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ABSTRACT: Ternary oxide nanoparticles have attracted much interest because of
their intriguing properties, which are not exhibited by binary oxide nanoparticles.
However, the synthesis of ternary oxide nanoparticles is not trivial and requires a
fundamental understanding of the complicated precursor chemistry that governs the
formation mechanism. Herein, we investigate the role of the chemical composition of
precursors in the formation of ternary oxide nanoparticles via a combination of mass
spectrometry, electron microscopy with elemental mapping, and thermogravimetric 4 4
analysis. Mn**, Co**, and Ni** ions easily form bimetallic-oxo clusters with Fe** ions Fe;04 & M'/M'Ox
with a composition of MFe,O(oleate); (M = Mn, Co, Ni). The use of clusters as (M= Mn, Co, Ni) (M'=Cu, Zn)
precursors leads to the successful synthesis of monodisperse metal ferrite ‘
nanoparticles (MFe,O,). On the contrary, zinc- or copper-containing complexes
are formed independently from iron-oxo clusters in the precursor synthesis. The
mixture of complexes without a bimetallic-oxo core yields a mixture of two different
nanoparticles. This study reveals the importance of the precursor composition in the
synthesis of ternary oxide nanoparticles.

(4

Bl INTRODUCTION

Thermal decomposition of precursors in the presence of
surfactants, a process referred to as colloidal synthesis, is an
efficient method for synthesizing high-quality nanoparticles."””

nanoparticle can be enhanced by introducing extra constituent
metals other than Fe.”*"*’ However, the colloidal synthesis of
monodisperse ternary oxide nanoparticles was not always
successfully synthesized by the simple mixing of two different

The formation of nanoparticles via colloidal synthesis is
governed by the reaction chemistry of precursors at the early
stage and interactions between the growing nanoparticles and
surfactant molecules in the following stage.”* Depending on
the structures of the precursor molecules and the kinetics of
their decomposition to generate monomers, nanoparticle
growth can follow different formation mechanisms.”~"> For
example, the use of reactive organometallic compounds or
metal carboxylate/amine complexes as precursors results in
specific growth kinetics,”'* structures,”'®'> and composi-
tions'” of the synthesized nanoparticles. NMR, ultraviolet—
visible (UV—vis) absorption, and matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) have been used to characterize the species
identified during the early stage of the nanoparticle
formation.'®'°7%°

Ternary oxide nanoparticles, which have gained significant
interest because of their unique properties not present in
binary nanoparticles,”' ~** are also synthesized via colloidal
synthesis. Indium—tin oxide nanoparticles display localized
surface plasmon resonance absorption that can be regulated by
an external electric bias, allowing their use in electrochromic
devices.”*** The magnetic moments of spinel ferrite (MFe,0,)
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metal precursors before the report of the synthesis of a uniform
composition nanocrystal based on thermolysis by the Gupta
group.”*~>* This is because the synthesis requires complicated
precursor molecules including two metal constituents or
multiple precursors with similar decomposition kinetics.
Indeed, reaction products from two metal precursors (M and
M') usually yield a mixture of two metal oxide nanoparticles
(MO, and M'O,) instead of forming ternary oxide nano-
particles (MM’,COy).35_37 These challenges in the synthesis of
ternary oxide nanoparticles can be overcome by a fundamental
understanding of the reaction chemistry of precursors and their
influence on the composition of the final nanoparticles.
Inspired by the previous studies that elucidated the role of
iron oleate precursors in the synthesis of binary iron oxide
nanoparticles, we correlated the chemical formula of the
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Figure 1. Mass characterization of bimetallic-oxo oleate precursor. (a—d) MALDI-TOF MS spectra. (e—h) Isotope calculation of the main peak.
The experimental (black) and calculated (red) peaks show clear correspondence. (a and e) Fe**-oleate showing [Fe;O(oleate);]*, (b and f) Mn**-
Fe**-oleate showing [MnFe,O(oleate)s]*, (c and g) Co**-Fe**-oleate showing [CoFe,O(oleate)]*, and (d and h) Ni**-Fe**-oleate showing

[NiFe,O(oleate);]".

precursors and the compositions of synthesized nanoparticles
with each other in the synthesis of ternary nanoparticles.*®
Herein, we analyze the compositions of the precursors in the
formation of diverse ternary oxide nanoparticles and find that
the precursor composition is a critical factor in the successful
incorporation of two constituent metals in the synthesized
ternary oxide nanoparticles. Spinel ferrite, one of the most
representative ternary oxide materials, is chosen as a model
system. The precursors for MnFe,0,, CoFe,0,, and NiFe,O,
have compositions of MFe,O(oleate)s (M = Mn, Co, Ni), and
metal ferrite nanoparticles are successfully synthesized from
the bimetallic-oxo clusters (type I). On the contrary, the
precursors for ZnFe,0, and CuFe,0, cannot be synthesized as
bimetallic-oxo clusters but as a mixture of metal oleate

complexes, which yields a mixture of two different nano-
particles (type II).

B MATERIALS AND METHODS

Materials. Iron(III) chloride hexahydrate (98%), magnesium(II)
chloride hexahydrate (99%), cobalt(II) chloride hexahydrate (98%),
nickel(IT) chloride hexahydrate (98%), copper(II) chloride dehydrate
(99%), zinc(I1) chloride (98%), oleic acid, 1-octadecene (1-OD), and
9-nitroanthracene (9-NA) were purchased from Sigma-Aldrich.
Sodium oleate (95%) was purchased from Tokyo Chemical Industry
(TCI). Ethanol, chloroform, and n-hexane were purchased from
Samchun Chemicals.

Synthesis of Metal Oleate Complexes. The synthesis of metal
oleate complexes proceeded based on the previous reports.*>*>** To
synthesize Fe**-oleate complexes, iron(IIl) chloride hexahydrate (20
mmol) and sodium oleate (60 mmol) were added to a mixture of 70
mL of hexane, 40 mL of ethanol, and 30 mL of deionized water and
stirred for 4 h at 55 °C. Similarly, to synthesize M**-oleate complexes,
metal(I) chloride hexahydrate (20 mmol) and sodium oleate (40
mmol) were mixed in the same solvent and at the same temperature
conditions. After the reaction, the hexane phase was separated using a
separation funnel and washed three times with deionized water.
Finally, hexane was evaporated overnight in a vacuum.
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Synthesis of Mixed-Metal Oleate Complexes. Mixed-metal
oleate complexes were synthesized based on the previously reported
method with a slight modification.”> The stoichiometry of the
reactants was considered for charge balance of the final product. To
synthesize M>*—Fe**-oleate complexes, 6.67 mmol of metal(II)
chloride, 13.33 mmol of iron(IIl) chloride hexahydrate, and $3.33
mmol of sodium oleate were dissolved in the same solvent mixture.
(i.e, M**:Fe* :oleate™ = 1:2:8). The same process steps were followed
for separation and evaporation.

Synthesis of Metal Ferrite Nanoparticles. Metal ferrite
nanoparticles were synthesized via a well-known heating proc-
ess. 3% A total of 1.9 g of metal oleate or mixed-metal oleate
complexes, 0.285 g of oleic acid, and 10.0 g of 1-OD were mixed and
degassed at 70 °C for 1 h. The mixture was heated to 320 °C at a
heating rate of 3.3 °C/min and subsequently held at that temperature
for 30 min in an inert atmosphere. After the reaction, the solution was
rapidly cooled and centrifuged with ethanol to remove unreacted
reactants and byproducts. The final product was dispersed in a
nonpolar solvent such as hexane or chloroform.

Mass Characterization. MALDI-TOF MS data were obtained
using a Voyager-DE STR Biospectrometry Workstation manufactured
by Applied Biosystems Inc. at the National Center for Inter-University
Research Facilities (NCIRF) at Seoul National University. Angio-
tensin 1 [M,; (mass of maximum intensity) = 1296.6853 Da],
adrenocorticotropic hormone (ACTH) 1-—17 corticotropin-like
intermediate peptide (CLIP; M,,; = 2093.0867 Da), ACTH 18-39
CLIP (M,,; = 2465.1989 Da), ACTH 7—38 CLIP (M, = 3657.9294
Da), and insulin (M,; = $730.6087 Da) were used as calibrants.
Concentrated 9-NA in chloroform was used as a matrix. A pulsed-
nitrogen laser (337 nm, 3 ns pulses) at a power setting of 60—70%
induced desorption and ionization of metal oleate complexes. A 20 kV
potential was applied, which accelerated the positive ions after
desorption and ionization. The reflector mode was used for detailed
MS.

Transmission Electron Microscopy (TEM), Scanning Trans-
mission Electron Microscopy (STEM), and Energy-Dispersive
X-ray Spectroscopy (EDS). TEM and STEM were performed using
a JEOL JEM 2100F/HR instrument operated at 200 kV. EDS spectra
and elemental mapping were acquired using an Oxford EDS system
with an 80 mm? detector (Oxford Instruments Analytical Ltd., U.K.).
Samples were prepared by placing a drop of diluted solution on the
TEM grid (copper or gold) and drying it overnight prior to
observation.

Optical Characterization. Fourier transform infrared (FT-IR)
and optical absorption spectra of the metal oleate complexes were
acquired using a Bruker VERTEX 70 V spectrometer and a CARY
S000E UV—vis—near-IR (NIR) spectrophotometer.

Thermogravimetric Analysis (TGA). TGA of the metal oleate
complexes was performed in an air atmosphere at a 10 °C/min rate
up to 600 °C using an SDT Q600 instrument.

B RESULTS AND DISCUSSION

Characterization of Precursors: Bimetallic-Oxo Com-
plexes (Type 1). The precursors of the bimetallic ferrite
nanoparticles were prepared by reacting metal(I) chloride,
iron(IIl) chloride, and sodium oleate in the ratio 1:2:8. Late-
transition-metal ions in the fourth row of the Periodic Table
with oxidation states of 2+, including Mn?*, Co?*, Ni**, Cu®*,
and Zn**, were used to investigate the role of precursors in the
synthesis of metal ferrite nanocrystals. The bimetallic
precursors were characterized by MALDI-TOF MS, which
provided the precise molecular weight of inorganic complexes
or clusters with minimal fragmentation. The MALDI-TOF MS
spectra of the Fe**-oleate complexes show main peaks with a
mass-to-charge ratio (m/z) of 1590 Da (Figure la). The
Mn**—Fe**-oleate complexes (Figure 1b) and Co*'—Fe*-
oleate complexes (Figure 1c) have MS spectra with main peak
positions of 1589 and 1593 Da, respectively. Because the

atomic weights of manganese and cobalt are S5 and 59 Da,
respectively, their atomic weight differences of —1 and +3 Da
relative to iron (56 Da) indicate that each complex contains
one divalent metal ion. Identification of the Ni**—Fe**-oleate
complexes by the peak positions in MALDI-TOF MS spectra is
intricate because of the number of nickel isotopes; thus,
isotope calculations are required (Figure 1d). Isotope
calculations of the main peaks at 1590 Da of Fe**-oleate
complexes confirm that the chemical structure of the
complexes is [Fe;O(oleate);]*, where oleate is a long-chain
carboxylate ion with a chemical formula of C,;H;;0,” (Figure
le). In the same way, the main peaks of Mn?*—Fe*'-oleate,
Co**—Fe*-oleate, and Ni**—Fe**-oleate complexes are con-
sistent with the calculated isotope peaks of [MnFe,O-
(oleate)s]*, [CoFe,O(oleate)s]", and [NiFe,O(oleate)]",
respectively (Figure 1f—h). Other major peaks can also be
assigned as [MFe,O(oleate),]* (n = 4 or 6) with the mass
difference corresponding to one oleate ion from the main peak
(Figure S1).

The trinuclear-oxo carboxylate complex MFe,O-
(carboxylate)4 is known as a stable triangular structure.*' =
[MFe,O(oleate);]* can be assigned as the ionized product of
the MFe,O(oleate), complexes through the detachment of one
oleate ligand during laser desorption. In the MFe,O(oleate)
structure, two trivalent iron ions and one divalent transition-
metal ion are bonded to the centered j;-oxygen, while six
oleate (C,5H;;0,7) ligands are bridging two of the metal ions.
In the case of the [Fe;O(oleate)¢]* complex, the charges of the
iron atoms are delocalized at room temperature;%’47 thus, each
iron atom of the complexes can be regarded as identical.
Therefore, the [Fe;O(oleate)¢]* complex can be categorized as
a Dy, point group, while the other trinuclear-oxo oleate
complexes are categorized as C,, point groups.

Characterization of Precursors: Mixture of Com-
plexes (Type Il). Unlike the MnFe,O(oleate);, CoFe,O-
(oleate)s, and NiFe,O(oleate)s, the major product of the
reaction between zinc(II) chloride, iron(III) chloride, and
sodium oleate is not ZnFe,O(oleate)s. The peak distribution
of the main MALDI-TOF MS peaks of the products does not
match the isotope distribution of [ZnFe,O(oleate);]* but
matches the isotope peaks of [Fe;O(oleate);]* (red lines in
Figure 2). This result implies that the Zn>" ions do not readily
form bimetallic-oxo complexes, MFe,O(oleate). Instead, they
form triiron-oxo oleate clusters and zinc-containing complexes,
separately (Figure S2). A similar phenomenon is observed in
the MALDI-TOF MS spectra of Cu**—Fe**-oleate complexes,
which correspond to [Fe;O(oleate)s]" rather than [CuFe,O-
(oleate);]* (blue lines in Figure 2). Compared to the CuFe,O
or ZnFe,O clusters synthesized with short ligands (C,),
formation of the CuFe,O and ZnFe,O core structures with
long ligands (C,s) is unfavorable.*®

The structural difference between the type I mixed-metal
oleate and type II complexes is supported by the optical
characterization data (Figure 3). IR absorption at a wave-
number of 600 cm™ corresponds to the characteristic
asymmetric stretching of the triangular Fe;O core, which has
three trivalent iron atoms (black line in Figure 3b).*” When
one of the iron atoms in the Fe;O core is substituted by
divalent atoms, the triangular C; symmetry is broken and the
point group is changed from Dj, to C,,. The symmetry
breakage results in a peak splitting of the asymmetric vibration
IR peak (~600 cm™' for the Dy, point group) to ~550 and
~720 cm~ 1% The IR spectra of the Mn>*—Fe**-oleate, Co*'—
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Figure 2. Mass characterization of mixed-metal oleate precursors. The
experimental (solid line) and calculated (dotted line) peaks showing
zinc and copper cannot be synthesized into the MFe,O (M = Zn, Cu)
cluster structure but show formation of the [Fe;O(oleate)s]"
structure.

Fe**-oleate, and Ni**—Fe**-oleate complexes have absorption
peaks at ~530 cm™', indicating the successful formation of
mixed metallic MFe,O cores. The 720 cm™ peaks are usually
not distinctive because the peak is overlapped with strong C—
H bending. On the contrary, the Zn**—Fe**-oleate and Cu**—
Fe’-oleate complexes do not have strong absorption at ~550
cm™!, representing the absence of the mixed metallic MFe,O
cores with a C,, point group. Rather, they show small peaks at
~600 cm™", which may be attributed to Fe;O with a Dy, point
group. Strong absorption at 950 nm of the Mn**—Fe’**-oleate,

Co**—Fe’*-oleate, and Ni**—Fe’"-oleate complexes also
represents the formation of MFe,O cores (Figure 3c).***

The thermodynamic properties of the M*'—Fe’'-oleate
complexes are further characterized by TGA. It has been
reported that the divalent metal carboxylate complexes show
higher decomposition temperature (~490 °C) than the
trivalent metal carboxylate complexes with triangular M;O
cores (~370 °C; Figure S3).°"”” The TGA curves of the
Mn** —Fe’"-oleate, Co>*—Fe>*-oleate, and Ni**—Fe3"-oleate
complexes display trends similar to those of the TGA curves
of the iron oleate complexes (Figure S3a). The marginal
difference in the decomposition temperature (~10 °C) is
presumably due to the different strengths of the metal—ligand
bonds. In contrast, the TGA curves of the Zn*'—Fe3*-oleate
complexes and Cu**—Fe**-oleate lie between the Fe*'-oleate
and divalent metal oleate complexes (Figure S3b), implying
mixing of the trivalent oleate complexes and divalent metal
oleate complexes. The combinatory measurements by MALDI-
TOF MS, FT-IR, UV—vis—NIR, and TGA confirm that the
manganese, cobalt, and nickel atoms reacted with iron atoms
to form bimetallic MFe,O(oleate), complexes, while zinc and
copper form a mixture of metal oleate and Fe;O(oleate), from
the synthesis of the precursors for the metal ferrite nano-
particles.

Synthesis of Metal Ferrite Nanoparticles. Highly
monodisperse iron oxide nanoparticles with sizes of 12 nm
can be synthesized from thermal decomposition of the iron
oleate precursors at 320 °C in an inert atmosphere (Figures 4a
and S4a). Monodisperse manganese ferrite nanoparticles
(Figures 4b and S4b), cobalt ferrite nanoparticles (Figures
4c and S4c), and nickel ferrite nanoparticles (Figures 4d and
S4d) are also synthesized via the same synthetic protocol
starting from MnFe,O(oleate),, CoFe,O(oleate), and
NiFe,O(oleate)s precursors, respectively. The nanoparticle
synthesis is reproducible, as confirmed by the TEM images
from different batches (Figure S5). The successful formation of
the ternary oxide is confirmed by elemental mapping with EDS
(Figure 4e—h). The positions of the iron and manganese
atoms of the nanoparticles synthesized from the MnFe,O-
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Figure 4. (a—d) TEM and (e—h) EDS images and (i—1) XRD patterns of nanoparticles synthesized from MFe,O (M = Fe, Mn, Co, Ni) clusters as
precursors. (a, e, and i) Fe;O,, (b, £, and j) MnFe,0,, (c, g and k) CoFe,0,, and (d, h, and 1) NiFe,O, are synthesized from MFe,O clusters.

(oleate)s complexes are overlapped with the positions of the
nanoparticles, indicating that the nanoparticles contain both
iron and manganese atoms (Figure 4f). In the same way, the
elemental maps of nanoparticles synthesized from the
CoFe,0(oleate); and NiFe,O(oleate); precursors confirm
the successful formation of the ternary oxide nanoparticles
(Figure 4gh). X-ray diffraction (XRD) shows that the crystal
structures of the ternary oxide nanoparticles are spinel ferrite
structures (Figure 4i—1). Considering the overlap of divalent
metals and iron in the EDS elemental mapping (Figures S6—
S9), the crystal structures of the nanoparticles can be assigned
as MnFe,0, (Figure 4j), CoFe,0, (Figure 4k), and NiFe,O,
(Figure 41). The EDS data show 1:2 molar ratios between M

(M = Mn, Co, Ni) and iron, supporting the formation of
stoichiometric ternary metal ferrite structures.

In contrast, thermal decomposition of mixtures of metal
oleate complexes does not form ternary oxide nanoparticles.
EDS mapping of the nanoparticles synthesized from a mixture
of zinc-containing and Fe;O(oleate)s complexes reveals that
the nanoparticles contain only iron atoms with a small portion
of zinc atoms (Figures Sa,b and S10). The separation of iron-
and zinc-containing nanoparticles is confirmed by XRD
measurement. The XRD patterns indicate that the sample is
a mixture of spinel ferrite (Fe;O,) and ZnO (Figures Sc and
S11 and Table S1). EDS mapping of nanoparticles synthesized
from the mixture of Cu-containing precursors and Fe;O-
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Figure 6. (a) Rearrangement of metal ions in the metal-oxo clusters. When Fe;O clusters are reacted with Co**-oleate complexes, they clearly
transform into CoFe,O clusters. (b) EDS and (c) XRD of the nanoparticles from a mixture of Fe’*-oleate and Co?*-oleate complexes.

(oleate)s complexes also verifies the marginal portion of
copper atoms in the nanoparticles that contain iron (Figures
Sd,e and S12). Actually, the reaction from a mixture of Cu-
containing precursors and Fe;O(oleate)s complexes yields a
mixture of copper metal and spinel iron oxide (Fe;0,), as
revealed by the XRD pattern (Figure 5f). The Cu®" ions are
reduced to zerovalent copper metal by CO or H, generated
during thermal decomposition of the iron oleate complex.’
Because the reduction potential of Cu** (0.34 V) is much
higher than that of Zn** (—0.76 V), the Cu®" precursor is
readily reduced to copper metal, while the Zn>" precursor is
transformed to ZnO nanoparticles.”

The EDS mapping images and XRD patterns clearly reveal
the relationship between the composition of the precursors
and the resulting nanoparticles in the synthesis of ternary oxide
nanoparticles. The use of bimetallic complexes as precursors,
including MnFe,O(oleate);, CoFe,O(oleate), and NiFe,O-
(oleate)g, results in metal ferrite nanoparticles. The metal—
oxygen—iron (M—O—Fe) bonds remaining after the thermal
decomposition process may guide the successful formation of
metal ferrite nanocrystals. In contrast, when the metal and iron
do not form a single cluster with a bimetallic-oxo core
structure, this mixture of metal precursors cannot readily yield
ternary oxide nanoparticles. Instead, the resulting nanoparticles
are a mixture of two types of nanoparticles.

Rearrangement of the Metal Oleate Complexes.
Ternary oxide nanoparticles have been synthesized not only

from single bimetallic precursors but also from a mixture of
two types of monometal precursors. Gupta et al. reported that
the CoFe,O, nanoparticles can be synthesized from a mixture
of Fe**-oleate and Co?*-oleate complexes.”” The ternary oxide
nanoparticles synthesized from the precursor mixture can also
be explained by the formation of bimetallic precursors. We
prepare the Fe’*-oleate and Co*'-oleate complexes separately,
and then mix them in a 2:1 molar ratio. After mixing for 1 h at
70 °C, the Fe**-oleate and Co*'-oleate mixture successfully
rearranges to CoFe,O(oleate), complexes (Figure 6a). The
resulting CoFe,O(oleate)s complexes from the two metal
oleate complexes can also be used as precursors for CoFe,0,
nanoparticles (Figures 6b,c and S13). The flexibility for
rearrangement highlights the importance of the trinuclear-oxo
core structure in the synthesis of ternary oxide nanoparticles.*®

B CONCLUSIONS

In this study, we investigate the correlation between the
composition of precursors and final products in the synthesis
of metal ferrite nanoparticles. When the precursors or early
stage species form trinuclear-oxo clusters that contain both
metal ions, ternary oxide nanoparticles are successfully
synthesized. We believe that our study provides insight into
the synthesis of monodisperse nanoparticles with complicated
compositions.
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