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Effect of manganese substitution of ferrite
nanoparticles on particle grain structuref

Zichun Yan, (22 Anish Chaluvadi, )" Sara FitzGerald, )¢ Sarah Spence, (02
Christopher Bleyer,? Jiazhou Zhu,}® Thomas M. Crawford,® Rachel B. Getman, (®
John Watt, 2 Dale L. Huber ©® and O. Thompson Mefford (2 *

To investigate the influence of manganese substitution on the saturation magnetization of manganese
ferrite nanoparticles, samples with varicus compositions (MnFes_ O, x =0, 0.25, 0.5 0.75, and 1} were
synthesized and characterized. The saturation magnetization of such materials was both calculated using
density functional theory and measured via vibrating sample magnetometry. A discrepancy was found;
the computational data demonstrated a positive correlation between manganese content and saturation
magnetization, while the experimental data exhibited an inverse correlation. X-ray diffraction (XRD) and
magnetometry results indicated that the crystallite diameter and the magnetic diameter decrease when
adding more manganese, which could explain the loss of magnetization of the particles. For 20 nm
nanoparticles, with increasing manganese substitution level, the crystallite size decreases from 10.9 nm
o 63 nm and the magnetic diameter decreases from 151 nm to 35 nm. Further high resolution
fransmission electron microscopy (HRTEM) analysis confirmed the manganese substitution induced
defects in the crystal lattice, which encourages us to find ways of eiminating crystalline defects to make
more reliable ferrte nanoparticles.

Introduction

Metal substituted ferrite nanoparticles (Me.Fe;_.0,, Me = Mn,
Co, Ni, and Zn, efc. ) have been utilized in a variety of biomedical
applications, including magnetic hyperthermia'* dmg
delivery,** and magnetic resonance imaging (MRI) contrast
agents.” ™ Me_Fe,_.0, ferrite has a spinel structure [AB,0,) that
can be described as a face-centered cubic arrangement of
oxygen atoms where substitute metals and iron locate in the
tetrahedmal (A site) and octahedral (B site) sites. Saturation
magnetization is one of the most important characteristic
properties of magnetic materials. It represents “how magnetic”
the materal can be magnetized to become and is directly
proportional to the sum of the magnetic moments of the metal
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cations.™ As the magnetic moments in A sites and B sites are
antiparallel, the total magnetic moment of the femite is
dependent on the choice of the metal cations and the distri-
bution of cations between A and B sites. Therefore, such
a structure offers a great opportunity to tune the saturation
magnetization of metal substituted ferrites by changing the
composition vig chemical manipulations.

Among different transition metal femrites, manganese
substituted ferrite nanoparticles have been used for magnetic
heating®*"* and extensively studied as candidates for T, MRI
contrast agents due to their high saturation magnetizations.” ™
To investigate the influence of the composition on the proper
ties of manganese substituted ferrite nanoparticles, several
variations of the structures have been synthesized and chamc
terized.*** For example, Yang et al reported that the compo-
siion of Mng,3Fe;5;0, offers the highest saturmation
magnetization (Ms = 89.5 emu g ') and optimal T, contrast
ability of nonstoichiometric manganese ferrite nanoparticles by
testing compositions from Mny, to Mn, 4" Instead of having
a maximum saturation magnetization, the study from Li ef al.
showed that for Mn.Fe, 0, (x = 0.11, 0.18, 0.29, 0.44, and
0.49), the saturation magnetization minimizes at the composi-
tion of x = 0.29 (Ms = 59.3 emu g ').* Another work showed
that when increase the manganese content from x = 0.13 tox =
0.36 the saturation magnetization decreased from 81 to 72 emu
g~ '.*? Although the manganese ferrite nanoparticles in the three
examples mentioned above were synthesized by similar thermal
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decomposition methods, there is no consistent relationship
between the composition and the saturation magnetization of
the manganese ferrite nanoparticles. Therefore, in this study,
we wish to better understand how the composition of manga-
nese ferrite influences its saturation magnetization and attempt
to explain the discordance with analysis of the nanostructures
in the nanoparticles.

Herein, manganese ferrite nanoparticles with precisely
controlled size and composition were synthesized via thermal
decomposition method and magnetic properties were
measured afterwards. Density functional theory (DFT) was used
to calculate the saturation magnetizations of manganese
ferrites with the Mn cations arranged in different interstitial
sites within the bulk crystal soructure and the results were
compared with the experimental results.

Experimental

Iron(m) acetylacetonate, manganese(n) acetylacetonate, styrene
(=99%), and divinylbenzene (tech. 80%) were purchased from
Sigma Aldrich; oleic acid (90%) was purchased from Fisher
Scientific; 1-octadecene (90%), docosane (90%) were purchased
from Acros Organics. Ethanol, hexane, acetone, and nitric acid
were purchased from BDH. All reagents were used without any
further purification.

Synthesis of manganese ferrite nanoparticles using
acetylacetonates

The synthetic procedure was adopted from a reported method
with adjustment.™ Briefly, to synthesize manganese ferrite
nanoparticles (Acac sample, targeted 10 nm), iron acetylaceto-
nate and manganese acetylacetonate (3 mmaol in total) were
mixed in 3 mL oleic acid and 5 mL 1-octadecene. The mixture
was mechanically stirred and refluxed at 325 °C under constant
flow (0.2 L m™") of nitrogen for 2 hours before cooling down to
room temperature. The composition of the nanoparticles was
changed by changing the ratio between iron and manganese
precursors while keeping the total molarity constant to ensure
similar final sizes. The compositions for each batch were aimed
at Mn Fe, 0, (x = 0, 0.25, 0.5, 0.75, and 1) and were thus
named Mn,—Acac (x = 0, 0.25, 0.5, 0.75, and 1).

Synthesis of manganese ferrite nanoparticles using oleates
The synthetic method of choice may significantly change the
property of the material. It was shown iron oxide nanoparticles
can be synthesized with different precursors and the properties
of the resulting products can be significantly different.®
Therefore, in this study, we chose oleate precursors to synthe-
size 10 nm manganese femrite nanoparticles besides using ace-
tylacetonate precursors.

The synthetic procedure was adopted from a previous study
with changes.*** Brdefly, iron(m) oleate [or manganese(u)
oleate) were made by reacting 40 mmol ferric chloride (or
manganese(n) chloride) salts with 120 mmol sodium oleate
(&80 mmaol for manganese oleate) in a refluxing solvent mixture
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of hexane (140 mL), ethanol (80 mL), and water (60 mL) for 4
hours. The metal oleates were obtained by evaporating hexane
from the upper layer and precipitated by washing with acetone.
The final waxy solid was dried in a vacuum oven overnight at
room temperature before use. To synthesize 10 nm manganese
ferrite nanoparticles, iron{m) oleate and manganese(n) oleate
(3 mmaol in total) were mixed in 3 mL oleic acid and 15 mL 1-
octadecene. The mixture was refluxed and mechanically stirred
under nitrogen at 365 °C for 1.5 hours. This series is named
Mn,—oleate-1 (x = 0, 0.25, 0.5, 0.75, and 1).

The size of nanoparticles plays a critical role in affecting the
magnetic properties of the ferrite nanoparticles.** Therefore,
larger particles were synthesized with the same oleate precur
sors. To synthesize 20 nm manganese ferrite particles, 9 mmol
metal oleates, 9 mL oleic acid, and 9 mL 1-octadecene were
used, and this seres is named Mn,—oleate-2 (x = 0, 0.25, 0.5,
0.75, and 1). After the reaction, the product was washed by
mixing the product with 60 mL ethanol and centrifuged at
10 000 rpm for 3 min to precipitate the particles. The washing
process was repeated until the supernatant became clear.

Transmission electron microscopy (TEM ) analysis

Electron microscopy was conducted at the AMRL EM facility,
Clemson University, and the Center for Integrated Nanotech-
nologies, Sandia National Laboratories. TEM images for size
analysis were taken using Hitachi H7830 at 120 kV with 200
mesh carbon-coated copper grids. High-resolution trans-
mission electron microscopy (HRTEM) images were taken on an
FEI Titan ETEM 80-300 (FEL, Hillsbom, Oregon) with Image Cs
corrector, operating at 300 kV. Energy dispersive X-ray spec
troscopy (EDS) mapping was done using Hitachi SU9000 under
&0 kV. The images were further analyzed through Image J [NIH,
open source). Size distribution was obtained by randomly
selecting more than 300 distinct particles from images with
a magnification of 100k

Vibrating sample magnetometry (VSM)

VSM was done using a physical property measurement system
(PPMS, Quantum Design, Inc.) The samples were prepared by
fixing the particles in the matrix of poly styrene-divinylben-
zene ™ The monomer mixture was cured at 90 °C with azo-
bisisobutyronitrile (AIBEN) as initiator and the high tem perature
and convection will keep the parmticles evenly distributed.
Magnetization curve was measured with a maximum field of
20 000 Oe (15954 kA m™') at 5 K and 300 K, respectively.
Inductively coupled plasma optic emission spectroscopy (ICP-
OES) was used to determine the mass of metal elements in
each sample with sample digestion. The mass of particles was
then calculated by assuming the particles have a Mn Fe;_ .0,
structure. The mass of particles was further used for converting
measured magnetic moment [emu) to magnetization (emug™?,
A m® kg '). The measured magnetization versus field curves
were fitted to the Langevin function weighted using a log-
normal size suggested by Chantrell ef al*” This method is also
described in previous studies.™ ™ In this study, the fitting was
done using SPfit, a MATLAR based program that was developed

& 2022 The Author(s) Published by the Royal Society of Chemistry
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by GM Saladino.*™* The temperature was set to 300 K and the
bulk saturation magnetization was set to 446 kA m™'**
should be noted that this model assumes non-interacting

particles.

Inductively coupled plasma optic emission spectroscopy (ICP-
OES)

Samples were placed into 20 mL scintillation vials and incu-
bated at 500 °C ovemight under ambient air. The resulting
solids were then dissolved with 70% nitric acid (1 mL) at 100 °C
and kept heating until completely dry. Then 10 mL 2% nitric
acid was added into each vial and vortexed for 3 min to ensure
solvation. The sample solutions were filtered through 0.2 pm
syringe filters before measurement. Standard solutions
(100 ppm, 50 ppm, 10 ppm, 5 ppm, 1 ppm, and 0.5 ppm) con-
taining iron and manganese were prepared by diluting a stan-
dard purchased from VWR. The measurement was conducted
with a Thermo Scientific iCAP 7200 ICP-OES in radial mode
using the standard instrument operating conditions. Optical
emission was monitored at the wavelengths of 259,940 nm (Fe)
and 257.610 nm (Mn).

X-ray diffraction (XRID)

Powder X-ray diffraction was performed with a Rigaku Ultima
diffractometer. The particles were dispersed in n-hexane
(approximately 50 mg mL™") and then dropped on a glass
substrate. The particles were then deposited by the evaporation
of the solvent. All samples were scanned with 0.5° min™ from
25° to 65° with a copper Kz X-ray (i = 1.54 A). The results were
analyzed using PANalytical X'Pert HighScore Plus. The peak
broadening caused by the size effect were roughly estimated
using Scherrer's equation. More explanation will be found in
the results and discussion section.

DFT calculations

Simulated structures were based on the bulk structure of Fe,0,
(magnetite). We specifically employed a supercell with an initial
stoichiometry of Fey 05, A total of up to eight Mn ions were
substituted for Fe in the Fe,,04 structure to obtain composi
tions of Mn,Fe,.05,, Mn,Fe.,05., MngFe, 05, MngFe, .05, for
both inverse and nommal spinel structures (see Fig. S3t).
Magnetic moments were calculated with the VASP (Vienna Ab
initio Simulation Package) software.* ™ Electron exchange and
correlation were treated using the Perdew-Burke-Ernzerhof
(PBE)*™ functional with the energies of core electrons being
simulated using the projector augmented wave [PAW) pseudo-
potentials™* to a cutoff energy of 520 eV. All calculations
included spin-polarization. The DFT + U formalism*-* was
utilized to capture the strong coulombic repulsion for 3d elec
trons on the Mn and Fe atoms and to further prevent the
delocalization of electrons in these semiconducting materals.
Electronic structures were converged self-consistently until the
difference in electronic energies between subsequent steps fell
below 1077 eV. Unit cell geometries were converged iteratively
until the difference in energy between subsequent steps fell
below 107* eV. Full details about model development, DFT

& 2022 The Author(s) Published by the Royal Society of Chemistry
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calculations, and conversion of the calculated magnetic
moment to saturation magnetization are provided in the ESL{

Results and discussion

Experimental particle size and composition analysis

To study the influence of manganese content on the magnetic
properties of manganese substituted ferrite nanoparticles, we
need to have good control of particle size and morphology since
these factors also influence the magnetic properties of ferrite
nanoparticles. The sizes of the particles were determined by
TEM. The results are shown in Table 3 and plotted in Fig. 1
(right). Although the composition of each batch varied, foreach
series of samples, the particle diameters stayed relatively close
to the target. It seems that changing the ratio between the iron
precursor and manganese precursor did not play a significant
mole in changing the overall particle sizes. It is important to
exclude the size effect on the magnetic properties to find the
relationship between the magnetic properties and the compo-
sitions of the particles, thus, the synthetic methods provided
good materials for further measurements.

The composition of the nanoparticle samples was measured
with EDS and ICP-OES. The two measurements have their own
merits. We used EDS mapping to analyze the elemental distri-
bution in the particles, as shown in Fig. 2. Based on the
mapping, it appears that both iron and manganese are evenly
distributed in all the particles of Mngos—-Acac. ICP-OES
measures the overall mass of metal elements in the digested
sample, while EDS gives the relative amount of each element at
a microscopic level. This means that both ICP-OES and EDS can
be used for calculating the composition of the particle samples
if we assume a Mn,Fe;_ 0, formula. Taking the Acac series as
an example, as shown in Table 1 and Fig. 3, both ICP-OES and
EDS data are close to the targeted composition with differences
within acceptable error. Therefore, later on, for the two oleate
series, we used ICP-OES as a standard method to analyze the
composition of each sample, and the results are shown in Table
1. The manganese content in the oleate-1 and oleate-2 series
was lower than the targeted level, which was also observed

Table 1 The value of x ina MnFes O, compostion calculated from
ICP-0ES data (EDS data)

Mn, Mg My, 5 Mgz Mn,
Acae 0.00 (0.00) 0.24 (0.23) 0.42 (0.47) 0.70 (0.68] 1.00 [0.99)
Oleate-1  0.07 0.18 0.32 0.47 0.64
Oleate-2  0.01 0.20 0.35 0.60 0.78

Table 2 Saturation magretization (VSM) at 300 K of particles of
different batches (A m* kg™

Mg Mg 35 Mg 5 Mg 75 My,
Acac 45.59 4261 22.67 19.87 1245
Oleate-1 56.69 5640 43.34 32.40 2345
Oleate-2 72.89 6284 44.99 27.37 2542
MNanoscale Adv
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Table 3 Particle diameters measured by TEM in comparson with crystallite diameters and lattice parameters measured by XRD, and magnetic

diameters
TEM mean diameter XRD crystallite Magnetic diameter Lattice parameter
[nm) diameter (nm) (311) [nm) Aja11)
Acac Mng 110+ 31 35 7303 8.3
Mng a5 77+ 21 39 5801 8.4
Mng.s 7415 31 4.6 £ 0.2 8.5
Mg g B3 +25 35 4.2 +0.8 X ]
My 76 +21 27 N/A 8.6
Oleate-1 Mng 9.5+ 07 4.9 8102 8.3
Mng a5 10,1 £ 0.7 4.6 7803 8.4
Mng.s 94+ 0.8 a9 6.4 £ 0.5 8.4
Mg 7= 9907 a7 4.7 09 8.5
My 9.8 + 0.8 a1 N/A X ]
Oleate-2 Mng 20,5+ 1.3 10,9 151 £ 0.6 8.3
Mng a5 210+ 14 o4 110+ 1.3 8.4
Mng 5 178+ 11 7.6 3502 8.4
Mng s 238+ 28 6.8 M/A 8.5
My 20.3 + 16 6.3 N/A 8.5

previously by other authors.®** Garcia-Soriano ef al. provided
a nice comparison to other authors demonstrating this
phenomena™ as well as Lasheras ef al using X-ray absorption
near edge structure (XANES) to determine the oxidative state of
the Mn and Fe ions.” The measurement of ICP-0ES on the VSM
sample is critical to the analysis of the VSM data because the
measured magnetic moment is proportional to the total quan-
tity of the magnetic particles in each measured sample. With
ICP-OES, the total mass of iron, manganese, and ferrite parti
cles, can be calculated, and the mass of particles was then used
to nommalize the magnetic moment.

Magnetic measurement
The magnetic moment value measured by VSM is proportional
to the total mass of magnetic particles. To know the accurate

mass of particles in each sample, the VSM samples are digested
and measured by ICP-OES. The magnetization curves are

measured with a maximum field of around 1600 kA m ™. An
example of the magnetization curves of the 20 nm oleate-2
series is shown in Fig. 4. The magnetization at 5 K is slightly
larger than the magnetization at 300 K for each sample. At 300
K, there is no obvious coercivity for the samples measured at
300 K showing a typical superparamagnetic behaviour. As seen
in Fig. 4, the saturation magnetization of each sample differed
significantly, and the saturation magnetization values at 300 K
for all samples are presented in Table 2. To better draw a satu-
ration magnetization—composition relationship, the data are
plotted in Fig. 5, along with saturation magnetization values
from the DFT calculations (lowest energy structures). It should
be noted that the DFT calculations indicate normal spinel
structures are lower in energy than inverse spinel at all
compositions (see section 54 of the ESI{). In addition, calcula-
tions were only made for the extreme cases of purely normal and
inverse structures, whereas it is known that Mn substitutions

Mean Diameter (nm)
B

= Arac
= Dleata-1
4 Olgate-2

E * -
*

b
*ﬁ.:

=
A

SR

T T T T T
Mnd Mn0.25 Mn0.5 Mn{.75 Mn1

Fig.1 TEM image and size distribution histogram of Mng —oleate- 2 (left); the size summary of three series (right). Error bars represent 1 standard

deviation from the mean.
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Fig. 3 Comparison between compodtion measured by ICP-0ES and
EDS.

typically occur 80% in the A site and 20% in the B site leading to
a mix spinel structure.” The experimental data showed that for
each composition, particles with larger sizes generally had
higher saturation magnetizations and for the same size parti
cles the saturation magnetization had a downward trend with
the increase of manganese content. The fitted lines are used to
show the general trend of the saturation magnetization-
composition relationship (does not necessarily mean a linear
relationship) for each sedes of particle samples. In theory,
because Mn** gives the highest magnetic moment among the
3d metals, the incorporation of manganese into the ferrite
structure should provide a higher saturation magnetization.

& 2022 The Author(s) Published by the Royal Society of Chemistry
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However, the experiment produced values were not agreement
with the DFT calculations. This finding motivated us to further
investigate the influence of composition on saturation magne-
tization in comparison with the experimental results.

A comparison between computational and experimental
(20 nm oleate-2) results is shown in Fig. 5 (rght). While the
calculated results indicate that the saturation magnetization
increases with increasing manganese substitution, consistent
with theoretical bulk literature values* for manganese fermrites,
the opposite relationship is shown for experimental results. As
the computational results are based on pristine bulk structures,
this led us to investigate the microstructures of the nano
particles to seek possible explanations for the discrepancy
between the computational results and experimental results.

Crystallographic analysis

The origin of the reduction of magnetization of iron oxide was
analyzed and reported previously.™ It seems that the reduction
of magnetization is due to the impurities in the crystalline
structures of the nanoparticles. To further study the crystal
structure of the nanoparticles and explain the discrepancy
between the computational and experimental results, the
particles were measured by XRD and HRTEM.

The XRD showed that all the samples with different Mn
content have a spinel structure (manganese femrite or magne-
tite) as shown in Fig. 6. The nano-size of the particles contrib-
utes to the peak broadening in the diffractogram significantly,
and the crystallite size can be estimated by applying Scherrer's
equation: crystallite size = KA/([FWHM = cos(f]), where K is the
shape factor and K = 0.94 for this case. FWHM is the full width
at the half maximum of the selected peak 1is the wavelength of

MNanoscale Adv
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Fig. 5 Saturation magnetization at 300 K of different samples (left). Comparison between computational and experimental (oleate-2, 20 nm)

data of different levels of Mn substitution (right).

the X-ray (Cu Ka, 1.54 A), and 6 is the diffraction angle. The
lattice parameters can be calculated using Bragg's equation: d =
nA/(2 sin(f)), where d is the interplanar distance and n is the
diffraction order. For a face-centered cubic structure, the lattice
parameter: a = \/(h* + k> + I?)/d?, where (h k I) is the corre-
sponding Miller index of the diffraction plane. The most intense
peak at the (311) plane was selected to estimate the crystallite
size and lattice parameter, and the results are listed in Table 3.
The TEM measured particle sizes, and the fitted magnetic
diameters are also shown in Table 3. In general, for each series
(Acac, oleate-1, and oleate-2), the crystallite size and the
magnetic diameter decrease when the manganese content
increases. Some of the samples with high manganese content
were unable to properly fit with the program, which is probably
due to the extremely small crystallite size and the magnetization
curves are too paramagnetic for the program to fit (see ESIT for
more information).

The plots in Fig. 7 showed the influence of composition on
the crystallite size and the lattice parameter. The fitted lines are
only for drawing the general trends and they do not necessarily
mean the relationships are linear. Although, there are other
factors that may also contribute to the peak broadening, such as

Nanoscale Adv.

microstrain, or instrumental broadening, the broadening
caused by crystallite size effect is the most remarkable one and
the general trend will be the same if other factors are
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Fig. 6 XRD results of 20 nm oleate-2 samples.
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Fig. 7 Crystallite sizes (left) and lattice parameters (right) of different samples calculated from XRD results.

considered. As seen in Fig. 7, regardless of the synthetic method
and the size of the particles, for each series, when increasing
manganese content, the crystallite size decreased, and the
lattice parameters increased. The lattice parameter increase
with the metal substitution was previously reported for zinc
substitution,*~>” and for manganese substitution.” Comparing
to the particle sizes measured by TEM, the crystallite sizes are
much smaller. The particles either have very low crystallinity or
have polycrystalline structures. Fig. 8 revealed the microstruc-
tures inside the 20 nm oleate-2 particles. Fast Fourier

Transformation (FFT) of a selected particle showed that the
particles are highly crystalline, and the Inverse Fast Fourier
Transformation (IFFT) operation on the brightest spot enabled
us to see the lattice planes in the particles, as shown in Fig. 8c
and f. In the IFFT images, Fig. 8c and f, lattice defects are seen
especially for the samples with manganese substitution. It
seems that the addition of manganese during the synthesis
induced the formation of defects in the crystals and this
explains the increase of lattice parameters with manganese
substitution. The lattice parameters were calculated from the

Fig. 8 HRTEM image of 20 nm oleate-2 samples. (a) HRTEM image of Mng oleate-2 and FFT image of the marked area; (b) zoom-in image of the
marked area in (a); (c) inverse FFT image of FFT in (b). (d) HRTEM image of Mn; oleate-2 and FFT image of the marked area; (e) zoom-in image of

the marked area in (d); (f) inverse FFT image of FFT in (e).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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peak shift in the XRD diffractograms, which exhibits the overall
value of the sum of particles instead of a single particle. Such
defects also resulted in smaller crystallite sizes and larger
microstrain of the crystals which explains the peak broadening
in the XRD results and could also explain the reduction of
magnetization of the manganese substituted ferrite particles.
Unfortunately, in the previous studies related to substituted
ferrite materials, insufficient attention was paid into the control
of microstructures of the nanoparticles via chemical synthesis,
which led to the inconsistency concerning the composition-
property relationships as discussed in the introduction.
Undoubtedly, more efforts on improving the crystallinity of the
synthesized particles are needed to reconcile the experimental
results with the computational results. With better control of
the crystallinity of the synthesized nanoparticles, more under-
standings of the structure-property relationship will be
explored in the future.

Conclusions

In this study, to study the correlation between the composition of
manganese substituted ferrite nanoparticles and their saturation
magnetization, nanoparticles were synthesized and characterized
with precisely controlled size and compositions. The saturation
magnetization was experimentally measured by VSM and calcu-
lated with DFT. The computational data suggested that the
saturation magnetization increases with increasing the manga-
nese content, while the experimental saturation magnetization
becomes lower at higher manganese substitution levels. Further
analysis of structure of the nanoparticles indicates that the
incorporation of manganese results in the formation of defects in
the crystalline structure and the shrinkage of the crystallite size,
which lead to the reduction of saturation magnetization of the
ferrite particles. This unexpected structure encourages us to put
in more efforts to the synthesis of ferrite nanoparticles with
minimized crystalline imperfections.
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