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Abstract
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Two sets of core/shell magnetic nanoparticles, CoFe,0,/Fes0,4 and Fes04/CoFe,0,, with a fixed diameter of the
core (~4.1 and ~ 6.3 nm for the former and latter sets, respectively) and thickness of shells up to 2.5 nm were
synthesized from metal chlorides in a diethylene glycol solution. The nanoparticles were characterized by X-ray
diffraction, transmission electron microscopy, and magnetic measurements. The analysis of the results of magnetic
measurements shows that coating of magnetic nanoparticles with the shells results in two simultaneous effects:
first, it modifies the parameters of the core-shell interface, and second, it makes the particles acquire combined
features of the core and the shell. The first effect becomes especially prominent when the parameters of core and
shell strongly differ from each other. The results obtained are useful for optimizing and tailoring the parameters of
core/shell spinel ferrite magnetic nanoparticles for their use in various technological and biomedical applications.
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Background

Core/shell architecture has acquired increasing interest
due to the possibility of combining different materials and
fabricating nanostructures with improved characteristics
[1, 2]. In addition to varying size, shape, and composition,
tuning of magnetic properties through the interface coup-
ling of different magnetic materials becomes a prevailing
strategy, introducing a new variable for the rational mater-
ial design and property control in fundamental science
and technological applications [3, 4]. Recent studies have
demonstrated some merits of bimagnetic core/shell nano-
crystals in improving the energy product of permanent
magnets [5], enhancing the thermal stability of magnetic
nanocrystals to overcome the “superparamagnetic limita-
tion” in recording media [6], and optimizing the parame-
ters of nanoparticles for biomedical applications [3, 7].
The exploration of core/shell combinations of different
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magnetic materials will provide a better fundamental un-
derstanding of magnetic interactions and make it possible
to achieve the desirable magnetic characteristics for
various specific applications.

As one of the most important and widely utilized
magnetic materials, the spinel ferrite system consists of
both magnetically hard and soft materials. For example,
cobalt ferrite (CoFe,O,) is magnetically hard with a large
magnetocrystalline anisotropy constant K> 10° erg/cm?
[5, 6]. On the other hand, magnetite (Fe3O,) is a ferrite
with a much smaller magnetic anisotropy constant
K~ (10* + 10%) erg/cm3 [8, 9]. Due to the same crystallo-
graphic structure and almost negligible lattice mismatch
among these spinel ferrites, it should be markedly
controllable to epitaxially grow a uniformed shell over a
core. Among other things, such kind of the well-defined
bimagnetic spinel ferrite nanocrystals with core/shell
architecture can provide a better platform for the funda-
mental understanding of magnetism and the relationship
between the crystalline structure, the morphology, and
the physical properties.
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According to the data of the recent review paper [10],
the magnetic properties of core/shell structures are
determined by such parameters as a size, particular
order (soft/hard or hard/soft), and geometric shape of
core and shell (spherical or planar). In addition, the
magnetic properties depend on the difference in mag-
netic parameters between the core and shell materials as
well as on the presence or absence of the dipolar and
exchange-coupled interactions that affect the spin rever-
sal processes [11]. The no less important factors in de-
termining the magnetic properties of the core/shell
structures are their size distribution and microstructure
change when processed at high temperatures. Core and
shell may coalesce at high temperatures forming a struc-
ture of core nanoparticles embedded in a shell matrix
[12]. Due to these obstacles, a number of issues related
to understanding the surface and interface phenomena,
the mechanisms of magnetic coupling at the core-shell
interface and others, remain to be explored.

The majority of the publications on core/shell magnetic
nanoparticles (MNPs) deal with the co-precipitation of
slightly soluble compounds from aqueous solutions [13—15].
The complex and uncontrollable mechanism of such reac-
tions involves crystal nucleation, growth, coarsening, or
agglomeration processes, which occur simultaneously.
This often results in the agglomeration of nanoparticles.
In the works of [16, 17], MFe,O, nanoparticles (M = Mn,
Fe, Co, Ni, Zn) with spinel structure were synthesized
from metal chlorides in a diethylene glycol (DEG) solu-
tion. The complex reaction of DEG with transition metal
cations makes it possible to separate in time the crystal
nucleation and growth processes and, thus, to partially
control the particles’ size and aggregation. It looks appeal-
ing to use these advantages to clarify some of the issues
mentioned above.

In light of the above comments, the aims of the
present work were to synthesize CoFe,O,/Fe;0, and
Fe;0,/CoFe,O, core/shell nanoparticles from a DEG so-
lution, understand the effect of core/shell architecture
on magnetization and effective anisotropy of MNPs, and
pave the way to fabricate MNPs with tunable magnetic
parameters for various technological and biomedical
applications.

Experimental

Details of Synthesis

For the synthesis of CoFe,O,4/Fe;0, and Fe;04/CoFe,Oy
core/shell MNPs, iron (III) chloride nonahydrate (97%
FeCl3-9H,0, Sigma Aldrich), cobalt (II) nitrate hexahy-
drate (98% Co(NOj3),-6H,0O, Sigma Aldrich), iron (II)
sulfate heptahydrate (99% FeSO,7H,0, Sigma Aldrich),
sodium hydroxide (98% NaOH), and diethylene glycol
(99% DEG, Sigma Aldrich) were used as starting re-
agents. All stages of synthesis were carried out in a
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three-neck flask in argon atmosphere according to the
method described in Reference [18]. At the first stage of
the synthesis, individual CoFe,O, and Fe;0, MNPs were
prepared, which were subsequently used as respective cores
of CoFe,0,/Fe;0,4 and Fe;04/CoFe,O, core/shell MNPs.

Synthesis of CoFe;0, MNPs

Co(NO3)5-6H50 and FeCl;-9H,0 in a molar ratio (1:2)
were dissolved in DEG. At the same time, NaOH in
DEG was prepared. The alkali solution was added to the
mixture of Co(NOs3),-6H,O and FeCl;:9H,O salts, and
the resulting mixture was stirred for 2 h. The obtained
solution was heat-treated at 200-220 °C (60 min). Oleic
acid was then added to the DEG solution, and the mix-
ture was further stirred for 10-20 min. The resulting
colloidal solution after cooling was centrifuged, redis-
persed in ethanol, and dried in the air.

Synthesis of Fes0, MNPs

FeSO47H,0 and FeCl;-9H,O in a molar ratio (1:2) were
dissolved in DEG. At the same time, NaOH in DEG was
prepared. The alkali solution was added to the mixture
of the salts FeSO4-7H>0 and FeCl;-9H,0, and the result-
ing mixture was stirred for 2 h. The obtained solution
was heat-treated at 200-220 °C (60 min). Oleic acid was
then added to the diethylene glycol solution, and the
mixture was further stirred for 10-20 min. The resulting
precipitate after cooling was centrifuged, redispersed in
ethanol, and dried in the air.

Synthesis of CoFe;0,/Fes0, MNPs

CoFe,0,4/Fe30,4 nanoparticles with a core/shell structure
were synthesized in a three-neck flask in the argon
atmosphere. As a core of the MNPs, CoFe,O,4 nanoparti-
cles, which were synthesized by the method described
above, were used. The average size of CoFe,O, core was ~
4.1 nm. At the first stage, the necessary amount of pre-
synthesized CoFe,O,4 nanoparticles was set apart (Fig. 1a).
At the second stage, the starting solution for the synthesis
of Fe30y shell was prepared—FeSO47H,0 and FeCl3-9H,O
were taken in a stoichiometric ratio of 1:2 and mixed with
DEG (Fig. 1b). NaOH in DEG was added dropwise to the
obtained solution and stirred for 1 h. The pre-synthesized
core (CoFe,O,4) nanoparticles were added to the obtained
reaction mixture, and the resulting product was mixed for
1 h under the action of ultrasound. The obtained reaction
mixture was heated up to 200 °C with a rate of 2—3 °C/min
and maintained at this temperature for 1.5 h. The precipi-
tate was separated by centrifugation and dried in the air or
kept in the hexane solution.

The amount of shell material to be precipitated on the
core was calculated as follows. First, the volume of the
shell material per one core/shell particle, Ve, was cal-
culated by the formula: Vi, = 4/371[(Ry)>~(R,)®], where
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R; and R, are the radii of the initial and coated spherical
particle, respectively. Then the mass of the shell material
per one particle, mgp,ep, was found as #gpe) = p- Vipen, where
p is the shell density (5 g/sm?). Accordingly, the mass of
the core material per one particle, m .., was calculated.
The knowledge of mignen/micore ratio made it possible to
find the mass of the shell material for any chosen mass of
the core material. For example, to cover 1 g of CoFe,O,
nanoparticles with an average size of 4.1 nm with a shell
of about 1 nm, it requires 1.2 g of Fe30,.

Synthesis of Fe30,/CoFe,0, MNPs

Fe30,4/CoFe,O, nanoparticles with a core/shell structure
were synthesized in a three-neck flask in the argon atmos-
phere. As a core of the MNPs, Fe;O, nanoparticles, which
were synthesized by the method described above, were
used. The average size of Fe30, core was ~ 6.3 nm. At the
first stage, the necessary amount of pre-synthesized Fe;O,
nanoparticles was set apart. At the second stage, the
starting solution for the synthesis of CoFe,O, shell was pre-
pared—Co(NO3),-6H,O and FeCl3-9H,0 were dissolved in
DEG, and the solution was stirred for 10-20 min. NaOH in
DEG was added dropwise to the resulting solution and
stirred for 1 h. Then the pre-synthesized core (Fe3O,)
nanoparticles were added to the obtained reaction mixture,
and the resulting product was mixed for 1 h under the
action of ultrasound. The obtained reaction mixture was
heated up to 200 °C with a rate of 2-3 °C/min and main-
tained at this temperature for 1.5 h. The precipitate was
separated by centrifugation and dried in the air or kept in
the hexane solution.

The amount of shell (CoFe,O,), which was precipi-
tated on the core (Fe;O,), was calculated by the
technique described above, taking into account that the
initial average size of core nanoparticles was 6.3 nm.

According to the methods described above, two sets of
core/shell MNPs were synthesized. The first one includes
MNPs with CoFe,O, core and Fe;O, shell with the

calculated effective thickness of the shell 0, 0.05, 1, and
2.5 nm. The second set includes MNPs with Fe;O, core
and CoFe,O, shell with the calculated effective thickness
of the shell 0, 0.05, and 1 nm. In the text below, the first
and second sets will be denoted as Co/Fe(tg.) and Fe/
Co(tc,), respectively.

Details of Characterization and Measurements
Nanostructured powders were investigated by PANalyti-
cal’s X-ray diffraction (XRD) system on X'Pert powder
diffractometer (Co-Ka radiation, voltage 45 kV, current
35 mA, Ni filter). Calculations of the intensity redistribu-
tion and angles of X-ray peaks for individual compounds
and core/shell nanoparticles were performed by PeakFit
4.12 software using individual peaks with maximum in-
tensity in the range of 26 angles from 38° to 46°.

The size and morphology of powder particles have
been determined by means of a JEM-1230 scanning
electron microscope. To calculate the particle size distri-
bution, TEM images were analyzed according to the
procedure described by Peddis et al. [19].

Magnetic measurements were performed in the 5-
350 K temperature range using a commercial Quantum
Design Physical Property Measurement System (PPMS)
equipped with vibrating sample magnetometer. Magnetic
moment was measured upon heating for both zero-field-
cooled (ZFC) and field-cooled (FC) conditions. Isothermal
magnetic hysteresis loops were measured at 5 and 300 K
in magnetic fields from — 60 to 60 kOe.

Results
XRD and TEM Investigations
XRD patterns for the nanoparticles under study indicate
that all synthesized samples have a cubic spinel structure
(JCPDS card number 19-0629 [20]). No traces of impur-
ity phases have been revealed (Fig. 2).

Taking into account that core and shell have the same
density, they cannot be distinguished by the contrast of
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the TEM image. Therefore, to confirm the formation of
core/shell structure, we used a comparative analysis of
XRD patterns collected from separate CoFe,O, and
Fe30, MNPs, mechanical mixture composed of these
compounds taken in 1:1 ratio, and supposed core/shell
structures. As described in detail in Reference [18], the
results confirm the formation of core/shell structure ra-
ther than a mechanical mixture.

As can be estimated from the results of TEM investi-
gations, the size of the Co/Fe(tg.) core/shell nanoparti-
cles increases from ~ 4.1 to ~7.3 nm with the increase
of calculated tg. from 0.05 to 2.5 nm (Fig. 3). It should
be noted that experimentally obtained shell thicknesses
are smaller than calculated ones. This can be explained
by the fact that not all amount of shell material precipi-
tated on the surface of the core. It is also noteworthy
that for the case where calculated shell thickness is
0.05 nm, the particles have island-like shell rather than
continuous one, since the thickness of the shell cannot
be smaller than the lattice parameter of FezO,.

The size of the Fe/Co(tc,) core/shell nanoparticles in-
creases from ~ 6.3 to ~7.9 nm with the increase of cal-
culated tg, from 0.05 to 2.5 nm (Fig. 4). Similarly to the
case of Co/Fe(tg.) nanoparticles, experimentally obtained
shell thickness is smaller than the calculated one.

Magnetic Measurements

Figure 5a—g shows magnetic hysteresis loops measured
at 5 and 300 K for Co/Fe(tz.) and Fe/Co(tc,) core/shell
nanoparticles. It is seen that for both sets of samples,

the addition of shell and subsequent increase in its
thickness strongly affect the loop shape by modifying its
parameters, in particular, saturation magnetization, Mj,
and coercivity, H..

At 5 K, the values of the saturation magnetization for
uncoated CoFe,O,4 and Fe30, MNPs are equal to 50 and
77 emu/g, respectively. It is noteworthy that M, equals 94
and 98 emu/g for respective bulk counterparts [21]. The
reduced magnetization of the MNPs may result from a
noticeable contribution from the near-surface layers which
are usually characterized by the enhanced magnetic dis-
order. At the same time, one can conclude that the contri-
bution to magnetization from the near-surface layers is
higher in CoFe,O4 MNPs than in Fe;O,4 ones.

Initial coating of MNPSs (fgeco)=0.05 nm) results in
an increase of M, for both sets of MNPs. At the same
time, the growth of M is highly pronounced in Co/
Fe(tr.) samples and less expressed in Fe/Co(fc,) ones.
This implies that the coating of MNPs strongly affects
the properties of the near-surface layers of the core, at
least for CoFe,O, MNPs. For both sets of samples, the
increase in the thickness of corresponding shells gives
rise to a slight reduction of M, as compared to the
MNPs with the 0.05 nm shell. The rise of temperature
to 300 K leads to a reduction of the saturation
magnetization (by ~25% for Co/Fe(tg.) MNPs and ~
15% for Fe/Co(c,) ones) but does not introduce qualita-
tive changes in the M vs feco) behavior.

Dependence of coercivity measured at 5 K on the
thickness of shells is shown in Fig. 5h. For Co/Fe(tz.)
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Fig. 3 TEM images of Co/Fe(tre) nanoparticles with tre =0 nm (@), 0.05 nm (b), T nm (c), and 2.5 nm (d). Insets show the diagrams of size
distribution for corresponding ensembles of nanoparticles (the units of abscissa axes are nanometers)

MNPs, the initial coating of CoFe,O,4 core with FezOy,
shell (tg.=0.05 nm) brings about only slight changes of
H.—it remains near 13.8 kOe for both uncoated and
coated MNPs. However, H, sharply reduces with the fur-
ther increase in tp.—it drops to 5.27 kOe for tr.=1 nm
and reaches 1.93 kOe for tp. = 2.5 nm.

An opposite tendency is the characteristic of Fe/
Co(fc,) MNPs; initial coating of FezO, particles with

CoFe,Oy4 shell (tc,=0.05 nm) results in the sharp in-
crease of H, from 0.38 to 2.65 kOe (almost one order of
magnitude). As shell thickness rises further, the coerciv-
ity continues to increase and reaches 6.83 kOe for tc, =
1 nm. This value is higher than H, of Co/Fe(tg. =1 nm).
A reasonable explanation of the H,. vs fc, dependence
for Fe/Co(tc,) MNPs can be achieved assuming a simul-
taneous action of two factors—modification of the
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Fig. 4 TEM images of Fe/Co(tc,) nanoparticles with t, =0 nm (@), 0.05 nm (b), and 1 nm (c). Insets show the diagrams of size distribution for
corresponding ensembles of nanoparticles (the units of abscissa axes are nanometers)
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parameters of interfacial region between the core and
shell, and contribution of magnetically hard shell to the
enhancement of the total coercivity.

Temperature dependences of normalized zero-field-
cooled magnetization, M, (T)/M;, for Co/Fe(tg.) and
Fe/Co(tc,) MNPs are shown in Fig. 6a—g. The data
marked by circles were obtained experimentally in a field
of 50 Oe. Each curve displays a maximum at a certain

temperature T}, which is called blocking temperature. At
this temperature, thermal energy becomes comparable to
the anisotropy energy of MNPs, making the behavior of
MNPs highly sensitive to external perturbations and con-
ditions of the experiment. Below T}, the magnetic mo-
ments of the majority of particles are frozen on the time
scale given by the experiment with their preferable orien-
tations being governed by magnetic anisotropy. Above Ty,
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the magnetic moments of the majority of particles can be
considered as freely fluctuating, resulting in a
superparamagnetic-like behavior of the ensemble.

The values of blocking temperature for uncoated
CoFe,0, and Fe30, MNPs are equal to 140 and 175 K,
respectively. The reason for the fact that Tj, for the
CoFe,O4 MNPs is lower than that for the Fe;O,4 ones is
likely to originate from a smaller size of Co spinel
nanoparticles.

Dependences of blocking temperature on the thickness
of shells are shown in Fig. 6h. For both sets of MNPs,
initial coating (fge(co) =0.05 nm) leads to the rapid in-
crease in Ty. Further, the rise in the thickness of shells
affects Ty, not so strongly, as an initial coating. In our
opinion, this fact additionally proves the idea that the

primary effect of the MNP coating consists in the
modification of the interfacial region between the core
and shell.

The knowledge of T}, makes it possible to extract the
information about characteristic features of the
temperature dependence of coercivity. According to
Reference [22], rough estimation of the changes of coer-
civity with temperature can be made using the formula:

H(T) = Heo[1-(T/ Ty)" (1)
where H, is the coercivity at T=0 K. It follows from
this formula that for all samples of Co/Fe(tg.) set, coer-
civity becomes negligible at 7>200 K. On the other
hand, for core/shell MNPs of the second set, H. remains
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finite at 7> 300 K, meaning that

is a powerful tool to tune coerci

magnetics.

Discussion

core/shell architecture
ivity of nanostructured

To get a deeper insight into the processes governing the
behavior of the core/shell nanoferrites, more detailed
analysis of the obtained data has been performed. A sim-
ple model of non-interacting single domain particles [1]

has been used for the fit of exper

imental M¢.(T)/M, de-

pendences shown in Fig. 6. The population of MNPs
(given by a volume distribution f{V)) is sharply divided
into two groups at each temperature, depending on their
particular size—the fraction in an ideal superparamag-
netic state that corresponds to MNPs below a certain
critical volume and those, above such limit, whose mag-
netic moment remains blocked [23]:

Ve
Mzec
M

0
+ / (MH /3K eg)V - f(V)AV
Ve

/ LIMHV JksT)V - F(V)dV

/ 7v-f(V>dv,

(2)

where L is the Langevin function, kg is the Boltzmann
constant, V) is the volume distribution function, and
K is the particle effective anisotropy. In the first term,
the low energy barrier approximation is used, where the

energy barrier (defined as KegV)
the thermal energy kg7, and
Accordingly, the response of

is much smaller than
so can be neglected.
the magnetization to

changes of magnetic field or temperature (H or 7) fol-
lows a Langevin function. The second term component
results from the initial susceptibility of randomly

oriented single domain nanopart

icles with effective an-

isotropy Keg. The threshold between the two populations

is given by a critical volume V:
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y, kel <’—“‘> (3)
Kt To
where 1., is the characteristic measurement time, 7o=10" s
[24, 25]. For quasistatic measurements, 7,,, was chosen equal
t0100 s.

The results of the calculations are shown in Fig. 6a—g by
red solid lines. In the process of the fitting, the lognormal
distribution of MNPs in size was chosen, in compliance
with the TEM data (see Figs. 3 and 4). The mode particle
size d,, at which a global maximum on the probability
density function is achieved, was taken from TEM data
and kept fixed. The width of the size distribution (stand-
ard deviation) and the value of K 4 were varied to reach
maximal correspondence between experimental and fitted
data. In the first place, the region in the vicinity of T}, was
targeted (shown by dotted rectangles in Fig. 6a—g).

The overall degree of correspondence between the ex-
perimental and fitted curves may be improved by taking
into account the presence of dispersion not only in
MNP size but also in other parameters. As an example,
Fig. 7 demonstrates that almost ideal correspondence
can be achieved by introducing a normal (Gaussian) dis-
tribution in K¢ (standard deviation is near 20% of Kgi™).
However, further analysis shows that Kegf - resulted from
such calculations turns out to be equal to the anisotropy
constant determined under the neglect of K. dispersion.
Also, the results of such calculations do not add any im-
portant information to the discussion below. For this
reason, the dispersion of K. was not accounted for in
the remaining part of the paper.

The parameters resulted from the fitting procedure are
collected in Table 1. The width of the size distribution,
0y, resulted from the fitting, turns out to be close to that
obtained experimentally from TEM data (the difference
does not exceed 10%). The anisotropy constant Keg
tends to be reduced in Co/Fe(tz.) MNPs and increased
in Fe/Co(tc,) ones, as the thickness of the corresponding

0.00

Co/Fe(t. =2.5nm Fe/Co(t. =
.(Fe : ). 0.08 : (te, ?
0.04} g . b
0.04
1 " 1 1 " 1
100 300 0.00 100 300
T (K) T (K)
Fig. 7 a, b Comparison of experimental M,(T)/M curves with simulated ones where the calculations were carried out with taking into account

the presence of dispersion in K. (@) Co/Fe(tre = 2.5 nm) sample; (b) Fe/Col(tc, = 0) sample
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Table 1 Parameters used for calculations of My (T)/M, curves
presented in Fig. 6a—g

frecoy MM 0 005 1 25
Kog, % 10° erg/cm?
Co/Feltre) 9.7 1.2 7.5 19
Fe/Coltco) 18 45 58 -
d3, nm
Co/Feltre) 4.1 42 50 73
Fe/Coltco) 63 64 7.9 -
08, % of d,
Co/Feltre) 30 28 24 17
Fe/Coltco) 16 18 18 -

*The mode particle size d, which was taken from TEM data
®The width of lognormal distribution (standard deviation), as obtained from
the fitting procedure

shell grows. Such K ¢ behavior is believed to be related
to a redistribution of contributions to resulting MNP an-
isotropy from highly anisotropic Co ferrite and weakly
anisotropic Fe;O,.

Figure 8 shows shell thickness dependences of
saturation magnetization and anisotropy constant for
Co/Fe(tr.) and Fe/Co(tc,) MNPs. It is seen that with the
use of core/shell architecture, it is possible to change
principal magnetic parameters, M and K., over a wide
range of their values. Two striking features of the graphs
of Fig. 8 should be noted. First, an initial coating of
MNPs with the shells may lead to rapid changes of the
magnetic parameters of MNPs, which is especially

Page 9 of 10

expressed in Fig. 8a, d. This implies that one important
effect from the addition of a shell is a modification of
the parameters of the core-shell interface. Second, core/
shell nanoparticles contain combined features of both
the core and the shell (ie., addition of shell with high
anisotropy results in the increase of total anisotropy),
but the resulting combination is not a simple summation
of corresponding characteristics.

Conclusions

Two sets of core/shell MNPs, CoFe,O,/Fe;O, and
Fe;0,/CoFe;0,4, with varied thickness of shells were
synthesized from metal chlorides in DEG solution.
Single-phase spinel structural type for all samples was
confirmed by XRD studies.

It is shown that for both sets of MNPs, the addition of
shell strongly affects the shape of hysteresis loop and
temperature dependences of magnetization. Based on a
simple approach of coexistent superparamagnetic and
blocked MNPs, the effective anisotropy constants were
calculated. It is shown that in addition to the control of
saturation magnetization, the use of core/shell architec-
ture makes it possible to control the total effective an-
isotropy constant over a wide range of values.

It is concluded that coating of MNPs with the shells
results in two simultaneous effects: first, it modifies the
parameters of the core-shell interface, and second, it
makes the particles acquire combined features of the
core and the shell. The first effect becomes especially
prominent when the parameters of core and shell
strongly differ from each other.
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