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Magnetic metal oxide nanoparticles are among the most
studied nanoparticle systems because of various potential
applications in magnetic resonance imaging (MRI),") mag-
netic bioseparation,” and other procedures.’! A number of
synthetic methods have been developed for high-quality
metal oxide nanoparticles,”* each with high single crystallinity
and size monodispersity. Quality control of nanoparticles
would be crucial for future usage, with increasingly more
nanoparticle systems finding their way into nanomedicines.
The single crystallinity of magnetic nanoparticles, in partic-
ular, served as a guide for material quality because the
magnetic property of nanoparticles is closely related to the
magnetic domain size. However, the assessment of nano-
particle single crystallinity has been, thus far, at best
qualitative, because it is practically impossible to examine
all the nanoparticles on the grid of the microscope in
transmission electron microscopy (TEM), not to mention all
those formed within a reaction batch. Thus, it is necessary to
develop a simple method for a statistically meaningful,
quantitative assessment of the single crystallinity of nano-
particles. Herein, we report a simple, definitive method to
provide a visual indication of the presence of nanoparticle
polycrystallinity.
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We discovered that the nanocrystalline Fe;O, phase
slowly disintegrates over 24 h to give soluble, air-sensitive
iron complexes, which are characterized by mass spectrom-
etry (Supporting Information, Figure S1) in the solvent
system oleylamine/trioctylphosphine (OA/TOP, 1:9, v/v) at
high temperature (300°C). Interestingly, Fe;O, phase disinte-
gration is greatly suppressed at a low content of TOP; even
after 24 h at 300°C in OA/TOP (9:1, v/v), the diameters of
Fe;0, nanoparticles are little changed (Supporting Informa-
tion, Figure S2). By introducing catalytic Pd in the form of
[Pd(acac),] (acac=acetylacetonate), however, we could
greatly accelerate the etching of Fe;O, even in a low-TOP
medium (OA/TOP 9:1, v/v), in which the Fe;O, phase would
otherwise be stable. Most notably, the Pd-assisted Fe;O,
phase disintegration was fastest for the interfaces separating
single-crystalline domains within a bicrystalline Fe;O, nano-
particle. By simply counting split nanoparticles in the TEM
image, quantitative assessment of nanoparticle single crystal-
linity can be accomplished.

Modification of the reported Fe;O, synthesis!®! (see
synthetic details and Figure S3 in the Supporting Informa-
tion) gives Fe;O, bicrystals as the major product. The
bicrystalline nature of a selected Fe;O, nanoparticle is
demonstrated by its high-resolution TEM (HRTEM) image
(Figure 1¢). Heating the OA/TOP (9:1, v/v) solution of
bicrystalline Fe;O, nanoparticles at 300°C for 1.5 h under a
N, blanket in the presence of a catalytic amount of [Pd(acac),]
resulted in nearly 60 % of nanoparticles split in the middle, as
shown in Figure 1b. It can be stated that at least 60 % of the
nanoparticles shown in Figure 1a are not single-crystalline,
which is the first quantitative assessment of nanoparticle
single crystallinity. Because the observation of split nano-
particles from only one direction would undoubtedly lead to
undercounting of these particles, we examined nanoparticles
of the same reaction batch by tilting the supporting TEM grid
at various angles. The hemispherical nature of the split
nanoparticles, which resulted from the removal of a Fe;O,
disc that was approximately 2 nm thick and contained a
crystal-domain interface from a Fe;O, bicrystal, can be clearly
demonstrated (Supporting Information, Figure S4). Certain
nanoparticles seem to be intact at first glance, but they readily
reveal the chasm in the structure at appropriate observation
angles to show again that around 60 % of the nanoparticles
are not single-crystalline, as found above. Thus, the TEM grid
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Figure 1. TEM images of a) bicrystalline Fe;O, nanoparticles and

b) split hemispherical nanoparticles linked by a thin amorphous layer.
The presence of a thin layer is indicated by an arrow in the inset of (b).
HRTEM images of c) a bicrystalline iron oxide nanoparticle in (a) with
the crystal-domain interface clearly shown and d) the split nanoparticle
shown in (b). e) Schematic diagram of the cleaved nanoparticle shown
in (d). f,g) Fast Fourier transform images along the (211) zone axis for
the f) upper and g) lower hemispherical nanoparticles in (d).

should be observed from various directions to determine the
precise percentage of split nanoparticles.

Clearly, the interface between single-crystalline domains
of a bicrystalline nanoparticle is very unstable, because it is
etched out at a speed unmatched by other surfactant-coated
crystal planes. The planar defect at the crystal-domain
interface seems to be responsible for the high instability. It
was recently demonstrated that etching of certain crystal
planes in a given metal nanoparticle can be facilitated over
other crystal planes.”) However, the degree of disparity in
crystal-plane reactivities observed in this study is unprece-
dented for both metal and metal oxide systems. Interestingly,
all split Fe;O, nanocrystals invariably contain a gap of
approximately 2 nm in the middle and the split nanoparticles
are joined by a thin, amorphous layer (Figure 1b, inset; see
also Figure S5 in the Supporting Information for further
HRTEM images showing the presence of amorphous thin
layers connecting the split hemispherical nanoparticles). This
finding implies that the accelerated etching at the interface
should slow down when the separation between two hemi-
spheres is approximately 2 nm, which is large enough to allow
strong protection against further etching by standing TOP
surfactants on the two inner Fe;O, surfaces, newly created by
etching.
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To further understand the Pd-assisted etching process of
Fe;O, and the formation of an amorphous thin layer
connecting split nanoparticles, we tested the method devel-
oped above for spherical (12 4 0.7) nm Fe;O, nanoparticles!*"!
with a high single crystallinity (see Figure S6 in the Support-
ing Information, which shows temporal TEM images for
etching of spherical iron oxide nanoparticles). Most notably,
no splitting of iron oxide nanoparticles was observed for this
nanoparticle system and only hollow spheres, occasionally
with small dots in the center, and wormlike nanoparticles
resulted. The hollow spheres and wormlike particles formed
do not exhibit any crystallinity, while the presence of iron,
phosphorus, and oxygen in the material is revealed by energy-
dispersive X-ray analysis (Supporting Information, Fig-
ure S7).

Unchanged iron oxide nanoparticles are observed even
after 9 h of Pd-assisted etching reaction, which suggests a high
single crystallinity for the whole nanoparticle sample; split-
ting of nanoparticles was very fast and was finished within
1.5 h for polycrystalline iron oxide nanoparticles. By compar-
ing the sizes of the original nanoparticles and resulting hollow
spheres, it is evident that Fe;O, nanoparticles acted as both
the template and the precursor. It is likely that during the
initial reaction stage, the decomposed products of Fe;O, are
rapidly converted into a thin (ca.2nm) amorphous and
porous layer on the Fe;O, nanoparticle surface. At a later
stage, however, the soluble iron species might diffuse out
through the porous layer, without further thickening the
layer, because the interior surface of the amorphous hollow
sphere would be effectively protected by coordinated surfac-
tants. The soluble iron species, not confined within the hollow
sphere, might be subsequently decomposed to form small
wormlike particles in the solution. The formation of hollow
spheres from inorganic nanoparticles could be explained by
the Kirkendall effect.’! In our case, the conversion of Fe;O,
into soluble species by a Pd catalytic system drives the
outward diffusion of iron atoms to form a hollow structure.

No reaction was observed in the absence of OA, thus
indicating its crucial role in activating the Pd catalytic system.
Under the reaction conditions used, [Pd(acac),] decomposes
to form Pd nanoparticles of approximately 2 nm (Supporting
Information, Figure S8). It has previously been shown that
Pd" can be reduced to Pd” at elevated temperatures in the
presence of OA." The role of OA as a reducing agent has also
been demonstrated in the conversion of CoO into the Co
phase.®l The formation of amorphous spheres by etching of
Fe;O, nanoparticles requires the easy access of catalysts
through the porous amorphous layer. Pd nanoparticles that
are approximately 2 nm in diameter are certainly not capable
of such permeability. It has been demonstrated in other Pd
nanoparticle systems that catalytic Pd” species can be leached
from the Pd nanoparticles.”’ Thus, the small, soluble Pd
species leached from Pd nanoparticles, which can easily enter
the porous amorphous layer on the Fe;O, nanoparticle, seem
to be the actual catalysts capable of destabilizing the Fe;O,
phase. This could be further corroborated by the fact that
hollow spheres can also be obtained from etching of Fe;O,
nanoparticles, even if much larger Pd nanoparticles (> 5 nm)
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are used as catalysts instead of [Pd(acac),] (Supporting
Information, Figure S9).

It is well known that Pd’ species can catalyze the oxidation
reaction of phosphines."” We found that Pd catalyst, most
likely in the form of soluble Pd° species, facilitates the
oxidation of TOP to form trioctylphosphine oxide (TOPO) in
the presence of trace amounts of oxygen, whereas the
formation of TOPO is greatly retarded by the presence of
OA alone (Supporting Information, Figure S10). The TOPO
formed in situ, however, does not seem to be the actual
etchant for the Fe;O, phase; no reaction was observed for
Fe;O, nanoparticles (25 mg) in an OA/TOP/TOPO (9 mL/
0.2 mL/0.7 g) mixture at 300°C. It is also known that H, can
be produced from the dehydrogenation of amines in the
presence of Pd catalyst.''! Thus, the Fe;0,/OA/TOP/TOPO
(25 mg/9 mL/0.9 mL/0.1 g; small amount of TOPO added to
mimic the Pd catalyst effect) mixture was heated at 300°C
under 10% H,/N,. Again no reaction was observed; the
presence of H, is not crucial for the destabilization of the
Fe;O, phase. Thus, it seems that the role of OA is confined to
the reduction of Pd" ions to Pd nanoparticles or soluble Pd’
species. In summary, OA reduces Pd" ions to form soluble Pd"
species and Pd nanoparticles. The soluble Pd’ species, formed
directly from Pd" species or leached from Pd nanoparticles,
might catalyze the transformation of coordinated TOP into
TOPO by using the oxygen atoms in Fe;O, as the oxygen
source, because Fe;O, is the readily available source of
oxygen in the reaction mixture. Concomitantly, Fe atoms
stabilized by TOP, TOPO, and OA ligands might be detached
from the Fe;O, nanoparticle. However, more study is needed
to fully understand this Pd-assisted destabilization of the
Fe;O, phase.

Further insight into the etching process came from etching
other types of single-crystalline iron oxide nanoparticles,
namely, slightly larger (13.2+0.8) nm spherical Fe;O, nano-
particles,*! (16.5+2.0) nm Fe;O, nanocubes,"” and (17.6 +
2.0) nm Fe@Fe;0, nanocubes™ to form double concentric
hollow spheres, double concentric hollow nanoboxes, and
single nanoboxes, respectively (Supporting Information, Fig-
ure S11). The spherical and cubelike morphologies are
sustained in the final products, thus indicating the very fast
formation of a thin amorphous layer on the surface of the
nanostructure at an early stage. The presence of a small
hollow sphere or nanobox within a large hollow sphere or
nanobox, respectively, indicates that a smaller Fe;O, nano-
crystal formed by etching inside a hollow sphere can also act
as a template for another amorphous layer. Closer examina-
tion of these unprecedented double hollow nanostructures
shows a gap distance of approximately 2nm between
concentric hollow structures, which corresponds to roughly
twice the height of a standing TOP surfactant as in the split
Fe;O, nanoparticles of Figure 1b. Thus, the inner surface of
an amorphous hollow sphere seems to be effectively coordi-
nated by a layer of TOP surfactant.

Furthermore, the etching of the Fe;O, phase proceeds
rapidly until a robust bilayer of surfactants (one layer on the
inner wall of an amorphous hollow sphere and the other layer
on the trapped Fe;O, nanocrystal surface) can form and
effectively block the passage of escaping soluble iron species,
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which would then be converted to another amorphous layer
on the trapped Fe;O, nanocrystal. If the interior volume of a
hollow sphere is not large enough to contain a concentric
bilayer of surfactants, then the formation of an inner hollow
sphere is not possible. This also explains why the smaller
hollow spheres in Figure S6 (Supporting Information) contain
only a small dot, not a complete hollow sphere, in the center
of a hollow sphere, or are even empty. Interestingly, the
etching of Fe@Fe;O,4 nanoparticles results in the formation of
single hollow nanoboxes. Clearly, the Fe nanoparticle core is
so quickly removed that it cannot serve as a template for an
amorphous layer, which corroborates the proposed reaction
mechanism involving the removal of oxygen atoms from iron
atoms.

The disparate etching behaviors of polycrystalline and
single-crystalline Fe;O,4 nanocrystals are depicted in Figure 2.

2) slow etching 3 ; ,
fast ’
fa “
b) - slow
as etchin,
c) : ‘
i [ e ]
» B o B XS =5
() () Bl
L : Soluble iron species

Sl : Amorphous{Fe, P, O} shell

Figure 2. Etching processes to form a) two hemispherical nanoparti-
cles trapped within an amorphous hollow sphere from a bicrystalline
Fe;O, nanoparticle, b) a concentric double hollow sphere from a Fe;O,
nanoparticle, and c) a single nanobox from a Fe@Fe;O, nanocube.

Obviously, the time required to form a thin amorphous layer
on the surface of Fe;O, nanoparticle is comparable to or
slightly shorter than the time (1.5 h) required to remove the
entire Fe;O, disc that was approximately 2 nm thick and
contained the crystal-domain interface of a polycrystalline
Fe;0, nanocrystal (Figure 2 a); without prior formation of the
porous, amorphous layer on Fe;O,, the split hemispherical
nanoparticles would fall apart. Figure2b,c depicts the
proposed pathways for the formation of hollow structures
with amorphous walls. The same amorphous wall provided a
structural support for the split hemispherical nanoparticles to
be joined together as in Figure 1b. Although the formation of
concentric double hollow spheres or nanoboxes from Fe;O,
nanoparticles or Fe;O, nanocubes, respectively, requires at
least 20 h for completion, the formation of nanoboxes from
Fe@Fe;04 nanocubes requires only 7 h. Furthermore, the long
time required to completely decompose single-crystalline
Fe;O, or Fe@Fe;O, nanoparticles suggests a high degree of
Fe;O, nanoparticle surface stabilization by coordinated
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surfactants. Without a high-energy crystal-domain interface,
the outer surfaces of these single-crystalline nanoparticles
seem to be rather evenly protected by surfactants, which
results in isotropic etching of the nanoparticles.

Etching of a core-shell-structured Pd@Fe;O, nanoparti-
cle, prepared by modification of Au@Fe;O, synthesis,*¥
would always seek and reveal a Pd nanoparticle, because
Pd@Fe;0, nanoparticles would undoubtedly have a polycrys-
tallinity initiating from the heterogeneous Pd nanoparticle.
The different crystal-growth directions are clearly demon-
strated by the HRTEM images shown in Figure 3c. Even

Figure 3. TEM images of a) Pd@Fe;0, core—shell nanoparticles,

b) flowerlike Pd@Fe;O, nanoparticles obtained by etching the particles
in (a) (arrows indicate interfaces), and c¢) HRTEM images of flowerlike
nanoparticles with etched out crystal-domain interfaces. The images
are slightly out of focus to show the presence of an amorphous layer.

when a large, well-faceted Fe;O, polyhedron shell encapsu-
lates a Pd core, the presence of polycrystallinity in the Fe;O,
phase is revealed at appropriate grid-tilt angles (Supporting
Information, Figure S14). Since the catalytic Pd nanoparticle
is now exposed to the outside through the chasm of magnetic
Fe;0, grains, the Pd@{Fe;0,}, flowerlike structure might be
used as a magnetically separable catalyst after removal of the
protective amorphous layer.

To show the utility of the developed etching method in
testing the degree of single crystallinity of Fe;O, nano-
particles, we prepared Fe;O, nanoparticle mixtures with
varying degrees of single-crystalline nanoparticles in their
compositions and performed the etching experiment on these
samples. As expected, the quantitative nature of the etching
methodology for checking single crystallinity was well dem-
onstrated (Supporting Information, Figure S15).

The above-mentioned method to discern the single
crystallinity of iron oxide nanoparticles was further tested
for other nanoparticle systems, potentially useful for MRI,
with the compositions Fe,O;, MnFe,0,, CoFe,0,, and MnO,
each prepared by modification of reported methods (see the
Supporting Information for synthetic details) to increase the
fraction of nanoparticles with polycrystallinity within a
reaction batch. These nanoparticles, as intended, do not

www.angewandte.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

exhibit a high single crystallinity, as judged from the salient
presence of a significant number of split nanocrystals in their
TEM images (Figure 4). The single-crystalline counterparts of

Figure 4. TEM images of polycrystalline nanoparticles (a,c,e,g) and
nanoparticles after etching (b,d,f,h). a,b) Fe,Os; c,d) MnFe,O,;

e,f) CoFe,O,; and g,h) MnO. Some of the nanoparticle crystal-domain
interfaces in the polycrystalline nanoparticles are indicated by arrows.

these metal oxide systems!™” are very robust under the same
reaction conditions (Supporting Information, Figure S16).
Clearly, the etching mechanism for Fe;O, can also be applied
to other metal oxides, namely, Fe,O;, MnFe,0O,, CoFe,O,, and
MnO. The magnetic behavior, and thus the MRI ability in
particular, of the polycrystalline nanoparticles with multiple
small single-crystalline domains would deviate significantly
from that of ideal, all-single-crystalline nanoparticles.

In summary, we have reported the first Pd-nanoparticle-
catalyzed etching of various metal oxide (Fe,O,, Fe;O,,
MnFe,0,, CoFe,0,, and MnO) nanoparticles for the quanti-
tative assessment of nanoparticle single crystallinity. By using
the very fast etching speed of the grain interface within bi- or
polycrystalline nanocrystals, a simple quantitative method
was developed to assess the single crystallinity of metal oxide
nanoparticles. We believe our method can provide a strict
material quality guideline for metal oxide nanoparticle-based
applications. For example, the high single crystallinity of
magnetic metal oxide nanoparticles might have to be

Angew. Chem. Int. Ed. 2009, 48, 51295133
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guaranteed, before they are used in MRI for humans, for a
high resolution at minimal nanoparticle dosages. In addition,
interesting hollow concentric nanostructures and flowerlike
nanostructures, which are otherwise highly difficult to pre-
pare, could also be obtained by the nanoetching method. The
catalyst-assisted nanoetching described herein would greatly
contribute to the nascent field of post-synthetic structural
modification of nanoparticles for novel shape-dependent
properties.
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