qua non condition for nanorod implementation in
an aqueous environment is the conservation of the
Co-core magnetic properties. Thus, magnetic measure-
ments were performed both at 300 K, as well as at 4 K,
on the water-resistant Co@SnPtAu, before and after ex-
posure of the sample (i) to air, and (i) to water (Figure 7).
The air- and water-exposure treatments were per-
formed at room temperature. For comparison, Co-
NRs were also measured following the same experi-
mental protocol. The initial magnetization is measured
for both Co-NRs and Co@SnPtAu, freshly synthesized
samples, kept in the glovebox. These measurements
represent the reference of the air/water-stability of the
nanorods and are referred as “t = 0” (see Figure 7). Zero
field cooled (ZFC) and field cooled (FC) at 5T measure-
ments are realized at 4 K in order to confirm the
metallic state of the Co before exposure to air or water.
After measuring the magnetic properties at t = 0, the
vibrating sample magnetometry (VSM) capsules were
opened to the air. After measurement of the effect of
air exposure, they were completely filled with deion-
ized water (around 40 ul). After the complete eva-
poration of the water, ZFC-FC measurements were
performed again. We emphasize that only this protocol
that measures the same samples before and after
exposure allows a quantitative analysis and control of
the variation of the magnetization of the sample after

VOL.9 = NO.3 = 2792-2804 = 2015 K@N&NJK)\

WWwWW.acsnano.org

WL

2799



TABLE 2. Values of Ms, uoHc and uoHgg of the Co and Co@SnPtAu Nanorods before and after Air- and Water-Exposure

Co-NRs
as prepared after water exposure” (1 day)
Mg (Am¥kg) 4K 160 & 16 4545
300 K 158 + 16 38+4
UoHe (7) 4K 0.92 £ 0.01 0.50 + 0.01
300 K 0.55 + 0.01 0.177 £ 0.01

UoHeg (mT) 4K 142 518 & 0.02 x 10°

Co@SnPtAu nanorods

as prepared after water exposure” (1 day) after water exposure* (5 days)
158 £ 16 153+ 16 144 £ 16

153+ 16 138 £ 16 M8+ 16

0.71 & 0.01 0.68 £ 0.01 0.60 4 0.01

0.37 + 0.01 0.34 £ 0.01 0.34 4 0.01

0+2 7+2 3+2

“The water exposure is preceded by 5 days air exposure. ® The water exposure is preceded by 6 days air exposure.  The water exposure is preceded by 6 days air exposure, 1 day

in water exposure, and 3 months of additional air exposure.

—— Co@SnAu
Co@SnPtAu

)

0,64

Absorbance (a.u
0

0,0

T T T T T T T 1
300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 8. UV—vis absorbance spectra of toluene supsen-
sions of Co@SnAu (black trace) and Co@SnPtAu nanorods
(red trace).

exposure. In Table 2 we present the evolution of the
magnetic measurements of bare Co and Co@SnPtAu
nanorods upon air and water exposure.

Before any exposure to air or water, both samples
present a magnetization at saturation very close to the
expected bulk value of 163 Am?/kg (Ms = 160 and 158
Am%*kg at T = 4 K for Co-NRs and Co@SnPtAu
respectively). The absence of exchange bias (EB) after
field cooling (FC) under a 5T magnetic field (see
Figure 7a and Table 2) corroborates the metallic char-
acter of the Co core, since the formation of CoO would
lead to an exchange bias due to antiferromagnetic
coupling.>® These results also show that coating does
not affect the Ms. Moreover, the high coercive field
(uoHc = 0.71 T at 4 K), of the Co@SnPtAu nanorods
(just below the one of Co-NRs),'" confirms that their
effective magnetic anisotropy is high enough (>4 x
10° J/m?) for applications in which hard magnetic
materials are required. As expected, the Co-NRs pre-
sent several obvious signs of oxidation after 5 days
exposure to the air: a large drop of Ms and of pHc,
and a high exchange bias field yoHgg ~ 0.5 T (Hgg =
(Hc — Hc)/2 with Hc, and Hc_ the positive and
negative coercive field, respectively (see Figure 7b).

On the contrary, the magnetization of Co@SnPtAu
nanorods does not seem to be sensitive to air exposure
after 6 days. The samples exposed to air were then
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immersed into distilled water for 1 day. Whereas the
oxidation unambiguously advanced in the case of
Co-NRs, the Co@SnPtAu nanorods only displayed
slight changes in their magnetic properties. When
measured at T = 300 K, their magnetization was still
high but decreased from Ms = 153 Am?/kg (before
water exposure) to Ms = 138 Am?/kg. Interestingly, the
magnetization decrease was less pronounced at 4 K
(Ms = 153 Am?/kg), at which 97% of the initial Ms
value, along with a small exchange bias field poHgg =
7 mT were measured. The Co@SnPtAu nanorods were
then subjected to an extended conditioning period,
first to the air for 3 months, and subsequently to water
for 5 days, giving rise to a monotonous decrease of
Ms, which corresponds to 91 and 74% of the initial
Ms value measured at 4 and 300 K, respectively.
However, this decrease was much less severe than
in the case of Co-NRs, for which 24 and 21% of the
initial Ms value were measured at 4 and 300 K,
respectively. This very limited oxidation could be
due to the fact that grain boundaries between Pt
and Au crystallites on the shell are more reactive sites,
from which corrosion takes place upon extended
water exposure. It is also possible, that some imper-
fectly covered areas are still remaining. Despite the
drop of 26% of Ms at 300 K, the Co@SnPtAu nanorods
still present a high Ms (~115 Am?/kg) and a coercive
field large enough (0.34 T at 300 K) for applications
requiring both high Ms and a hard magnetic behavior.
To our knowledge, air- or water-resistant magnetic
nano-objects of both high Ms and anisotropic shape
have not been reported so far. Indeed, existing ferro-
magnetic nanorods, which can be used in water, have
much lower Ms than Co@SnPtAu nanorods.”®~>8 On
the other hand, the existing nano-objects of high Ms
are either not resistant toward oxidation or isotropi-
cally shaped.'*'>>°

Finally, studies of the optical properties of core—
shell nanorods have been performed for toluene dis-
persions of core—shell nanorods. In Figure 8, we pre-
sent UV—vis normalized absorbance spectra of
Co@SnAu and Co@SnPtAu nanorods. The homoge-
neously coated Co@SnAu nanorods show a local
absorbance maximum at about 730 nm, which we
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attribute to a longitudinal localized surface plasmon
resonance (LSPR) mode in the tin-containing gold shell.
For the Co@SnPtAu nanorods, a local absorbance
maximum is obtained at about 540 nm, which we
assign to LSPR modes in small gold patches on the
surface of the Pt/Au domain-like shell structure.

CONCLUSION

We have achieved the synthesis of air and water-
resistant highly magnetic and ferromagnetic nanorods
through treatment of Co-NRs with [{Sn(NMe,),},]. This
strategy tackles two important problems connected to
the growth of a complete shell of a different material
on an anisotropic nano-object, that is, homogeneous
“wetting” of all Co nanorod facets despite their differ-
ent reactivity, and the formation of an energetically

METHODS

Because of the air sensitivity of the metal precursors, as well
as of the Co-NRs, all experiments were performed under inert
conditions, in the interior of an Ar glovebox or by using standard
Schlenk techniques. The starting Co-NRs have been prepared by
slight modifications of an already published procedure.'® The
naked Co-NRs were treated with [{Sn(NMe,),},] before coating
by the noble metals takes place. A detailed description of the
standard procedures is given in the Supporting Information.

The dimensions of the samples presented in Figures 1—5 are
given below. It has to be noted that all core@shell nanorods are
denoted as Co@SnX. The shell is symbolized according to the
order by which the metal precursors have been deposited on
the Co core. It also reflects the presence of various elements on
the shell as a whole, but does not automatically indicate alloy
formation.

Co@SnAu. Sample shown in Figures 1 and 2. Before coating:
length (L) = 61 £ 6 nm, diameter (d) = 57 + 0.7 nm
(Supplementary Figure S19 a); after coating: L = 61 £ 5 nm,
d=7.2+ 0.7 nm (Supplementary Figure S19 b). EDX analysis on
several areas of a TEM grid yields the following mean values %
at.: Co =67%, Sn = 10%, Au = 23%.

Co@SnPt. The size distribution taking into account only the
fully covered nanorods indicates that the shell thickness is
about 1 nm. Sample shown in Figure 3 and 4: Before coating:
L=44 + 4nm,d=5.7 £ 0.5 nm (Supplementary Figure S19 c);
after coating: L = 46 4+ 3 nm, d = 7.7 + 0.6 nm (Supplementary
Figure S19 d).

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

Co@SnPtAu. The mean length and diameter of the final
nanorods have increased, however the irregular metal deposi-
tion does not allow a reliable and statistically relevant diameter
measurement sample shown in Figure 5: naked nanorods:
L =744+ 5nm,d=59 + 05 nm; core—shell nanorods
(Supplementary Figure S19 e): L = 75 £ 6 nm, d: around 9 nm
(Supplementary Figure S19 f). EDX analysis on several areas of a
TEM grid yields the following mean values % at.: Co = 35%, Sn =
4%, Pt = 40% Au = 21%.

TEM-HRTEM. Samples for TEM observations were prepared in
a glovebox, by drop-casting toluene suspensions of the nano-
rods on a carbon coated copper grid.

TEM characterization was performed on a JEOL JEM 1011
microscope, equipped with a W thermionic electron source and
a Mega-View Olympus CCD camera and working at an accel-
eration voltage of 100 kV, or with a JEOL JEM 1400 microscope
equipped with LaB6 thermionic electron source and working at
an acceleration voltage of 120 kV. HRTEM observations were
realized using a 200 kV FEI Tecnai microscope equipped with a
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favorable continuous interface between dissimilar ma-
terials. Thus, Sn treatment has enabled the subsequent
development of a conformal noble metal shell, which
renders them air- and water-resistant. The metallic
character and the magnetic properties of the cobalt
core are preserved even after extended periods of
exposure to ambient atmospheric conditions as well
as to water. This work opens the perspective of im-
plementation of the Co@SnPtAu nano-objects in the
domain of in vitro immunodiagnostics. Last but not
least, although the present work is mainly focused on
cobalt nanorods, this new chemical approach has a
broad potential, and can be adapted to the synthesis of
core—shell nanoparticles of different shapes and com-
positions with applications spanning from nanomedi-
cine to ferrofluids and catalysis.

field emission gun and a Cs corrector which avoids delocaliza-
tion effects at interfaces (point resolution of 0.12 nm). The
structural features of the nanostructures imaged by HRTEM
were studied by means of 2D Fourier analysis.

STEM-EDX. STEM-EDX measurements were performed using
an aberration-corrected cubed FEI-Titan 60—300 electron
microscope operated at 200 kV. For the acquisition of the maps,
a ChemiSTEM system was used.®® For the acquisition and
quantification of the maps, the ESPRIT software was used.

Routine EDX was performed using JEOL JEM 2100F electron
microscope operated at 200 kV equipped with a field emission
gun (FEG) and SDD Bruker (light elements detection), with a
resolution of 127 eV.

XRD. Powder XRD data were obtained on a Panalytical
Empyrean instrument with samples enclosed by two Kapton
foils. Source Co:Kat1 = 1.789010 A.

XAS. X-ray absorption measurements were acquired at the
Co K-edge (7.709 keV), Sn K-edge (29.200 keV), Pt Ls-edge
(11.564 keV) and Au Ls-edge (11.919 keV) on the bending
magnet beamline of the Materials Research Collaborative
Access Team (MRCAT) at the Advanced Photon Source, Argonne
National Laboratory. The data were collected in transmission
step-scan mode. Photon energies were selected using a water-
cooled, double-crystal Si (111) monochromator, which was
detuned by approximately 50% to reduce harmonic reflections.
The ionization chambers were optimized for the maximum
current with linear response (~10'° photons detected/sec) with
10% absorption in the incident ion chamber and 70% absorp-
tion in the transmission X-ray detector. The appropriate metal
foil spectrum was acquired simultaneously with each sample
measurement for energy calibration.

Nanorod samples after being washed and dried were
pressed into a cylindrical sample holder consisting of six wells,
forming a self-supporting wafer. All samples were prepared in a
N, glovebox and the sample holder was placed in a quartz tube
(1 in. OD, 10 in. length) sealed with Kapton windows by two
Ultra-Torr fittings. Samples were pressed directly as received to
achieve an absorbance (ux) of approximately 1.0.

Standard data reduction techniques were employed to fit
the data using the WINXAS 3.1 software program.®’ The normal-
ized, energy-calibrated absorption spectra were obtained using
standard methods. The edge energy was determined from the
maximum of the first peak of the first derivative of the XANES
spectrum. For the Co, Pt, Au edges experimental phase shift and
backscattering amplitudes were measured using the appropri-
ate metal foils (coordination numbers and bond distances
shown in Table 1). For the Sn edge, SnO, was used as the
reference for Sn bonded to a light scatterer (Sn—0O or Sn—N
scattering). The EXAFS and XANES of the [{Sn(NMe,),},] pre-
cursor was also obtained for comparison. Since experimental

VOL.9 = NO.3 = 2792-2804 = 2015 K@N&NJK)\

WWwWW.acsnano.org

WL

2801



references were not available for alloys, theoretical phase and
amplitude functions for Sn—Co and Sn—Pt were calculated with
FEFF6° using a two atom calculation, calibrated to the appro-
priate foil. The EXAFS parameters were obtained by a least-
square fit in R-space of the k*-weighted Fourier transform (FT)
data for all samples except the Sn K-edge of sample Co@SnAu
where the EXAFS parameters were obtained by a least-square fit
in k-space of the k*-weighted back-Fourier transform data. The
Debye—Waller factor (AG?) is dependent on the amount of
disorder in the sample and was fixed at a given edge at either
0.001 or 0.002 for metallic particles or 0.004 for light scatterers.
All fits were single shell.

XPS. XPS measurements were carried out with a Thermo
Scientific K-Alpha X-ray photoelectron spectrometer, using a
focused monochromatized Al Ko radiation (hv = 1486.6 eV). The
XPS spectrometer was directly connected through a glovebox
under argon atmosphere, in order to avoid moisture/air expo-
sure of the samples. For the Ag 3d5/2 line the full width at half-
maximum (fwhm) was 0.50 eV under the recording conditions.
The X-ray spot size was 400 um. Peaks were recorded with
constant pass energy of 20 eV. The pressure in the analysis
chamber was less than 2 x 1078 Pa. Short acquisition time
spectra were recorded at the beginning and at the end of each
experiment to check that the samples did not suffer from
degradation during the measurements. Peak assignments were
made with respect to reference compounds analyzed in the
same conditions. The binding energy scale was calibrated from
the hydrocarbon contamination using the C 1s peak at 285.0 eV.
Core peaks were analyzed using a nonlinear Shirley-type
background.®® The peak positions and areas were optimized
by a weighted least-squares fitting method using 70% Gaussian,
30% Lorentzian line shapes. Quantification was performed on
the basis of Scofield's relative sensitivity factors.°* Several XPS
analyses were performed at different positions to make the
results statistically reliable.

Magnetic Measurements. The magnetic properties of Co and
Co@SnPtAu nanorods have been characterized by VSM using a
Quantum Design PPMS 9T EverCool II.

In order to ensure a reliable quantitative analysis of the
magnetization evolution upon air and water exposure, the same
sample was used throughout the whole series of measure-
ments, thus avoiding any errors stemming from the use of
different samples. Standard VSM capsules were filled with a
known amount (a few mg) of sample and sealed, without any
other material commonly used to freeze the magnetic com-
pound (vacuum grease, epoxy, etc.). The addition of the block-
ing material (vacuum grease, epoxy, etc.) would prevent contact
of the nanorods with air and water. To avoid any oxidation, the
samples are prepared in the glovebox, and transferred to the
cryostat in a Schlenk vessel. The VSM capsule containing the
sample is rapidly introduced into the VSM in order to avoid
exposure of the sample to the air. ZFC was performed by cooling
the sample down to 4 K without application of magnetic field
and field-dependent magnetization was recorded at 4 K. The
temperature was then increased to 300 K, and a 5 T magnetic
field was applied. A second field- dependent magnetization
was recorded after having cooled down to 4 K while the 5 T
magnetic field was applied. The mass magnetization of Co is
calculated by taking into account the metallic fraction of Co
obtained by ICP.

Absorbance Measurements. Absorbance measurements were
carried out with a PerkinElmer Lambda35 UV—vis spectrophot-
ometer by dispersing the nanorods in toluene. Measurements
were carried out at room temperature.
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