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ABSTRACT: We report on the realization of particle size, morphology, and _

chemical composition controlled cobalt ferrite nanoparticles (CFO NPs) with 3 |Za-5 3
tunable magnetic properties for application in electronic and electromagnetic & |-4-s3 8
devices. The effect of oleic acid concentration (0.0—0.1 M) on the structural, § c
physical, chemical, electronic, and magnetic properties of solvothermally 5 & 'g
synthesized CFO NPs is investigated in detail by using the oleic acid (OA) 2 e _.g
based chemical method for synthesis. Crystalline, cubic, and chemically $ -
homogeneous CFO NPs (5—15 nm) can be obtained by controlling the OA g o
concentration. Spectroscopic analyses revealed that the OA molecules form % 8
covalent bonds with CFO NPs. The particle-size control was achieved by (2
bridging bidentate interactions between the OA molecules and CFO NPs.

Detailed magnetic measurements revealed that the OA concentration helps to Outersradiu;o(nm) 15 gh ell thiikn ess (“nm)

effectively control the magnetic behavior of particle-size-controlled CFO NPs.

The interfacing between OA molecules and CFO surface atoms leads to

modified magnetism which is the key to understand the underlying mechanisms and utilize magnetic nanoparticles in practical
applications. The anisotropy constant variation directly with nanoparticle size indicates that the magnetocrystalline component
governs the magnetic anisotropy in OA coated CFO. Removal of OA (after thermal treatment) induces enhanced magnetic
anisotropy and exchange bias as consequence of surface component. The results and analyses suggest that the molecular coating
of nanoparticles offers the most important and critical step to design novel nanostructured magnetic materials for current and
emerging electronic device technologies.

KEYWORDS: cobalt ferrite, nanoparticles, surface coating, oleic acid, structure, magnetism

I. INTRODUCTION for integration into many of the current and emerging

) . ) . 1-10
Magnetic nanostructured cobalt ferrite, CoFe,O, (CEO), has electronic and electromagnetic device apphcatlons. _ Most
the vast potential for applications in several technologies." "’ recently, CFO NPs have been attracting the attention of
CFO nanoparticles (NPs) and nanomaterials find application scientific and research community for their effective utilization
in magnetic hyperthermia, molecular imaging, electronics, in flexible and organic electronics, specifically in field effect

spintronics, information storage, supercapacitors, drug delivery, transistors gITOETS) and memory devices for high-performance
magnetic resonance imaging, and catalysis.'”® Recently, computing.” - For instance, functionalization of diphenylala-
nanostructured CFO has been proposed as a candidate nine-based self-assembled nanotubes with CFO magnetic NPs
material for the field emission based electronic display
devices.” By virtue of exceptional cubic magnetocrystalline Received: November 7, 2018
anisotropy, which is (1.8—3.0) X 10° erg/cm?® and tunable Accepted: February 26, 2019
electrical properties, CFO NPs have been widely considered Published: February 26, 2019
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provides an approach to realize the organic FETs with much
lower operating voltages.” Also, realization of high-perform-
ance nanofloating gate memory (NFGM) devices (transistor
type memory devices) has been reported using CFO NPs as an
active dielectric in an organic—inorganic based multilayered
device."” It has been reported that, compared to other metal
oxide NPs, the tunable electrical conductivity, excellent
chemical stability, and mechanical strength of CoFe,O, NPs
account for their enhanced performance in these transistor-
type memory or NEGM devices.'” It must be noted that for
electronic and electromagnetic applications such as emission
displays, electron sources in electron microscopes, X-ray
sources, and memory-based electronic devices, optimum or
enhanced device performance can be achieved by controlling
the morphology, particle size, and composition of nanoscale
materials.”""

In all of the aforementioned electronic devices and related
applications, especially in the emerging field of flexible
electronics and electromagnetics, the following approaches
were considered to effectively control the structure and enable
practical utilization of MNPs: (a) interfacing the surface layers
with MNPs; (b) functionalization or forming composites with
MNPs; (c) coatings as a protective layers on the MNPs.
However, it is well-known that the magnetic interactions,
where NPs’ surface atoms dominate functional activity,' > play
a major role in governing the underlying science of nanoscale
magnetic systems. In addition, it has been reported that the
interparticle interactions strongly influence the magnetic
behavior of NPs and its assembly.'* The application of
MNPs is always a concern; concentrated assemblies of
individually responding magnetic entities are required.'””
However, it is difficult to meet the condition due to the fact
that interparticle dipole—dipole interactions are strongly
enhanced by increasing MNPs’ size and/or concentration."
Therefore, surface coating of NPs represents a useful and
valuable tool to control their properties and prevent NPs
aggregation. However, detailed studies on this subject are
rather poor while some contradictory results exists.">~'” The
coating materials (molecules) can modify the structural,
chemical, electrical, and magnetic properties of core
NPs;'' ="'~ it has been widely documented in the
literature that the coatings and/or surfactants change particle
interactions, surface anisotropy, and saturation magnetiza-
tion.'”~"?

Using oleic acid (OA) is an effective approach for coating of
particles.”’ Existing few studies on OA coated iron oxides
demonstrate strong effect on their magnetic properties.”' >
However, these studies cannot be considered conclusive in
terms of particle size—composition—property correlation due
to the fact that the investigated and compared CFO NPs are
not prepared by the same chemical route.” ~*® Furthermore, it
is well-known that synthetic methods and various experimental
conditions can strongly affect the individual particle size,
particle distribution, and morphology of the NP system. While
the effects of OA on the properties of resulting materials are
extensively investigated, evidence on the effect of OA
concentration on the crystal growth, surface/interface chem-
istry, and agglomeration of CFO NPs remains scarce. In this
context, we aim to develop a better and deeper understanding
of the OA effect on the crystal structure, morphology, chemical
bonding, electronic structure, and magnetic properties of CFO.
To achieve this scientific goal, we performed a systematic,
comprehensive investigation using a wide variety of advanced
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microscopic and spectroscopic analytical methods to explore
the effect of OA concentration on the physicochemical
properties of CFO NPs synthesized by solvothermal method.
Our results demonstrate that the increasing OA concentration
induces the particle size reduction, which in turn effectively
controls the strength of dipolar interparticle interactions in
CFO NPs and dictates their magnetic properties. Moreover,
the CFO NPs synthesized using the present approach exhibit
the remarkably higher coercivity values compared to bulk CFO
in addition to OA concentration facilitating the tuning of
structure and magnetic properties, which may be quite useful
for the aforementioned electronic device applications. The
results obtained are presented and discussed to establish the
particle size—composition—magnetic property correlation in
CFO NPs synthesized by the OA mediated solvothermal
process.

Il. EXPERIMENTAL DETAILS

A. Sample Preparation. The CFO NPs were synthesized using
the solvothermal approach by varying the OA concentration. All the
analytical grade (AR) reagents (Sigma-Aldrich) were used as received.
During the preparation, cobalt nitrate (Co(NO;),-6H,0) and iron
nitrate (Fe(NO,;);9H,0) in stoichiometry proportion (1:2) were
added to ethylene glycol (EG) solution, and the mixture was stirred
well. By adding urea solution and then OA drop-by-drop, pH of
solution was adjusted to 12 and total solution volume as 2/3 of the
total volume of autoclave (250 mL). After that, the solution mixture
was treated under solvothermal condition at 180 °C for 24 h. The
particles were then separated by centrifuge using the final solution
with DI water and ethanol several times. The resulting black
precipitates were dried (overnight) in an oven at 100 °C. Following
the same procedure, CFO NPs with 0.01, 0.05, and 0.1 M OA were
synthesized and denoted as S1, S2, and S3, respectively.

B. Characterization. Thermogravimetric Analysis (TGA).
Thermogravimetric analysis (TGA, METTLER TOLEDO) was
employed to obtain the percentage of OA present on the NPs surface.

Electron Microscopy. Field-emission scanning electron microscopy
(FE-SEM, Karl ZEISS JEOL) and transmission electron microscopy
(TEM, FEI-Tecnai-G2) imaging analyses were used to understand the
CFO surface morphology and particle size distribution. Analysis
(Image-J software) of the micrographs was made to estimate the CFO
NPs’ size and distribution. The high magnification TEM imaging was
done in order to quantify, more precisely, the role of OA
concentration on the physical characteristics of CFO NPs. TEM
images were obtained after placing a single drop (10 uL) of the
aqueous solution onto a copper (Cu) grid coated with carbon film.
The grid was allowed to dry in air at room temperature naturally.
High-resolution images were acquired using FEI Titan XFEG 60—300
kV spherical aberration-corrected microscope. Energy dispersive X-ray
spectrometry (EDS) was used for the compositional analysis of
pristine NPs. The EDS measurements were performed in the
respective electron microscope. For consistency and reliable
information, the CFO NPs prepared on the Cu-grid for TEM
analyses were employed for the EDS measurements.

Small Angle X-ray Scattering (SAXS). To further understand the
morphology and particle size and their distribution characteristics,
CFO samples were probed by SAXS for which the measurements
were carried out using a Rigaku small angle goniometer mounted on
rotating anode X-ray generator. In these measurements, scattered X-
ray intensity I(q) was recorded using a scintillation counter with pulse
height analyzer by varying the scattering angle 20.”” The intensities
were corrected for sample absorption and smearing effects of
collimating slits.”” In SAXS, the mesoscopic density fluctuations in
a material are represented by scattered intensity I(q), where q is the
scattering vector.”® In the present case, the scattering occurs due to
the density fluctuations arising from the basic spherical shell CFO
NPs. The scattering profiles of all the samples were analyzed based on
polydisperse spherical particle model under monodispersed approx-
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imation.”” For the correlated structures of CFO NPs, interparticle
mass fractal structure factors were taken into consideration for each
sample. The spherical shell form factor is parametrized with an inner
radius R, and outer radius R; of particle. A more detailed account of
fitting procedures and underlying theory of SAXS is presented in the
Supporting Information.

X-ray Diffraction (XRD). D8-Advanced Bruker X-ray powder
diffractometer was used to perform XRD measurements using Cu
Ka radiation (4 = 1.5406 A). Powder sample was scanned slowly over
a 20 range of 20—80° at a scanning rate of 4° min . Rietveld
refinement was employed to obtain detailed structural information on
the CFO NPs. To generate theoretical XRD patterns, ICSD data with
collection code 109044 were used.

Infrared and Raman Spectroscopy. To better understand the
adsorption mechanism of the OA on the surface of CFO NPs, the
Fourier transform infrared spectroscopic (FTIR) measurements were
performed on pure OA and CFO NPs prepared with a variable OA
concentration. The FTIR spectra of powder samples were recorded
with the FTIR spectrometer (JASCO-6100) in the range of 400—
4000 cm™'. Nanoparticles were analyzed by dispersing powders in
KBr as 1:4 ratios followed by grinding and prepared the pellets. In
addition to FTIR measurements, Raman spectroscopic measurements
were made to probe the chemical effects of OA and its concentration
on the chemical bonding and local structure. Raman spectroscopic
studies were performed on an InVia Micro RAMAN (Renishaw)
spectrophotometer with 532 nm laser excitation. The recorded
Raman spectra of all the samples were fitted by superposition of
Lorentzian peak shape function.

X-ray Photoelectron Spectroscopy (XPS). Chemical composition
analyses were made using X-ray photoelectron spectroscopy (XPS).
Al Ka (1486.6 eV) X-ray source was employed for XPS measure-
ments.

Magnetic Measurements. Magnetic measurements were per-
formed using the Quantum Design (QD) Evercool II PPMS-6000.
The magnetization hysteresis (M-H) loops were measured at 385 and
S K by applying the magnetic field up to +60 kOe. The temperature
dependent magnetization, i.e., M(T), was measured under an applied
magnetic field of 100 Oe and over a temperature range from 10 to 395
K and zero-field-cooling (ZFC) and field-cooling (FC) conditions.

lll. RESULTS AND DISCUSSION

A. Morphology, Crystallography, and Structural
Chemistry. Electron Microscopy. The FE-SEM images
shown in Figure SI represent the morphology of the CFO
NPs prepared with different OA concentrations. The images
confirm that the particles are nanosized and spherical in shape.
Agglomeration among the NPs increases slightly with
increasing OA concentration. The high magnification TEM
data provided, more precisely, insights into the role of OA
content on the CFO NPs’ size and morphology. The TEM
data are presented in Figure 1. The particle sizes (Dygy)
obtained from TEM are ~10.83 + 1.02 nm and ~6 + 1.02 nm
with the polydispersity indexes (¢) ~0.21 nm and ~0.29 nm
for S1 and S2, respectively. As seen, the CFO NPs size
decreases with increasing OA concentration. Note that the
complexity of chemical solutions, ie., slight changes in
experimental conditions, can strongly influence the particle
size and morphology.3'0 In the present case, while the solvent,
heating profile, reaction time, total concentration of precursors
of 0.3 M were maintained constant, size reduction is noted
for CFO NPs as a function of precursor-to-surfactant ratio. It
has been observed that the NPs were self-assembled due to
magnetic interaction and result into a bunch of NPs.
Diffraction circles from (220), (311), (400), (511), (440),
(531), and (444) crystal planes of CFO are noted in SAED
data (Figure 2a—c). Also, the presence of lattice fringes with a
spacing of 0.26, 0.48, and 0.47 nm, which correspond to the
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a—20nm

Figure 1. TEM images for S1 (a, b), S2, (c, d), and S3 (e, f) samples,
respectively. Scale is 20 nm for parts a, ¢, e and 10 nm for parts b, d,

and f.

~10 n

(220) and (400) crystal planes of CFO, is evident in HRTEM
data (Figure 2d—f) of S1, S2, and S3 samples, respectively.
These results indicate that the CFO NPs synthesized are highly
crystalline, uniform, and randomly oriented and favorable to
further probe the surface spins’ influence on the magnetism. It
should also be pointed out that the OA concentration
effectively determines the NP size distribution and agglomer-
ation. Thus, using the present approach, one can tune the
nanoparticle size as per the targeted application, especially for
utilization in field emission based electronic display and flexible
electronic devices.

Small Angle X-ray Scattering. The SAXS data are shown in
Figure 3, where the scattering profiles are shown. The
experimental data along with fitted curves are shown for all
the samples, while the detailed fitting procedure/theory is
outlined in Supporting Information. Table 1 summarizes the
structural parameters obtained. The implications of variable
OA content on the CFO physical properties, as derived from
SAXS, can be summarized into two key points. (i) All the
samples have two contributions: (a) basic spherical shell
nanoparticles with mass fractal morphology and (b)
inhomogeneity on a smaller length scale (~2 nm) which
could be due to OA capping over the NPs. (ii) Average size of
CFO NPs decreases with increasing OA concentration. Figure
4 shows the size distribution profiles, which are corroborating
those results obtained from TEM. From this analysis, the
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Figure 2. SAED pattern (a—c) and HRTEM images (d—f) for S1, S2, and S3 samples, respectively.

Y% S1-Exp.
e S1-Fitted

Hhigyp)
y
iy
), o
) oy
R, 0
Wiy,

O S2-Exp.
— S2-Fitted

Intensity (A.U.)

A S3-Exp.
o e S3-Fitted
Sz
u,,,,,,,,/,{’,f{{%f/////é/////

W,
iy 7,/////,, nyy,
i, 4

.\

q (nm1)

Figure 3. SAXS profile in double logarithmic scale for S1, S2, and S3
samples. Solid line represents the fit of model to the experimental
curve.

Table 1. Structural Parameter Obtained from SAXS Data

samples parameters S1 S2 S3
outer radius (R;, nm) 6.32 4.02 3.59
inner radius (R,, nm) 4.35 2.05 1.17
polydispersity index (o, nm) 0.16 0.26 0.33
radius of the monomer (r,, nm) 3.79 337 3.11
size of aggregate (x;, nm) 20.53 44.92 S1
fractal dimension (D) 2.99 2.83 2.81

average outer radius of NPs is found to be 6.32, 4.02, and 3.59
nm for S1, S2, and S3 samples, respectively. It is observed that
the difference between outer and inner radius, i.e., AR, is found
to be <2 nm for S1 and S2, which indicates the OA monolayer
coating (OA length size of ~0.97 nm) for S1 and S2 samples.
On the other hand, AR > 2 nm noted for S3 sample implies
the multilayer OA coating. This agrees well with thermal
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analysis where the weight loss was <20% for S1 and S2
samples, confirming the monolayer coating of OA. Multilayer
surfactant coating occurs for S3 sample for which the weight
loss is >20%. It is noteworthy that the size of the fractal
aggregate and monomer radius also decreases with increasing
concentration of OA.

The marginal differences in the trend of particle-size
distribution, polydispersity index, and mean size as obtained
from SAXS and TEM may be due their specific sensitivity and
origin of the probing. It must be noted that SAXS provides
structural information averaged over a wider region of the
samples and gives the statistically averaged information
whereas electron-microscopy-based techniques such FESEM
and TEM provide direct but local information based on the
region of interest or a selected smaller region. In this
circumstance, it will be more consistent to believe or accept
the structural information obtained via the applied scattering
technique (i.e., SAXS data). As the crucial magnetic properties
strongly depend on the structural parameters of the systems, it
becomes more sensitive when dealing with the materials and
systems at nanoscale dimensions. Overall, the structural and
morphological analyses via TEM and SAXS strongly suggest or
provide evidence that the particle size of CFO NPs decreases
with increasing OA concentration. The energy dispersive X-ray
spectrometry (EDS) analysis of the samples was employed to
understand the chemical composition and homogeneity of the
pristine CFO NPs. The EDS spectrum obtained for all the
samples are shown in Figure S2. The results indicate the as-
synthesized CFO NPs are chemically homogeneous without
any impurities and/or contaminating elements from reagents.
Furthermore, presence of C is expected due to the capping of
OA (CH;—(CH,),—CH=CH-(CH,),—COOH) on the
surface of NPs.

X-ray Diffraction. The primary purpose of XRD analyses is
to understand the effect of OA concentration on the crystal
structure and the average crystallite size of CFO NPs. X-ray
diffraction patterns (Figure S) along with the Rietveld
refinement indicate that all the samples are crystallized in the
cubic structure in agreement with JCPDS card no. 22-1086
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Figure 4. Size distribution obtained from SAXS profile for S1, S2, and S3 samples.
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Figure 5. XRD data of CFO NPs. Rietveld refined XRD patterns
along with experimental data are shown for (a) S1, (b) S2, and (c) S3
samples, respectively.

with a space group Fd3m (227) without any impurities except
for S2. Sample S2 exhibits a weak peak of hematite, Fe,O;,
phase at 26 = 32.29° (JCPDS card no. 33-0664). The crystal
structure parameters resulting from refinement procedure are
listed in Table 2. With increasing OA concentration, the

1832

Table 2. Structural Parameters Obtained from Rietveld
Refinements of XRD Analysis

crystallite
goodness  size (nm) lattice
of fit for (311)  parameter volume of
(GoF) peak (a, A) X-ray densitgf unit cell
sample ) (£0.15) (£0.015)  (dx.rap g/cm’)  (V, nm ?)
S1 0.964 15.4 8.365 5.324 0.585
S2 1.07 8.94 8.393 5.271 0.591
S3 1.01 6.89 8.377 5.302 0.588

diffraction peaks become broader implying the average
crystallite size reduction. The average crystallite size estimated
from XRD data indicates a reduction from 15.4 to 6.89 nm
which agrees with the other reports.”> Thus, by varying the
concentration of OA, one can tune the crystallite size of CFO
NPs. Furthermore, the lattice constants for S1 and S3 samples
are found to be smaller compared to bulk CFO (8.391 A).
Such lower values for NPs compared to bulk may be
predominantly due to reduced dimensionality size-effects,
which also include surface dipole interactions, surface tension,
and cation charge distribution,*" whereas for S2 sample, the
lattice constant value is slightly larger than that of the bulk
CFO which may be due to the presence of hematite phase.
Opverall, it is inferred that the crystallite size decreases while
lattice parameters vary due to change in OA concentration.
From the structural analysis, CFO NP size decreases; however,
agglomeration becomes dominant at higher OA concentration
(83). Thus, fundamentally, OA addition controls the
nucleation, growth, and size of CFO NPs. Variation in
crystallographic parameters was also noted in doped and
size-controlled CFO." In ferrites, the lattice constant is usually
affected by the cationic stoichiometry. However, in the present
case, OA coating has not affected the cationic balance
(confirmed by XPS) but affects the particle size and the
average crystallite size as evidenced in TEM, SAXS, and XRD
analyses. Therefore, lattice parameter variation in CFO NPs
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Table 3. Bond Angle and Bond Length Extracted from Rietveld Refinement for the Samples

bond angle (deg)

bond length (A)

S1 S2 S3 S1 S2 S3
Col—0O-Fe2 125.26 125.25 124.26 dy, = Col-0 2.091 2.098 2.094
dy; = O—Fe2 1.811 1.8172 1.814
dy; = Col—Fe2 3.468 3.478 3.471
O—Fe2-0 109.47 109.47 109.47 dy, = O—Fe2 1.811 1.817 1.814
d,; = Fe2—0 1.811 1.817 1.814
d;;= 0-0 2.957 2.967 2.962
0—-Col-0 90 90 90 dy, = 0—Col 2.091 2.098 2.094
dy; = Col-0O 2.091 2.098 2.094
d;; = 0-0 2.957 2.967 2.962
Col-Col 2.957 2.967 2.962
Col—Fe2 3.468 3.478 3.473
may be following a different mechanism. Note that the 1000 F @)
occupancy and Wyckoff positions of Co** and Fe" cations are ! —_1
nearly same for all the samples at tetrahedral as well as 97.5F
octahedral sites (Table S1). Moreover, different occupancy was [
. . 95.0 |
observed for oxygen anion for all the samples. Therefore, it |
appears that OA established the chemical coordination with 925}
oxygen in the lattice with the covalent bond (from FTIR) < t — — b
being the origin. As a result, overall charge compensation of w00 _é 2)
CFO can become disturbed. Additionally, lattice defects may 8 962l
be generated. All these factors may contribute to variation in - L
lattice parameters. From Table 3, it can be seen that the bond _'5192-5 -
lengths observed at tetrahedral site and octahedral site, i.e., O— g gs.sl
Fe2, O—Col bond lengths, and intercation distances, i.e., L 1 L
Col—Col, Col—Fe2, slightly change with OA concentration. 96 |- (c)
Simultaneously, it is evident from the bond angles observed at sol —S3
tetrahedral and octahedral sites that the S1, S2, and S3 samples L
are stabilized in the cubic structure with almost no local 64
distortion at the tetrahedral and octahedral sites. The O—Fe2— 48 [
O and O—Co02—-0 angles exactly match with an ideal spinel —
0 200 400 600 800 1000

value of 109.47° for all the samples. In addition, the O—Col—
O and O—Fel—O bond angles are found to be in agreement
with the ideal value of 90°. Similarly, in agreement with ideal
value, the angle of Col1—0—Co2, Fe1-0—Co2, Col—0O—Fe2,
and Fel—O—Fe2 bonds is observed to be 125.26° for all the
samples. Therefore, (i) absence of local distortion at
tetrahedral and octahedral sites and (ii) decrease in size
from 15 to 6.89 nm strongly support the major role of oxygen
and covalent bond formation of OA with CFO NPs. Different
values of oxygen occupancy observed from diffraction data also
support the observations made for all the samples.

B. Thermogravimetric (TGA) Analysis. The TGA data
(Figure 6) reveal distinct four- and three-step weight loss for
$2 and (S1, S3) samples, respectively. Initial weight loss
(~50—100 °C range) of 1.37%, 2.86%, and 1.24%, observed
for S1, S2, and S3, corresponds to chemical desorption of
moisture and volatile components. S1 and S3 samples exhibit
the second weight loss of 4.69% and 13.93% in the
temperature range of 92—374 °C and 90—46S °C, respectively.
Since the decomposition temperature of OA is 360 °C, this
weight loss must be due to the separation of functional groups
(COOH) from surfactant layer. The third weight loss values of
1.43% and 32.43% in the temperature range of 374—900 °C
and 465—690 °C were mainly from CO and CO, effluents
from the S1 and S3, respectively. On the other hand, S2
exhibits the second and third weight loss of 2.76% and 3.68%
due to the breaking of weakly and well-bound functional
groups (COOH) from surfactant molecules. And the fourth
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Temperature (°C)

Figure 6. Thermogravimetric curve (under air atmosphere) for (a)
S1, (b) S2, and (c) S3 samples.

weight loss of 2.2% is observed in 536—900 °C range. Overall,
the total weight loss was observed to be 7.49%, 11.5%, and
47.11% for S1, S2, and S3, respectively. The thermal behavior
of samples depends on several factors, namely, structure,
homogeneity, composition, etc. Usually, a decrease in the
particle size leads to a faster release of decomposition products,
i.e., faster weight loss. The particle size reduction increases the
surface area, as observed from calculation, leading to more
uptake of water molecules and their release during heating. It
has been reported that monolayer coating of surfactant is
present when weight loss is <20% and several layers of
surfactant are present when weight loss is >20%.3%*> Thus,
surfactant forming a monolayer on individual CFO NPs is
evident for S1 and S2, whereas several surfactant layers are for
S3, as the weight loss is >20%. For spherical NPs of diameter d,
close-packed surfactant monolayer OA molecules occupy
surface area “a”, and the surface area per particle is ~zd".
Then, total number of particles is [(100 — W)/p](zd*/6),
where “W” is the weight of surfactant in percentage and “p” is
the density of particle. If M is the surfactant molecular weight,
the total number of surfactant molecules is WN,/M, where, N,
is Avogadro number. Therefore, the surface area “a” occupied
by OA molecules is given by
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Thus, the surface area of OA molecule on CFO is 0.516 nm?,
0.501 nm?, and 0.081 nm? for S1, S2, and S3, 1‘espectively.32'33
Furthermore, by use of weight loss, the number of OA
molecules per particle can be estimated as
4 53 —23
WNyp7R® X 10
M

N =

@)

where N is the number of surfactant molecules (ligands) per
particle, W is the weight loss in percent (%), N, is Avogadro’s
number, p is the density of NPs, R is the average radius of
CFO NPs (obtained from SAXS analysis), and M is the
molecular weight of OA (282.47 g/mol). The number of OA
ligands per particle is ~899, 351, and 1041 for S1, S2, and S3,
respectively.”#*°

C. Chemical Bonding, Stability, and Surface Chem-
istry. Fourier Transform Infrared Spectroscopy. The FTIR
spectra of the samples are shown in Figure 7. Identification of
peaks and mode assignment was made in accordance with the
literature.'”**** Vibrational modes observed for pure OA and
OA coated CFO are presented in Supporting Information
(Tables S2 and S3). A detailed description of FTIR spectra of
pure OA is also presented in Supporting Information. Figure
7a presents the FTIR spectra (400—4000 cm™") for S1, S2, and
S3. From magnified data in the range of 2500—4000
cm ™! (Figure 7b), it has been observed that the SI, S2, and
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S3 samples exhibit a broad peak at 3420 cm™ and a broad
peak at 3301 cm™, which are due to stretching vibrations of
hydroxyl groups likely originating from sample moisture.”® A
weak peak at 3003 cm™', which is due to C—H stretching of
the =C—H group, can be noted only for S3 sample, while it is
absent for S1 and S2 samples. Furthermore, the —CH,—
scissoring band is found to be at 1458 cm™' for S1 sample,
whereas this band is shifted to 1446 cm™ for S2 and S3
samples. Furthermore, —CH,— scissoring band becomes
broader and intense for S3 compared to S1 and S2 samples.
The absorption band positioned at 1384 cm™', which is clearly
noted for S2 and S3 samples, is assigned to the vibration of
double covalent bond in —CH=CH-. The asymmetric and
symmetric stretching of a —CH,— group is positioned at
(2927,2925) cm™ and (2858, 2854) cm ™!, respectively. These
IR bands are more intense for samples S1 and S3 compared to
S2. Meanwhile, asymmetric stretching of a —CH; group
appears as a weak shoulder at 2961 cm™ for S1 and S2 (Figure
7b). It is essential to mention that the two new peaks found at
1664 (for S1 only) and 1500 cm™" (for S1, S2, and S3) (Figure
7c) are typical and ascribed to the asymmetric and symmetric
stretching, respectively, of a —COO~ group. According to
literature, confirmation for the capping of OA is revealed by
the absence of —C=0 stretching bond of the carboxyl group
(OA) and the presence of two characteristic bands of
asymmetric and symmetric —COO~ stretching bands.*
Thus, in the present study, it is evident that the —C=O0O
stretching band of the carboxyl group, which is present at 1708
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cm™ for pure OA (Figure S3), is fully absent in the spectra for
S1, S2. and S3 samples (Figure 7c). However, the asymmetric
stretching of a —COO™ group shifts to 1659 cm™" for S2 and
S3 samples. Also, for all the samples, the asymmetric stretching
of a —COO™ group is more intense compared to symmetric
stretching of a —COO™ group. The asymmetric stretching of a
—COO" group is found to be broader and more intense for S3
compared to S1 and S2 samples. Also, with increasing OA
concentration, broadening of the asymmetric stretching of a
—COO™ group increases. The difference in the average
crystallite size accounts for this observation; enough space
available to ligands to orient to stable conformation in larger
nanocrystals is not readily possible in smaller sized nanocryst-
als. In addition, more surface related defects and thus faster
vibrational relaxation occur in smaller size nanocrystals.
Interestingly, S3 sample exhibits weak shoulder absorption
band at 1608 cm™'. In addition, a weak peak at 1718 cm™
suggests the physically absorbed OA for S2 only. Overall, the
absence of (—COOH) characteristic peak suggests the
formation of OA monolayer on the surface of CFO NPs and
we assume that the interaction of OA for S2 is poor compared
to SI and S3. Thus, the absence of signature peak for the
carbonyl group and a decrease in intensity of the broad signal
with increasing OA concentration are the highlights of IR
spectra.

Furthermore, wavenumber separation (A) between the
asymmetric and symmetric (—COO7™) stretching bands
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dictates the type of interaction present between the carboxylate
and metal atoms on the surface. The four types of interactions
are monodentate, bridging bidentate, chelating bidentate, and
ionic interaction. For monodentate interaction, A is largest
(~200—320 cm™') while the smallest A (<110 cm™)
corresponds to the chelating bidentate. Bridging bidentate
interaction is characterized by the intermediate or medium
range A (~110—200 cm™"). The A values were 164, 159 cm™
for S1, (S2 and S3) samples; thus, the characteristic bridging
bidentate interaction where both the oxygen atoms of OA form
a covalent bond with the two different metal atoms on the
surface is evident. Furthermore, the IR spectra exhibit two
more absorption bands below 700 cm™ as expected for ferrite
NPs (Figure 7d). First absorption band (v;) is observed at
609, 597, and 599 cm™, and second band (v,) is positioned at
(412, 422, 433, 442, and 454 cm™), (416, 427, 453, 460, and
470 cm™), and (410, 418, 429, and 442 cm™) for S1, S2, and
S3 samples, respectively. The second band (1,) could not be
seen clearly since it is beyond the detection limit of our FTIR
equipment (<400 cm™"). Thus, the formation of single phase
spinel structure having two sublattices, tetrahedral (A) site and
octahedral (B) site, is confirmed by the absorption bands
observed in the limit. Stretching vibrations of the tetrahedral
metal (Fe®*)—oxygen bond causes v, while v, is due to the
octahedral metal ie, Co**—oxygen and F"*—oxygen bond
vibrations at octahedral sites. In the FTIR spectra recorded, the
position of the tetrahedral peak is at higher region compared to
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Table 4. Raman Vibrational Data along with the Assigned Modes for S1, S2, and S3 Samples

sample peak position (cm™) fwhm (cm™) area (cm™>)
S1 214.09 19.25 42020
276.12 4291 88210
381.24 63.54 33276
465.66 96.96 61039

586.26 94.40 73721.57

670.54 70.78 48109.69

S2 213.76 19.58 23314.36

277.04 46.17 65617.96

374.96 157.97 76088.74

463.51 98 73424.75

590.93 131.54 133453.44

672.47 71.71 63574.23

S3 213.27 17.27 133427.09

27543 37.22 254592.46

385.31 36.03 4755241

464.71 83.15 123774.48

587.65 86.80 185414.32

670.48 50.46 91834.22

height (cm™") Raman mode assigned polyhedra

1389.60 Tp(1) CoOg or FeOg octahedra
1308.67 Tye(1)
33337 E,
400.75 Tye(2)
497.18 Ty(3)
432.69 Ay FeO, tetrahedra
75791 T,(1) CoOy or FeOg octahedra
904.77 Tye(1)
306.62 E,
47697 Tye(2)
645.87 Ty(3)
564.31 Ag FeO, tetrahedra
4918.09 Ty(1) CoOg or FeOg octahedra
4354.17 Tyy(1)
840.01 Eg
947.63 Ty,(2)
1359.75 ng(3)
1158.47 Ag FeO, tetrahedra

octahedral peak. Due to shorter bond length of the Fe—O
bond at the tetrahedral lattice (compared to octahedral lattice,
Table 3), more energy is required for the vibration. Therefore,
the v, and v, intensity difference arises to the changes in bond
lengths within octahedral versus tetrahedral site. In addition,
minor splitting of the octahedral band observed near v, is
attributed to the “Jahn—Tellar” distortion, which is produced
by Fe(Il) ions causing the local deformation in the crystal field
potential with a result of the absorption band splitting.*”**
Raman Spectroscopy. The chemical effects of OA and its
concentration on the CFO NPs were further confirmed by the
Raman spectroscopic data, which are presented in Figure 8 and
Table 4. The deconvoluted Raman spectra for all major peaks
of the samples along with their fits are presented in Figure 8,
while parameters derived are summarized in Table 4. High
quality cubic symmetry of CFO is further confirmed by the
well-defined peaks observed in Raman spectra. For CFO with
an inverse cubic spinel structure (space group Fd3m (0,’)),
group theory predicts five Raman active modes, i.e,, Aj; + E, +
3T, Thus, phonon mode assignment was carried out in
accordance with the literature.' Raman peaks at 671, 672, and
670 cm™ for S1, S2, and S3 samples, respectively, represent
the A}, mode, which is ascribed to the symmetric stretching of
oxygen with respect to metal ion in tetrahedral void. For S1,
S2, and S3 samples, respectively, the E;, T»,(2), and Ty, (3)
modes are reflected in the peaks located at E, of 381, 375, and
385 cm™, ng(l) of 466, 464, and 465 cm™', and ng(3) of
586, 591, and 588 cm™'. Principally, E, and 3T phonon
modes that appear at <600 cm™' are attributed to the
symmetric and antisymmetric bending of oxygen ion in M—O
bond at octahedral voids (BOg). Furthermore, in the present
case, Ty,(1) mode is found to be at 276, 277, and 275 cm™'
along with one more additional peak which seems to be
doublet peak for S1, S2, and S3, respectively. The component
at ~214 cm™ is ascribed to the T,, mode of Fe;0, NPs.” The
weak shoulder component, which is unassigned and located at
123 and 132 ecm™ for SI and S2 samples, is attributed to
defect, surface disorder, or oxidation of metal cations.*® All the
Raman modes are symmetric in nature; also, the modes
experience a shift toward lower wavenumber (Table 4) with
decreasing crystallite size from ~15.4 to 8.94 nm for S1 and S2
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samples. Crystalline disorder and grain boundaries, which are
common in nanomaterials, account for such peak shift toward
lower wavenumber. Full width at half-maximum (fwhm) is
another important characteristic parameter of Raman signal. In
the present study, it is observed that broadening is more
intense for the S2 and S3 compared to S1. The peak
broadening and shift (lower wavenumber), which are typical in
polycrystalline materials, occur due to confinement of optical
phonons in a nanocrystallites.*"”** Furthermore, Ay ng(3),
and E, (for $3 only) modes represent the blue shift for S2 and
S3 samples. Due to covalent bonding with the metal ions on
the surface, the OA capping layer may create lattice strain,
which induces blue shift. Importantly, blue shift is more
dominant for S3 compared to the S2 sample as the
concentration of OA is higher (0.1 M) for S3 sample
compared to S2. Evidently, compared to the rest of octahedral
and tetrahedral Raman active modes, the T,,(1) mode is more
intense. This may be due to increased magnetic ordering at
octahedral site. However, while magnetic ordering alone is not
the principal cause, Raman mode is affected by several other
factors such as crystalline disorder, defect density, etc."’
X-ray Photoelectron Spectroscopy. The XPS data of CFO
NPs are shown in Figure 9 and Figure S4 (Supporting
Information). The survey scans and core-level XPS data are
shown. The XPS data of the S1, S2, and S3 samples (Figures 9
and S4) exhibit O 1s, Fe 2p, Co 2p, and C 1s peaks and, thus,
confirm the existence of the respective elements as expected.
For S1 sample, the XPS of Fe 2p is presented in Figure 9b. The
binding energy (BE) position of Fe 2p components, AE of Fe
2ps; (712.51 V) and 2p,, (725.91 eV), and the presence of
corresponding shakeup satellites at 719.9 and 734.49 eV,
respectively, characterize the Fe chemical valence as +3."%*
Moreover, the BE for metallic state and Fe®" is expected to be
around 707 and 709.9 eV, respectively, and could not be
detected in any of the samples. This observation rules out the
possibility of lower valence of Fe.*® For cobalt, Co?" states are
evident by the presence of characteristic 2p peaks at 782.96
and 797.87 eV and with their respective satellite components
at 787.97 and 804.95 eV.*”** For all the samples, the O 1s
peak is located at BE of ~523.49 eV, which characterizes the
O” ions in CFO." However, XPS of S1 sample indicates a
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Figure 9. XPS spectra displaying the binding energy and chemical states of (A) S1, (B) S2, and (C) S3 samples where Co 2p, Fe 2p, O 1s, and C

for S1 (a—d), S2 (e—h), and S3 (i—1) are shown for all the samples.

peak at BE of ~532.42 eV, which is due to the —COO~
carboxylate groups.””' Corroborating with IR analyses, the
carboxylate component in XPS validates the OA molecules
bonded to the CFO NPs in bidentate form.>> However, in
CFO NPs, the minor contribution at BE of ~532.1 eV is often
formally described as O species, where oxygen is bonded to the
surface and near-surface defect sites.*” Furthermore, in all the
samples, we could verify the presence of OA capping on the
surface of the NPs by the presence of C peak which normally
originates at 285 eV. However, it must be emphasized that the
carbon peak in the XPS spectra may also be due to
adventitious carbon from exposure of the samples to air
following synthesis, before being placed in the XPS system.
Therefore, while C 1s peak in XPS alone cannot provide more
definite information, the presence of OA capping on the
surface of the CFO NPs is validated more directly from FTIR
results, which corroborate with XPS to some extent.
Remarkably, with an increase in OA concentration, the peak
position value of Co**, Fe®*, O, and C is shifted toward the
higher binding energy from S1, S2 to S3, respectively. As the
S3 sample exhibits multilayer coating of OA, the poor signal is
originated for Fe** and strong signal is observed for C,
compared to S1 and S2 samples.

D. Magnetic Properties. The data shown in Figure 10a
indicate that the irreversibility between ZFC and FC curves
start well above 395 K; thus, overcoming of superparamagnetic
limit in all the samples is at >395 K. Moreover, with decreasing
temperature, it is seen that the bifurcation between the values
of FC and ZFC magnetization increases which is indicative of
high anisotropic behavior. For S1 and S3, at low temperatures,
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negative magnetization is measured at 100 Oe in ZFC
condition. The negative magnetization is also reported in the
literature.”>™>> However, a number of reasons such as
structural phase transition, change in sign of f—d exchange
interaction, spin reorientation, and negative coupling between
interactions were considered.”® The negative value of magnet-
ization may be due to remnant magnetization, which is not
compensated by 100 Oe field. Spectroscopic analyses indicate
that the OA is well bonded for S1 and S3. Moreover, at lower
temperature, in ZFC condition, the OA capped magnetic
grains are restrained and do not respond to the applied
magnetic field due to OA diamagnetic susceptibility.”® With
increasing temperature, for all the samples, the ZFC magnet-
ization value remains constant up to ~150 K and then
increases to approach the FC value. CFO with different
compositions and other ferrimagnetic samples were also
reported to exhibit similar behavior.”” Furthermore, a
substantial change in the slope of ZFC magnetization
(Mygc) curve noted near 200—316 K is more dominant for
S2 and S3 samples. This behavior may be ascribed to charge
ordering and metal—insulator transition.”®” The Mg value
increases with temperature, then attains the maximum (T},
value at 384.9 K. Increased volume anisotropy and interparticle
interaction account for T, shift to higher temperatures.'” To
a first approximation, T,,,, = ATy, where Ty is the blocking
temperature and constant “A” takes values between 1 and 2.73.
Ty was estimated to be ~395 K; large anisotropy of CFO may
be the reason for this relatively larger Tj. Clearly, all the OA
coated CFO NPs exhibit the superparamagnetic character
above 395 K. Presence of a frustrated surface spin layer can
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Figure 10. ZFC—FC curve measured at 100 Oe (a), M-H loops measured at 10 K (b) and at 385 K (c), and H¢/Dygp versus OA concentration

(d) plots for S1, S2, and S3 samples.

Table 5. Magnetic Parameters Obtained for CFO NPs

sample temp (K) M (emu/g) Mg (up/E.U.) M, (emu/g)
S1 10 91.88 3.859 75.66
385 77.85 3.270 19.73
S2 10 47.94 2.015 32.79
385 36.97 1.5583 2.73
S3 10 41.80 1.756 27.1
385 27.70 1.164 3.14

M,/MS H¢ (Oe) H,, (Oe) Kg (erg/cm?®) Hy;, (Oe)
0.82 8823.36 39.345 6.74 x 10° 49.56
0.25 261.54 9.045 1.69 x 10° 1672.14
0.68 8551.52 25.735 3.38 x 10° 186.69
0.074 98.07 24.78 2.99 x 10* 16279.23
0.58 7106.17 —12.41 2.46 x 10° 294.96
0.11 63.19 36.24 1.45 x 10* 33170.23

strongly contribute to the decrease of remnant magnetization
~2.73 emu/g and 3.14 emu/g for S2 and S3 at 385 K.

Furthermore, for S1, the FC magnetization (Mgc) is
observed to decrease initially with decreasing temperature
from 395 to 168 K corresponding to noninteracting regions
and then exhibits temperature independent behavior. In
contrast, for S2 and S3, the Mgc increases with decreasing
temperature from 395 to 130 K and then shows temperature
independent behavior. Such inverse Mg temperature trend, as
noted for CFO nanotubes,”’ may be correlated to the larger
magnetocrystalline anisotropy of CFO. Furthermore, saturated
behavior observed for S1 and (S2, S3) below 168 and 130 K
could be a result of finite-size interaction effects, which arise
from dipolar and interparticle coupling interactions.”

Figure 10b,c shows the magnetization (M-H) loops
measured at 10 and 385 K for variable applied magnetic fields
up to +50 kOe. The magnetic parameters obtained are listed in
Table S. For S1 sample, the Mg value is slightly high (91.88
emu/g or 3.859 pp/F.U.) compared to the theoretical value for
an ideal inverse CFO structure (3 pg/F.U.), the bulk
counterpart (80 emu/g), and CFO NPs.” Here, an increment
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in Mg value for S1 may be attributed to the slightly
nonstoichiometric cation distribution (Fe**, Co*") among the
octahedral and tetrahedral sites as compared to ideal spinel
structure [Fe**]{Co®'Fe’*}0?” as predicted by the XRD
refinement data. Increasing OA decreases Mg value due to the
presence of surfactant molecule, smaller magnetic cores, and
surface disorder or spin canting at the NP surface.”*” For CFO
NPs in this work and consistent with previous studies,”* M,
M, and H; decrease with increasing OA. However, the
squareness ratio (R = M,/Ms) increases (at 10 K) from 0.58 to
0.82 with increasing particle size. The observed high R-value
suggests the leaning toward cubic anisotropy with particle size.
The R-values 0.82 (for S1) and 0.68 (for S2) are very close to
CFO with a cubic anisotropy, where K1 > 0 (0.83) and K1 < 0
(0.87)."° CFO NPs fluid also exhibits similar behavior.”!
Different types of intergrain group exchanges exhibit certain R-
value; for R < 0.5, the particle can interact by magnetostatic
interaction, and for R 0.5, it is randomly oriented
noninteracting particles that undergo coherent rotations.”
Finally, 0.5 < R < 1.0 confirms the existence of exchange
coupling. According to this criterion, at 10 K, the dominance
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Table 6. Magnetic data for S1 sample before and after heating at 360 °C

temp (K) M (emu/g) Mg (up/E.U.) M, (emu/g) Hc (Oe) H,, (Oe) Ky (erg/cm?®) Hy;, (Oe)
STpefore 10 91.88 3.86 75.66 882336 39.345 6.74 % 10° 49.56
300 87.37 3.67 27.27 530.49 6.335 3.86 X 10° 824.39
385 77.85 3.27 19.73 261.54 9.045 1.69 X 10° 1672.14
Slrso 10 77.155 324 63.175 12236.07 13.955 7.85 x 10° 35.74
300 71.525 3.00 28.39 1140.025 43.935 6.78 x 10° 383.63
of exchange coupling is clear, whereas at 385 K particles can — St-before heating (10 K) @
interact by magnetostatic interaction. S 100 —s1-after heating (10 K)
Furthermore, coercivity (H) values of S1, S2, and S3 at 10 R
K were observed as 8.82 kOe, 8.55 kOe, and 7.11 kOe which g 504
are remarkably higher compared to bulk CFO (~$ kOe at S = ]
K).®* Also, increasing OA content decreases Hc. Since the 2 0
nanoparticle size monitors the coercivity, the Hc/Dxgp values N ]
were estimated as a function of OA concentration (Figure E ]
10d). The results follow the similar trends, with S3 presenting = -50
the highest Hc/Dxgp values at 10 K, which verify that the = 1
particle size can control H.. Moreover, H is very sensitive to 1004
the NP size, distribution characteristics, morphology, surface N —
spin, and interparticle interaction. In the present study, the -90000-60000-30000 0 30000 60000 90000
effective anisotropy, different exchange couple interaction, and Magnetic Field (Oe)
interactions between the nanostructure are the predominant 100 J—"s1-bsfore heating (300 K) (b)
factors that influence H. Also, He = 0.64Kg/Ms, where Ky is __ |st-after heating (300 K)
the effective anisotropy constant, is valid for noninteracting, > (
randomly oriented spherical NPs with cubic anisotropy. Kg E 50- r
values (Table S) calculated using this relation also increase 2
with particle size. Therefore, Hc, Mg, and Ky indicate that the 5
increasing particle-size increases magnetic anisotropy, suggest- = 01
ing that the surface component of anisotropy plays a minor o
role. For an ensemble of NPs, the arrangement of NPs 2 504
influences the nature and strength of interparticle interactions. 2 __J
The strength of dipolar interparticle interactions is estimated = _J
by the maximum dipolar field Hy, between nearest neighbor -1004

particles. Hy, =2 p1/ d®, where “i” is the particle moment (u =
Mg X V.)) and “d” is the distance between the centers of two
particles.”® It is noted that with an increase in OA
concentration, the dipolar interparticle interaction also
increases (at 10 and 385 K). At 385 K, Hy, rapidly increases
as compared to 10 K because of the larger magnetic grain size
at different OA concentrations. Finally, for sample SI1, we
probed the evolution of dipolar interparticle interactions with
thermal treatments to clarify the role of OA as a surfactant.
The S1 sample is heated at 360 °C to decompose the OA from
CFO NPs, and the parameters obtained are presented in Table
6.

Figure 11 shows the M-H loops for S1 sample before and
after thermal treatment. For S1 sample before heating
(Slpefore); Hgyp is about 824.39 Oe (at 300 K) and 49.56 Oe
(at 10 K), while for Slys4, the strength of dipolar interparticle
interactions decrease to 383.63 and 35.74 Oe at 300 and 10 K,
respectively. As expected, the molecular coating plays a major
role in tuning the dipolar interparticle interactions. Notice that
Slr360 sample shows the increase of Hy, from 35.74 Oe (10 K)
to 383.63 Oe (300 K). The combined effect of particle-size
decrease and enhanced dipolar interparticle interactions with
OA induces a strong increase of the mean Tj, as confirmed by
ZFC—FC measurements. Magnetic anisotropy of MNPs is
typically related to surface component (Kj). Generally, particle
size reduction enhances Kg, which in turn increases magnetic
anisotropy. On the contrary, for the present case of OA-based
solvothermally produced CFO NPs, anisotropy increases with
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Figure 11. M-H loops measured for S1 sample before and after heat
treatment (360 °C) at 10 K (a) and 300 K (b).

size indicating that the magnetocrystalline component plays
the key role. In fact, Fe;O, and CFO NPs synthesized using
organic precursors also exhibit the similar behavior.">** In
order to understand the overall effect of OA concentration, the
evolution of magnetic properties with thermal treatments for
the sample S1 appears extremely useful. The key role played by
the molecular coating is evident in S1 upon thermal treatment,
which induces strong increase of surface component of
anisotropy due to OA decomposition. Also, Mg decrease is
compatible with thermal treatment induced variation in
cationic distribution.”~®° Spin—orbit coupling governs the
magnetic anisotropy; thus, the spin—orbit coupling becomes
smaller when nanoparticle metal cations are coordinated with
OA. The net result is the reduction in surface anisotropy and
coercivity of CFO NPs as evident from Tables 5 and 6. Despite
the fact that surface usually exhibits some degree of spin
disorder, presence of covalent bonded OA coating influences
the symmetry and crystal field of metal ion closely resembling
that of the core.®®®” Therefore, in addition to reducing spin
disorder, OA coating causes hindering of interface exchange
coupling between ordered core and magnetically disordered

shell.”’

DOI: 10.1021/acsanm.8b02009
ACS Appl. Nano Mater. 2019, 2, 1828—1843


http://dx.doi.org/10.1021/acsanm.8b02009

ACS Applied Nano Materials

IV. CONCLUSIONS

Surface functionalization of CFO nanoparticles with different
concentration of oleic acid (OA) provides the ability to design
novel nanostructured magnetic materials. Fundamentally, as
revealed in these studies, OA helps to control the particle size
of CFO NPs; particle-size reduction occurs with increasing OA
concentration. XPS and EDS data confirm that the synthesized
CFO NPs were chemically homogeneous with Fe and Co in
their chemical valence states of +3 (Fe**) and +2 (Co®),
respectively. FTIR and Raman data further validate the
chemical quality and bonding, in addition to surface OA
interaction, in CFO NPs. The interaction between OA and
surface atoms of CFO leads to a strong modification of
anisotropy and interparticle interactions. The magnetic studies
showed a significant increase in magnetic anisotropy for CFO
NPs with a corresponding particle size reduction from 15 to 7
nm. Magnetic studies further confirm that the magnetic
anisotropy is dominated by the magnetocrystalline component
over the surface component. Raman scattering also revealed
blue shift and peak broadening, which are interlinked with
surface modification, enhanced magnetic ordering, and size
reduction of CFO NPs. Comparison of magnetic properties for
as-synthesized and thermally treated CFO NPs provides the
fundamental insights into the overall effect of OA concen-
tration. Interparticle interactions are enhanced in thermally
treated CFO NPs due to the elimination of surfactant, while
particle-size-increase effect is minimal. Presence of covalent
bonded OA coating influences the symmetry and crystal field
of metal ion closely resembling that of the core. In addition to
reducing spin disorder, OA molecular coating causes hindering
of interface exchange coupling between ferromagnetically
ordered core and magnetically disordered shell as is evident
in magnetic studies of thermally treated CFO NPs.
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