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Remarkable innovations in nanomaterials synthesis have led to
heterocomposites with tunable chemical reactivity and physical
properties. A widespread approach has been to use concentric layers
coated on the outside of spherical particles to produce-csirell
structures. For example, it is now common to encapsulate CdSe
nanocrystals in a shell of ZnS to improve the photophysical
propertiest2 Au has been reduced onto the surface of Ag
nanoparticle® and onto the surface of F@s.1¢ Coated magnetic
particles are becoming increasingly important in emerging nano-
biotechnologied,and evaluation and confirmation of their structures  __ : - i . .
are central concerns. One of the foremost tools for assessinglF gure 1. TEM images of Fe oxide nampa.lmc'es synthesized with (A)

- = " auric acid in octyl ether and (B) HDA/TOPO; exposure times, (A) 15 min
nanoscale heterostructures is transmission electron microscopyand (B) 5 min. Scale bars 100 nm.
(TEM), since differences in electron density are evidenced as
changes in contrast in the images. While it has been known for
some time that fluctuations in Au crystal structure upon exposure
to an electron beam can occuand that high energy irradiation
can cause Au hanoparticle coalescehtieere are no analogous
studies using magnetic or cershell nanoparticles. In this com-
munication, we report for the first time spherical shells of Fe oxide
and Fe that evolve from amorphous solid particles during exposure
to the beam of the TEM and bear striking resemblance to-eore % 4 s 6 70 15 08 HO'OT 08 15
shell structures. 26 M

While attempting to prepare monodisperse esell y-Fe03 Figure 2. Characterization of the as-prepared particles: (A) XRD patterns
nanoparticles, we turned to the method employed for the preparationOf HDA/TOPO ((ed line) and _Iaur_ic acid (black line) Fe oxide nanopatrticles;
of core-shell CdSe-ZnS semiconductor nanocrystélsVith the ?rc‘;jp(g) normalized magnetization measurements at 10 KMrHDA/

> ) . and @) lauric acid Fe oxide particles.
use of this approach, particles are first nucleated and grown from
Fe(CO} in a mixture of trioctylphosphine oxide (TOPO) and
hexadecylamine (HDA), which serve as both stabilizing ligand and
solvent and are present in~a25:1 ligand to Fe molar ratio (see
Supporting Information, Sl, for details). For comparison, we also
employed a well-known procedure for synthesizjn§e,O; nano-
particles that uses the thermal decomposition of Fe{G®}he
presence of an acid-terminated surfactant (i.e., lauric acid) in a high
boiling solvent (i.e., octyl ether)Following growth, the particles
from both preparations are oxidized in air at 8D for a minimum
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from the two preparations, we obtained powder diffraction (XRD)
and SQUID magnetometry data for both sets of as-prepared
particles. In Figure 2A, the XRD of the lauric acid stabilized
particles is consistent with crystallineFe,O;, whereas the HDA/
TOPO particles are amorphous Fe oxide. SQUID analysis further
confirms a substantial difference between the two samples. In Figure
2B, the y-Fe,0O3 nanoparticles have a saturation magnetization
approaching~30 emu/g, whereas the as-prepared amorphous Fe
. oxide particles have a 10-fold lower magnetizationr~& emu/g.
of14hto P“’duce the Fe OXIdeS.. . . Both samples are superparamagnetic with blocking temperatures
The particles were first examined in a low resolution TEM: of 42 and 14 K, respectively (Sl). The lower saturation magnetiza-

Figgre 1_ compares images of the Fe oxide particl_es prepared U_Singtion and blocking temperature is a result of the lack of crystallinity
lauric acid and HDA/TOPO. In both cases, the particles are spherical;\ o HDA/TOPO Ee oxide particles. However, BET analysis of
and relatively uniform in size. The average diameter of lauric acid |, sets of the as-prepared particle samples revealed that neither

Zt_ablllzed_partlcles s 8% O'E nm, ang tgle ﬂ?fA/TOP%partlcles’h is porous; the room temperature EPR spectra of the two samples
iameter is 11.8 1.4 nm. The remarkable difference between the o similarly identical (see SI).

‘YVO samples is the_ hollow appearance of the Iatte_r. U_sing variable We therefore turned to detailed high resolution electron micros-
tilt angles, we confirmed that the particles shown in Figure 1B are copy studies to more extensively investigate these nanoscale

spheres and not rings on the grid surface (SI). structures. Using a prealigned 80 ke 200 pA/cn?) electron

The formation qf_holloyv, amorphous Fe oxide shells undler th? beam, it was possible to capture images of the particles as a function
HDA/TOPO conditions is unexpected because no template is of time. Surprisingly, we observed that the amorphous Fe oxide

present. To understand the differences in morphology that arise particles appeared to be solid spheres at short times, and that they
appeared t@volve into larger, hollow spherewnhile exposed to

T i . . . .
1822:{%22: o gﬁ?g‘égt”’ the electron beam. Figure 3 contains sequential TEM images of
8 Materials Research Institute. the same area of the grid taken over the course of 120 s. By moving
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that crystal defects or voids within the Fe oxide are necessary.
Although nanoparticle melting points are known to decrease with

Figure 3. Low resolution TEM images of amorphous Fe oxide particles
acquired at approximately (A) 0; (B) 20; (C) 40; (D) 50; (E) 60; and (F)
120 s exposure in the 80 keV beam. Scale bar is 15.

%

Figure 4. TEM images of a HDA/TOPO-stabilized Fe nanopatrticle after
(A) 0; (B) 20; (C) 40; (D) 60; and (E) 120 s exposure to the electron beam.
Scale bar is 15 nm.

size? we rule out particle melting as the operative mechanism
because neither liquidation nor coalescence of the particles is
observed. We similarly rule out phase changes that are known to
occur in Fe oxides at high temperatuténstead, the evolution in
morphology is attributed to quasi-meltidy,in which particle
restructuring is the result of fluidlike behavior of atoms or clusters
of atoms to reach a thermodynamically favored configuration. For
example, coalescence of voids (which may contain solvent or ligand
molecules) into a sphere (the hollow core of the particles) would
minimize their surface area. It is believed that the energy barriers
between conformations in nanoparticles are relatively small and
can be easily overcome with a small amount of enéfgy quasi-
molten state in crystalline Au particles has been observed at higher
electron beam fluxes and higher temperatdfes.

Coalescence of voidsuring synthesis of CoO and G8,*? and
Fe,’ particles has been reported; our results conclusively show
hollow particles forming when induced by the TEdMstsynthesis
Since TEM imaging is the primary tool used for confirmation of
core—shell structure, our observation that amorphous Fe oxide and
Fe particles exhibit significant reorganization during irradiation by
a high energy electron beam implies that caution is necessary during

the analysis of coreshell and heterostructured nanoparticles. Given
the location of the grid, structural evolution of particles that had the dearth of alternative analytical methods, time-resolved TEM
not already been exposed to the electron beam was again observedmaging may be necessary to rule out in situ rearrangements that
The change in geometry is directly attributed to irradiation; would preclude accurate assessment of as-prepared particle mor-
formation of hollow spheres is irreversible and no additional phology.
rearrangements are observed. Analysis of the particle sizes in Figure

3 reveals that these are initially 1045 1.4 nm in diameter, and
over the course of re-structuring, the particles become larger. The
average inner and outer diameters of the resultant spheres in Figur
3F are 6.7+ 1.3 and 11.8+ 1.4 nm, respectively. This effect was
observed for several separate particle preparations in which the
initial size was varied between 8 and 18 nm. In comparison, no
structural changes are observed in crystaljisfes,03; nanoparticles,
even after 15 min of intense irradiation (see Sl).

In attempts to repeat the experiment in a high resolution TEM,
only hollow spheres were observed, however the particles are
exposed to high energy (200 keV) before it is possible to acquire
images (2 min). High resolution images of the particles contain
lattice fringes and result in well defined diffraction patterns that
are indicative of crystallinity in the shell structures. High resolution
EELS mapping, which provided spatially defined elemental analysis
of a single particle, conclusively showed that the particles are hollow
and the shell contains both Fe and O (see SI).

To test whether this effect was a result of oxidation state, we
also examined HDA/TOPO Fe particles that had not been aerated
and fully oxidized. Although these are synthesized under air-free
conditions, a small amount of surface oxidation occurs during
transfer into the TEM because of the reactivity of the Fe metal
surface® TEM images taken at short times, such as in Figure 4A,
therefore reveal a thin shell of lighter contrast material attributed

to the oxide shell. Figure 4 shows that upon electron beam exposure

for 2 min, the initially solid particles again evolve into hollow
spheres that are strikingly similar in appearance to other reports of
core-shell Fe oxide particlezIn our experiments, we conclude
that hollow particle formation is not a function of Fe oxidation
state, and it is therefore unlikely that the mechanism is electron
beam induced reduction.
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4 to structural rearrangement as a result of electron beam exposure.

The fact that this is observed only for amorphous particles suggests
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