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Abstract: We report a novel core—shell-structured ternary
nanocube of MnZn ferrite synthesized by controlling the reaction
temperature and composition in the absence of conventionally
used reducing agents. The highly monodispersed core—shell
structure consists of an Fe;0,4 core and an MnZn Ferrite shell.
The observation of a Moiré pattern indicates that the core and
the shell are two highly crystalline materials with slightly different
lattice constants that are rotated relative to each other by a small
angle. The ternary core—shell nanocubes display magnetic
properties regulated by a combination of the core—shell composi-
tion and exhibit an increased coercivity and field-cooled/zero-field-
cooled characteristics drastically different from those of regular
MnZn ferrite nanoparticles. The ability to engineer the spatial
nanostructures of ternary magnetic nanoparticles in terms of
shape and composition offers atomic-level versatility in fine-tuning
the nanoscale magnetic properties.

The metal dopant substitution of metal ferrite nanoparticles
congtitutes an important strategy for achieving high and tunable
nanomagnetism. MnZn ferrite nanomaterials with a spinel structure
represent an important class of such tunable magnetic materials
that has aftracted increasing interest.* The syntheses of Mnzn
ferrites* 7 have largely been based on methods developed for
fabricating bulk magnetic materials for solid-state applications,
which are inadequate for applications involving biomolecular
separation, specific targeting, or catalytic reactionsin fuel cellsand
batteries. A key to the exploitation of MnzZn ferrite nanoparticles
in these applications is the ability to control the size, composition,
and shape for tuning of the electronic, optical, and magnetic
properties. In comparison with the synthesis of MnzZn ferrite
nanoparticles (20—40 nm) in agueous solution,® the synthesis of
metal or metal oxide nanoparticles in nonagqueous solutions has
attracted awide range of interest because it affordsimproved control
over size and shape.® 2 One of the documented strategies involves
the use of oleic acid and/or oleylamine as a capping agent, metal
acetylacetonates as metal precursors, and 1,2-hexadecanediol as a
reducing agent.® This strategy was demonstrated for the synthesis
of binary MFe;O4 (M = Fe, Co, Mn, Zn, etc.) nanoparticles with
controllable sizes and shapes.***® The synthesis of 8—12 nm
cubelike and polyhedron-shaped binary MnFe,O, nanoparticles from
Fe(acac); and Mn(acac), in the presence of 1,2-hexadecanediol,
oleic acid, and oleylamine represents an example where the shape
control was achieved by the amount of stabilizers.*®> However, shape
and composition control has rarely been demonstrated for ternary
MnZn ferrite nanoparticles.***> None of the prior studies have
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demonstrated control of the shape and spatial arrangement of the
composition in the nanostructures.

Here we report a novel core—shell-structured nanocube of
MnZzZn ferrite that was synthesized by controlling the reaction
temperature and composition in the absence of conventional
reducing agentsin a one-pot synthesis. The highly monodispersed
and cube-shaped core—shell structure consists of an Fe;O,4 core
and a (MnysZnos)(FepoMny1)Oy4 shell. We show comparisons of
Mnzn ferrite core—shell nanocubes [e.g., (MNg 25ZNg 2sFey5)Fe04
and (Fes04 core)—(MngsZngs shell) (FepgMny ;)04 with similar
spinel structures of single and binary systems (e.g., MnFe,Oy,
ZnFe;0,4, and Fes04/Fe,05), focusing on understanding the mor-
phologies, structures, and magnetic properties. Our discovery of
this novel core—shell nanocube is interesting for two significant
reasons. First, the synthesis of the shape-controlled core—shell
magneticnanoparticleswasdifferent fromthosereported previoudy*>*3
because of the elimination of reducing agents. Second, the core
and shell were kept in the same cubic shape, even though their
compositions were different. While an epitaxia relationship between
the core and shell is favorable, the growth is determined by the
crystal structures.*®*” Despite the demonstration of other core—shell
nanoparticles,**~?2 there have been no prior examples of cube-
shaped core—shell MnZn ferrite nanoparticles.

For our cube-shaped core—shell MnZn ferrite nanoparticles, there
are two major morphological features: the cubic shape with high
monodispersity (Figure 1a) and the core—shell structure in the
nanocube (Figure 1b,c). The synthesis involved a 0.7:0.3:2.0 Mn/
Zn/:Fe feeding ratio and direct heating of the reaction solution at
270 °C followed by reflux for 1.5 h. Compositional analysis of the
as-synthesized nanoparticles using direct-current plasma atomic
emission spectrometry (DCP-AES) and X-ray photoelectron spec-
troscopy (XPS) yielded an Mn/Zn/Fe composition ratio of 4.9:1.3:
7.0. Both the inner core and outer shell display ordered structures,
with arelative core-to-shell volume ratio of ~1:2. The core—shell
structureisvividly revealed by the Moiré pattern of the core region
of the particle (Figure 1b), which is formed by overlap of the core
and the shell. In general, Moiré patterns originate from trand ational
or rotational interference. The former arises when two crystals have
paralel reflecting planes with a small difference in lattice param-
eters, and the latter occurs when two identical crystal spacings have
adlight angular rotation.*®?*~2% |n our case, the formation of the
Moiré pattern also indicates that the core and the shell are both
crystalline but have dightly different lattice constants or a certain
degree of rotation of the core crystal relative to the shell. Various
Moiré patterns have previously been reported for Pt—Pd core—shell
nanocubics, MNnO—MnzO, core—shell nanocrystals, and other
nanostructures.*®%?> The measured lattice fringes for the outer
shell are 0.217 and 0.300 nm, corresponding to the (400) and (220)
planes of the spinel structure, respectively. These values are similar
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Figure 1. Morphologies of the MnZn ferrite core—shell nanocubes: (a)
TEM image, (b, c) HRTEM images, and (d) electron diffraction pattern for
a sample of as-synthesized MnZn ferrite nanoparticles [size = 20.6 + 1.8
nm; Fe;0, core; (MnosZngs)(FengMny1)O;4 shell].

to the lattice fringes reported recently for 15 nm sized spherical
(Zno.4Feng)Fe,0, nanoparticles synthesized by other methods.?®

For the core, it is not straightforward to measure the lattice
spacing from the HRTEM image because of the Moiré pattern.
However, on the basis of an analysis of the electron diffraction
pattern of a single particle, the core and the shell were found to be
rotated by ~3° relative to each other. This accounts for the measured
Moiré spacing of 1.17 nm, which is approximately perpendicular
to the (220) lattice fringe. It is rather intriguing to observe the
relative rotation of the shell with respect to the core, which is
related to the relaxation of the lattice mismatch between the core
and the shell. Similar rotation features have been reported for
MgO—Y Ba,CuzOg g5 core—shell nanowires and MnO—MnzO,
core—shell nanoparticles.®??> On the basis of the electron
diffraction pattern (Figure 1d), the diffraction rings can be indexed
in terms of the Mnzn ferrite spinel phase, which will be shown
later to agree well with the X-ray diffraction (XRD) results. As
will be further discussed later, this core—shell-structured nanocube
consists of an Fe;0, core and a (MnysZngs)(FepoMny1)O,4 shell.

For MnZn ferrite nanoparticles synthesized similarly but using
a different Mn/Zn/Fe feed ratio of 0.5:0.5:2.0, the compositional
analysis of the as-synthesized nanoparticles yielded an Mn/Zn/Fe
composition of 8.0:9.0:83.0. In this case, the cube-shaped particles
have a size similar to the previous case but exhibit dightly distorted
or irregular corners (Figure 2a).

Figure 2. Morphologies of the MnZn ferrite core—shell nanocubes obtained
under different synthesis conditions: (a) TEM and (b) HRTEM images.

There is no apparent core—shell structure, but a thin layer of
shell structure seems to be identifiable along the edges of the
nanocube. The measured lattice fringes of the nanocubes are 0.214
and 0.300 nm (Figure 2b), corresponding to the (400) and (220)
planes of the spinel structure, which are practically identical to
those observed for shell structure in Figure 1. We determined
the composition as (Mng2s5ZNng 2sFey5)Fe;04, as will be shown
by the results from the structural and compositional analyses.
We also note that our additional experimental results indicated
that both the reaction time and temperature had effects on the
size, shape, and structure of the as-synthesized nanoparticles,
and there appeared to be an optimal temperature for the formation
of the core—shell nanocubes. Further in-depth work is needed
to establish their correlation with the reaction time and temperature.

To understand the above morphological and structural charac-
teristics, we also examined other single- or two-component ferrite
nanoparticles (e.g., MnFe,O,, ZnFe,O,, and FesO, or Fe0s)
synthesized under the same conditions. Figure 3a shows an example
of MnFe,O, nanoparticles that were synthesized under identical
conditions with a Mn/Fe feed ratio of 1.0:2.0. The as-synthesized
nanoparticles showed an average size of 16 nm with aMn/Feratio
of 57.0:43.0, corresponding to Mn(Fey sMng 75) O,. Different shapes
were observed, including spheres, cubes, hexagons, etc., though
shapes characteristic of octahedrons and cubes seemed to be
predominant. The measured lattice fringes are 0.302 and 0.480 nm,
corresponding to the (220) and (111) planes, respectively.

Figure 3. Morphologies of binary Mn or Zn ferrite nanoparticles: (left)
TEM and (right) HRTEM images for (8) Mn(Fey2sMng75)O4 and (b)
(Zno 24F€n.76) F&;04 Nanoparticles.

Figure 3b shows an example of ZnFe,O, nanoparticles synthe-
sized with a Zn/Fe feed ratio of 1.0:2.0. The as-synthesized
nanoparticles (average size ~16 nm) was determined to have an
Zn:Fe ratio of 8.0:92.0, corresponding to (Zng»4F€ey76)Fe,04. The
morphology islargely characteristic of cubes with distorted features
or small-sized particles at the corners of the cubes. The measured
lattice fringes of 0.216 and 0.293 nm correspond to the (400) and
(220) planes of the spindl structure, respectively. Fe;O, nanoparticles
were aso synthesized and showed morphologies and structures
consistent with those reported earlier.’®%” For example, the
determined lattice fringe (0.480 nm) corresponds to the (111) plane
of the spinel structure.?”

In Figure 4, we show a representative set of XRD patterns for
as-synthesized nanoparticles, including (a) (Mng25ZNg25F€y5)Fe04,
(b) Mn(Fey2sMng.75)O4, (C) (Fes04 core) —[(MngsZnos)(FepoMn. 1)O4
shell], and (d) FesO, As indexed in the XRD patterns, the
nanoparticles display the spinel structure,® which is consistent with
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those reported in the literature for this class of materials,*>*327—2°
Remarkably, the relative intensity ratios of the (400) and (440) peaks
versus the (311) peak were found to be much higher for the (Fe;O4
core)—[(MngsZngs)(FesMny 1)O,4 shell] nanoparticles than those
for the (Mng2s5ZNng2sFens)Fe,04, MN(Fey2sMng75)O0,, and FesOy
nanoparticles. Thisfinding is consistent with the predominant cubic
shape for the core—shell nanocubes.*® It may also in part reflect
the difference in electronic density on tetrahedral and octahedral
sites. The extracted average lattice constants were found to be 0.839
nm for Fe;0, nanoparticles,*®27 0.855 nm for Mn(Fey 2sMng75) O,
nanoparticles, and 0.857 nm for (Mng 25Zng 2s5Fey 5) Fe,04 nanopar-
ticles. A separate measurement yielded a value of 0.841 nm for
(ZNg 24F€5 76) FE204 Nanoparticles.
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Figure 4. Structurd analysis of the different ferrite nanoparticles. (A) XRD
patterns for four different samples: (8) (Mng2sZNg2sFens)Fe0s; (D)
Mn(Fey 2sMno75)O4; (C), (FesO4 core)—[(MnosZngs)(FeogMny 1)O4 shell]; (d)
Fes30,. (B) Deconvolution results for pattern (c) in three peak regions.

Upon close examination of the XRD pattern for the core—shell
nanocubes (c), we found subtle differences from the other patterns
in terms of peak shoulder or double peak characteristics. The subtle
differences are believed to reflect the presence of different phases
in this nanostructure. While it is possible that the XRD pattern could
be due to a simple mixing of Fe;0O, and MnzZn ferrite, the high
monodispersity of the nanocubes observed in the TEM images
(Figure 1) suggests that having such asimple mixture in the sample
is unlikely. By deconvolution of the XRD pattern, double peaks
are clearly revealed for the (311), (222), (400), and (440) peaks,
yielding two sets of peak patterns [see the Figure 4B inset and
Table S1 in the Supporting Information (Sl)]. The lattice constant
for the deconvoluted peak at the higher diffraction angle is 0.838
nm, in close agreement with that for Fe;0,,*®%” whereas the lattice
constant for the deconvoluted peak at the lower diffraction angle
i50.854 nm, which is close to that for the MnZn ferrite.?® Moreover,
the results also reveal the difference in the relative intensity (I)
ratios for the major peaks of (400) and (440) versus (311). The
relative peak intensity ratios [1(400)/1(440)/1(311)] were found to
be about 4:3:1 and 1:2:4, respectively.

The above results are indicative of the presence of two different
phases in the core—shell nanocube, which is believed to consist of
an Fes0O, core and a MnZn ferrite (MngsZngs)(FepoMny 1)O,4 shell.
The substitution of Mn and Zn in the spinel cell should increase
the lattice constant, as expected on the basis of earlier studies of
similar spinel structures.?® For the mixed oxide spinels, it is often
problematic to determine the valences and distributions of the
cations among the tetrahedral (tet) and octahedra (oct) sites of
the spinel structure. This can also be particularly problematic if
the different cations can adopt more than one valence state. We
used XPS to probe the oxidation states of the ions. From the XPS
analysis (see the SI) and the Mn/Zn/Fe composition, the nanocubes
were determined to be rich in Mn. The Mn 2ps, and 2py, bands
were detected at 641.4 and 653.1 €V, indicating that Mn may be
present mostly as Mn®",* in addition to a satellite peak associated
with Mn?*. The Zn 2ps;, band was detected at 1021.6 €V, agreeing
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with the reported value for Zn?*.%° The Fe 2py, and 2py;, bands were
detected at 711.1 and 724.9 eV, which are dightly higher (by 0.1 €V)
than those reported previously for Fe;04 (711.0 and 724.8 eV827),
The observed satellite peak between the two peaks is dso indicative
of the presence of Fe**. These results suggest the presence of both
Mn®" and Fe*" in the nanoparticles. The possibility of oxidation of
M2t to Mn®t is supported by the XPS data (see the SI). Such a partial
oxidation could lead to diffusion of part of the meta ions out to the
shell structure. The observation of similar structural festures was
reported previoudly for Fe/Fe,O; nanoparticles =2 A core composi-
tion of Fe;O, and a shell composition of (MngsZngs)(FenoMny 1)O4
were thus derived from the high-resolution transmission electron
microscopy (HRTEM), XRD, and XPS data, which are qudlitatively
consistent with the fact that the three elements Fe, Mn, and Zn have
similar atomic weights and the core and the shell have close lattice
constants and similar densities. In view of the penetration depth of
XPS (~5 nm), it is possible that not al of the Fe species inside the
core of the 20 nm particle were detected. Furthermore, the particle
sizes of 20—24 nm calculated from the deconvoluted XRD peak widths
using the Scherrer equation (see the SI) are comparable with the core
and shell sizes determined from the TEM data (~20 nm).

Scheme 1. Structural Model for the MnZn Ferrite Nanocubes®

Sneil Doped by 2 e | e |

& The structure consists of an Fe;O, core (inverse-spinel) and MnZn ferrite
shell. The tetrahedral sites are doped with (0.5 — 0) Zn?*, whereas the
octahedral sites are doped with Mn®", Mn?*, and the remaining Zn?*.

Scheme 1 illustrates the structure for the core—shell nanocube
consisting of an FesO,4 core and a MnZn ferrite shell. Such ferrites
can be either antiferromagnetic or ferrimagnetic because the
magnetic spins of ions on the tetrahedral sites are antiparallel to
those on the octahedral sites.>* Since Fe;0, is inverse-spinel, the
tetrahedral sites are occupied by Fe*™ whereas the octahedral
sites are occupied by Fe*t and Fe*', resulting in a saturation
magnetization of 4 ug/formulaunit or ~96.5 emu/g. In the MnZn
ferrite shell, the structure could have the tetrahedral and
octahedral sites occupied by different levels of Fe* and Zn?*,
with larger-sized Fe?* and Mn?* as well as Jahn—Teller-active
Mn®t usually preferring octahedral sites.®=¢ The bulk zinc
ferrite synthesized at high temperature is a normal spinel with
Zn?" at the tetrahedral sites, but low-temperature synthesis routes
leading to zinc ferrite nanoparticles reportedly result in partially
inverse [Zn;_sFes]*[ZnsFe,—s]°?0,4 spinel, with the inversion
parameter ¢ dependent upon the synthesis conditions.®”

The magnetic properties of the core—shell nanocubes were
examined in terms of saturation magnetization, coercivity, suscep-
tibility, and blocking temperature by means of superconducting
quantum interference device (SQUID) measurements. The saturation
magnetization values were measured at 100 K with an applied field
of —50 to 50 kOe. Figure 5a shows the magnetization hysteresis
for the (Fe;0,4 core)—[(MngsZno 5)(FesM Ny 1)O,4 shell] nanocubes.
The highest magnetization value was found to be 45.6 emu/g,
corresponding to ~1.9 ug/formula unit. Notably, the maximum
magnetization value for 5.2 nm Fe;0O, was previously reported to
be 66 emu/g.*® Intuitively, the saturation magnetization in Fe;0,
increases with Zn substitution at the tetrahedral sites and decreases
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Figure 5. Magnetization curves for (FesO, core)—[(MngsZngs)-
(FengMny 1)O4 shell] nanocubes: SQUID measurements of (a) magnetization
hysteresis curves and (b) field-cooled (FC) and zero-field-cooled (ZFC)
curves.

when Zn goes to the octahedral sites. However, only a crystallo-
graphically infeasible structure with nearly all of the Zn?" at
octahedral siteswould produce such alow saturation magnetization.
Thus, the site distribution of ions in the shell can be expressed as
(Zn2+0,5_(;Fe3+0,5+5)“’(M n2+05M n3+1,1Fé+0,4_5Zné)°°‘O4 on the basis
of our structural and magnetic analysis, with the inversion ¢ being
significant. The precise value of 6 has not yet been determined.

The saturation magnetization can also be lowered by a demag-
netizing interaction between the Fe;O, core and the MnZn ferrite
shell. Interestingly, we found that the coercivity value was ~350
Oe for the core—shell nanocubes at 100 K, which was much higher
than that for Fe;0, nanoparticles at 5 K (40 Og).*® Thisis consistent
with the earlier assumption of a magnetic interaction between the
core and the shell. In the ZFC curve (Figure 5b), the magnetization
initially shows a slow increase with temperature, followed by a
rapid increase from ~120 to 170 K. After this, the magnetization
increase slowed, and there was no indication that a maximum had
been reached by 400 K. This type of FC/ZFC trend may be
indicative of the presence of two magnetic phasesin the sample. It
isinteresting to note that Fe;0O4 nanoparicles of similar size to our
Fe;0, core show a blocking temperature of ~100 K,*® i.e., over
similar temperature interval where the most rapid ZFC magnetiza-
tion growth was observed. This suggests that the core becomes
superparamagnetic above 120—170 K, while the larger shell stays
blocked up to at least 400 K.383° Blocking temperatures over 350
K were previously reported for Mn;_.ZnFe,0, hanoparticles with
high manganese content.?° In the FC curve (Figure 5b), the
magnetization initially showed a slow increase with decreasing
temperature until it became stable in the 200—2 K range, suggesting
an overall ferrimagnet-like behavior.3®

In summary, we have synthesized highly monodispersed core—
shell nanocubes consisting of an Fe;0O, core and an (MnysZngs)-
(FepoMny1)O,4 shell. The core and the shell are highly crystalline
nanostructures with dightly different lattice congtants. The core—shell-
structured nanocubes display unique magnetic properties regul ated
by acombination of the core—shell composition, leading to a higher
coercivity (~350 Oe) and FC/ZFC characteristics drasticaly
different from those of many regular MnZn ferrite nanoparticles.
We expect that a detailed delineation of size, composition, and shape
for this class of core—shell nanocubes could lead to the design of
advanced nanostructures useful for magnetic and cataytic gpplications.
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