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KEYWORDS Abstract Core-shell and multilayered nanoparticles based on magnetite core with different metallic

spacing and over-layers are prepared in one pot synthesis and characterized. The spacer layers were
made from Au, Cu or Ag precursors. The nanoparticles were fabricated by a modified chemical seed
based method. The obtained nanoparticles were examined by X-ray diffraction, Energy-dispersive X-
ray spectroscopy, Transmission Electron Microscopy, Differential Scanning Calorimetry and Infra-
red spectroscopy. Magnetic properties of the nanoparticles were tested by Mdssbauer spectroscopy
and Magnetometry. Magnetization and Mdssbauer measurements show that the presence of the
metallic layers influences the magnetic state of the particles. XRD and EDX confirm layered structures
of nanoparticles. Proposed synthesis allows for fabrication of layered particles with controlled mor-
phology and register properties changes which are related to the nature of each subsequent layer.
© 2017 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Superparamagnetic nanoparticles have become intensively
investigated in recent years because of their unusual electrical,
optical, magnetic, and mechanical properties (Ahadpour Shal
and Jafari, 2014; Vatta et al., 2006; Zhu et al., 2003). The
extraordinary properties of these materials allow the use of mag-
netic nanoparticles in new bio-medical applications such as drug
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delivery, cell separation, bio-separation or enrichment means in
the biomedical utility (Angelakeris et al., 2015; Xiong et al.,
2013; Lingyan Wang et al., 2005; Woo et al., 2004; Dou et al.,
2012), electromagnetic wave absorption (Guo et al., 2017), but
also as hot intelligent sensing (Alippi, 2016; Jin et al., 2016).
The application of nanomaterials in the mentioned fields can
be facilitated after modification of superparamagnetic nanopar-
ticles with additional functional shells (organic or inorganic).
Enrichment of the morphology of nanoparticles by introducing
additional layers changes their primary properties and allows
their potential applications to expand (Brollo et al., 2016;
Amara et al., 2009). Thus, more than one characteristic of the
core—shell structure can be used or it can be utilized in more
effective way. A very important point in the preparation of the
core—shell and multilayered nanoparticles is the quality of the
interfacial region, which forms between chemically different
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layers during the preparation of core-shell or multilayered
nanoparticles (Giersig and Hilgendorff, 2005). In many cases,
the degree of roughness of the interfacial region determines
the physicochemical properties of the nanostructures due to
the fact that it involves a large percentage of the total number
of atoms when nanoparticles are combined (Andreeva et al.,
2007; Aksenov, 2003). On the other hand, surface modification
with chemically active metallic layers, for example, noble ele-
ments such as Ag, Au, and Cu, distinguishes new types of func-
tionalization (Lu et al., 2010; Vékas et al., 2006; Sanvicens and
Marco, 2008). Layers of noble metals also increase the number
of substances that are possible to combine with magnetic
nanoparticles. Therefore bioactive third particles (enzymes,
DNA, and drugs) can be easily connected to them via adequate
linkers (Das et al., 2008).

There are many surfactants (oleic acid (Haracz et al., 2015),
ethyl oleate (Zheng et al., 2017), tetrabutylammonium hydrox-
ide (Klekotka et al., 2017), many polymers (Sun et al., 2017)
that efficiently covers magnetic core and prevents it from
agglomeration, or oxidation or adds unique functionality.
However, one should remember, that application of very com-
plicated surface coating can influence the properties of the pri-
mary magnetic core. Our desire in this paper is to obtain
nanoparticles with various metallic layers which change core
characteristic, but not utilize very complicated organic coat-
ings. It has to just prevent from the agglomeration. When
properties of the inorganic core will be well controlled, the
usage of more sophisticated (Zhang et al., 2017a) surface cov-
ering can be adopted (Zhang et al., 2017b; Yang et al., 2017).

In these studies, we analyze the influence of the nonmagnetic
Ag, Auand Cu layers on the properties of a ferrite core and there-
fore the whole nanoparticle. Particles are prepared in one pot syn-
thesis procedure. In our previous papers (Kalska-Szostko et al.,
2013a; Kalska-Szostko et al., 2013b), we have observed that the
nonmagnetic shell significantly changes the magnetic properties
of the core. Because of that result, our current further studies
include analyses of similar core—shell nanoparticles but prepared
with modified fabrication methods, which control better subse-
quent growth and therefore changes of resultant properties.
Due to lack of information in the literature about the ferrite mul-
tilayered nanoparticles, whereas an interlayer metal is used. Fol-
lowing studies focus on this subject and compare properties of
particles which were fabricated in another manner. Proposed fab-
rication procedure minimizes any discrepancy between samples
which are of randomization origin. These studies have been per-
formed to understand the influence of the preparation procedures
on the final properties of nanoparticles.

The aim of this investigation is to see how physicochemical
properties change with nanoparticles core size, as well as the
positioning of metallic/iron oxide layer inside particles. The
positioning of the noble metal layer as middle or outermost
can give information about the role of nonmagnetic material
and its influence on magnetic properties of the core. Here also,
chosen synthetic procedures reduce as much as possible the
influence of inequivalent seeds.

2. Experimental

2.1. Material and apparatus

For the preparation of core—shell nanoparticles with various
shells Fe(acac);, Cu(acac);,, Gold (III) chloride 1,2-

hexadecanediol and phenyl ether from Aldrich; AgNO3 and
oleic acid from POCH and additional 1-octadecanol and oleyl
amine from Fluka were used. Cleaning and separation of the
nanoparticles were performed with the use of acetone, sonica-
tion bath, and a permanent magnet.

Magnetic cores and layers were prepared from Fe(acac)s
complexes. Non-magnetic metallic shells were obtained from
proper precursors of Cu, Au, and Ag ions. All synthesized
nanoparticles were measured to obtain structural characteriza-
tion by X-ray diffraction (XRD) by Agilent Technologies
SuperNova with a Mo microfocused source (K., = 0.713067
A) diffractometer. The energy-dispersive X-ray spectroscopy
(EDX) and transmission electron microscopy (TEM) measure-
ments were done with a FEI Tecnai G2 X-TWIN 200 kV micro-
scope to analyze composition morphology and crystallinity of
the structure. Therefore the nanoparticles after dilution have
been placed on a 400 mesh Cu grid. The short time temperature
stability of the nanomaterials was tested by a Mettler Toledo
Differential Scanning Calorimeter (DSC) with the STAR sys-
tem. Infrared spectroscopy (IR) spectra were collected in the
spectral range 500-4000 cm ™' with a Nicolet 6700 spectrometer
working in reflecting mode. Mdssbauer spectra were obtained
with the use of the spectrometer working in constant accelera-
tion mode with a ’CoCr radioactive source. Metallic iron foil
(a-Fe) was used as reference material. All samples were mea-
sured in transmission mode. Vibrating Sample Magnetometry
measurements in the temperature range from 10 K to 300 K
were performed on an MPMS SQUID and a PPMS vibrating
sample magnetometer from Quantum Design.

2.2. Preparation of the core—shell magnetite nanoparticles

Magnetite seeds were obtained by vigorous mixing in the inert
atmosphere (under continuous argon flow) of the following
chemicals: Fe(acac)s;, 1,2-hexadecanediol, phenyl ether, oley-
lamine and oleic acid which had been mixed in one glass and
heated to a temperature of around 259 °C for 30 minutes
(Sun and Zeng, 2002; Kalska-Szostko et al., 2015). This proce-
dure is well known in our team, therefore we decided to apply
such synthetic method to achieve magnetic nanoparticles with
most predictable properties. This way, the influence of metallic
layer can be easily observed. The pristine seed particles were
used as substrates to fabricate shells, obtained from Fe(acac)s,
Cu(acac),, AgNO; and HAuCly compounds, respectively
(Kalska-Szostko et al., 2015).

The magnetite seeds are synthesized twice and afterward
they are used under modified conditions to obtain different
type of core-shell nanoparticles which have the same core
structure composition. In the first case, when the solution with
seeds had been cooled down, Fe(acac);, 1-octadecanol, oley-
lamine and oleic acid were added to the mixture and heated
to a temperature of 259 °C for 30 min (Kalska-Szostko et al.,
2011). The resultant solution was divided into four equal parts.
One was dried in deoxygenated acetone, and the three remain-
ing parts were used in the following synthesis. In one part, Cu
(acac)s, 1,2-hexadecanediol, phenyl ether were combined, and
heated up to 105 °C (Subramanian et al., 2011). At this tem-
perature, oleylamine and oleic acid were added, and the whole
mixture was heated and kept at 200 °C for 30 min. The other
was modified by the addition of phenyl ether and then heated
to 85 °C. A solution obtained from gold hydrochloride, phenyl
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ether, and oleyl amine was maintained at this temperature for
a hour (Robinson et al., 2010). In the last part, AgNO; 1,2-
hexadecanediol, phenyl ether and oleyl amine were mixed for
15 min at RT, then for 2 h at 30 °C, and at the end for 30
min at 140 °C (Lu et al., 2010). A schematic presentation of
the above-described modifications is drawn in Fig. 1.

In the second type of synthesis, the seeds were at first
divided into three parts. Each batch was modified by the
metallic shell as described above by the addition of the same
kind of chemicals to obtain Cu, Au, or Ag shells on the Fe-
oxide cores. In the next step, every solution was again divided
into two parts. One of each was dried in deoxygenated acetone,
yielding nanoparticles with one shell. To the other parts, 4
mmol of Fe(acac); complex was added with necessary support-
ing substrates. After this final synthesis procedure, the particles
were washed with deoxygenated acetone and dried in an evap-
orator until powder form was obtained. Every step of the
described procedure is schematically illustrated in Fig. 2.

The two presented fabrication methods produce nanoparti-
cles with controlled composition. The usage of the same seed
batch prevents random deviations of the synthesis conditions.
A description of the prepared core—shell nanoparticles is col-
lected in Table 1. The availability of particles from all stages
of the fabrication process allows observation of any changes
of the physicochemical properties connected with the addition
of each subsequent layer on the nanoparticles. This coherent
fabrication method reduces the influence of the stochastic dis-
tribution of the particle properties as a consequence of the
variation of their size.

3. Results and discussion

3.1. Transmission electron microscopy

The quality of the nano-powders was analyzed by transmission
electron microscopy. Selected images of all types of the pre-
pared nanoparticles are depicted in Fig. 3.

Fe;0,4

It can be seen from TEM images collected in Fig. 3 that the
prepared nanoparticles have well-defined size and near spheri-
cal shape. In the first image, the seed nanoparticles (Fe;O4 (A))
are shown. They have regular spherical shape and a size of
about 8 £ 1 nm. In the case of nanoparticles with an added
Fe-oxide layer, the particles preserve a round, regular shape
and have an average size of 11 £ 2 nm. In the case of the
core—shell nanoparticles, where the second layer of noble met-
als was used, the nanoparticles have sizes in an average of 12
+ 2 nm. These particles also did not deviate much from a reg-
ular spherical shape. The multilayered nanoparticles, where
the last layer is a non-magnetic metallic layer, have sizes in
the range of 12—15 with error bar 2 nm. In the type of nanopar-
ticles where Cu, Au, and Ag serve as an interlayer between two
magnetic (Fe-oxide) layers well-defined nanoparticles are
observed but without a distinguished layered structure.

3.2. Energy-dispersive X-ray spectroscopy

The core—shell and multilayered nanoparticles were measured
by EDX to control the composition of separate particles. In
case of Fe;04/Me and Fe;O4/Fe-ox/Me, adequate element
specific signals in EDX spectra were obtained. Such results
confirm the layered structure of the nanoparticles. Typical
examples of the results are depicted in Fig. 4, where the insets
present particle section.

The area element analyses confirm the presence of the
requested metals in the particles. Element-specific line scans
show the distribution of each metal in the whole particle and
are in good agreement with the scenario of core—shell nanopar-
ticles growth. The obtained values of the estimated percentage
contribution of the different elements based on EDX analysis
are collected in Table 2.

The tested values collected in Table 2 correlate well with the
expected composition of the nanoparticles and the core—shell
growth scenario. EDS number were summarized with XRD
data. However, it should be undertaken that XRD gives not
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Fe;04/Fe-ox/Au

Fe;04/Fe-ox/Ag

Fig. 1
oxide (magnetite or maghemite).

Schematic illustration of the fabrication procedure of nanoparticles with various outermost metallic layers. Fe-ox stands for iron
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Schematic illustration of the fabrication process of the multilayered nanoparticles with various spacing layers.

Table 1 Collection of core—shell nanoparticles. A schematic description of the nanoparticles is used; for example, Fe304/Fe-ox/Me
means that nanoparticle has a ferrite core, then an iron oxide interlayer and finally a metallic shell (where Me varies between Ag, Au or
Cu). The symbols (A) and (B) denote cores prepared using 4 or 6 mmol of Fe(acac)s, respectively. Fe-ox states for iron oxide stand for

magnetite or maghemite.

Nanoparticles Core Ist shell 2nd shell Nanoparticles Core Ist shell 2nd shell
[mmol] [mmol] [mmol] [mmol] [mmol] [mmol]
Fe;04 (A) 4 - - Fe;04 (B) 6 - -
Fe;0,4/Cu(A) 4 3 - Fe;0,4/Cu(B) 6 3 -
Fe;04/Au(A) 4 0.44 - Fe;04/Au(B) 6 0.44 -
Fe;04/Ag(A) 4 2 - Fe;04/Ag(B) 6 2 -
Fe;04/Cu/Fe-ox(A) 4 3 4 Fe;0,4/Cu/Fe-ox(B) 6 3 4
Fe;04/Au/Fe-ox(A) 4 0.44 4 Fe;04/Au/Fe-ox(B) 6 0.44 4
Fe;0,4/Ag/Fe-0x(A) 4 2 4 Fe;0,4/Ag/Fe-ox(B) 6 2 4
Fe;04/Fe-0x(A) 4 4 Fe;04/Fe-0x(B) 6 4
Fe;04/Fe-0x/Cu(A) 4 4 Fe;04/Fe-ox/Cu(B) 6 4
Fe;0,4/Fe-ox/Au(A) 4 4 0.44 Fe;0,4/Fe-ox/Au(B) 6 4 0.44
Fe;04/Fe-ox/Ag(A) 4 4 2 Fe;0,4/Fe-ox/Ag(B) 6 4 2

percentage of particular element, but crystal phase. Therefore,
values will be not the same. The estimation of the elemental
content from XRD underestimates the percentage of the
metallic layer. This is partly due to the fact that detection of
a crystalline phase is possible only when more than 5% of
the whole volume possesses this structure. Also, the only crys-
talline phase is detected in XRD (e.g. diffusive scattering and
amorphous phases are not counted) while each atom con-
tributes to EDX analysis.

3.3. X-ray diffraction

Analyses of the crystal structure of the core—shell and layered
nanoparticles were done by X-ray diffraction. The resulting
diffractograms are depicted in series in Fig. 5. In Fig. 5A,
diffractograms for two and three-layered nanoparticles are col-
lected, where Ag, Au or Cu constitute the second layer and
serve as interlayer or surface. In Fig. 5B, the diffractograms
were collected for multilayered nanoparticles with Cu, Au,

and Ag in the outermost layer, respectively. The reference
magnetite patterns with indicated (i j k) Miller indices are
shown together with the studied samples (Kalska-Szostko
et al., 2014a; Mahadevan et al., 2007). The appearance of addi-
tional peaks in the diffractograms is a result of the presence of
a crystalline metallic surface or interlayer.

It can be seen that changes in the seeds size result in changes
of the relative ratio between the intensity of the signals from
the magnetite and the noble metal layers. Each set of diffrac-
tion patterns shows well-defined signals of crystalline mag-
netite and patterns typically observed from Cu, Au and Ag
metallic layers. These signals can be ascribed to the (11 1)
(200) (220) (311) planes (Sinha and Sharma, 2005; Zhang
et al., 1996) of the Cu, Au or Ag fcc lattices, but the cell
parameters are different and therefore the reflections for the
same (i j k) Miller indices do not appear at the same 2theta
values for Cu, Ag or Au (ap, = 4.085 A, aar, = 4.0786 A,
and ac, = 3.6149 A (Batchelder and Simmons, 1965;
Novgorodova et al., 1981).
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Fe,0,(A) Fe,0,/Ag (A)

Fe,0,/Cu (A) Fe,0,/Fe-ox/Au (B)

Fig. 3 TEM images of obtained seeds, core—shell, and multilayered nanoparticles.

LA 1. B o
» 3
» c
2 E 8
§ o
°l Wmﬂ
“ ~
o . o 5 10
: Position (nm)
o Ag
I Ag Fe . Ag .
Fe e e
Lk NS & I 7 Y —— . A_r
0.“‘7 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Counts
(@)
&
A

Counts

0 5 10
Position (nm)

0 5
Position (nm)

! Fe

o
0.00 1.00 200 3.00 200 5.00 800 2.00 8.00 .00

o
0.00 1.00 2.00 3.00 400 5.00 6.0 7.00 5.00 .00

Energy [keV] Energy [keV]

Fig. 4 Selected EDX results of some core-shell and multilayered nanoparticles with Fe(acac); seeds. (A) Fe;O4/Ag/Fe-ox (A); (B)
Fe;04/Ag (B); (C) Fe304/Fe-0x/Au (A); (D) Fe;04/Fe-0x/Cu (A).
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Table 2 Percentage composition of oxide and metallic layer estimated from the EDX and XRD measurements. Only the content of Fe

and Me is given.

Nanoparticles Fe Fe;O, Me Me-phase Nanoparticles Fe Fe;O, Me Me-phase
EDX + 2 [%] XRD EDX + 2[%] XRD EDX =+ 2 [%] XRD EDX + 2[%] XRD

Fe304/Cu(A) 82 84 18 16 Fe3;04/Cu(B) 58 89 42 11
Fe;04/Au(A) 96 93 4 7 Fe;04/Au(B) 98 98 2 2
Fe;04/Ag(A) 61 79 39 21 Fe;04/Ag(B) 41 71 59 29
Fe;04/Cu/Fe-0x(A) 80 90 20 10 Fe;04/Cu/Fe-ox(B) 76 91 24 9
Fe;04/Au/Fe-ox(A) 99 99 1 1 Fe;04/Au/Fe-ox(B) 99 99 1
Fe;04/Ag/Fe-0x(A) 80 79 20 21 Fe;04/Ag/Fe-ox(B) 62 89 38 11
Fe;04/Fe-ox/Cu(A) 46 64 61 36 Fe;04/Fe-o0x/Cu(B) 56 77 44 23
Fe;04/Fe-ox/Au(A) 88 98 12 2 Fe;04/Fe-0x/Au(B) 96 99 4 1
Fe;0,4/Fe-ox/Ag(A) 43 83 57 17 Fe;0,4/Fe-ox/Ag(B) 48 82 52 18

Moreover, the obtained X-ray results serve as a base for
determination of the average grain size of the core—shell
nanoparticles. Quantitative analyses were performed with
Scherrer’s Eq. (1) (Ghandoor et al., 2012) and the obtained
diameters are summarized in Table 2.

094

:ﬁ-cose M

where D — grain size [A], A — wavelength (for Mo source is
0.7136 A), B — full width at half maximum intensity of the peak
[rad], and 6 — diffraction angle [rad].

In our analysis, we used (3 1 1) reflection of the magnetite
signal.

From the XRD line position in the 2theta range also the
widening originating from the strain of the structure can be
estimated according to the Williamson-Hall law using the fol-
lowing equation (Zak et al., 2011):

fcosl = (%) + (4esin 0) 2)

where ¢ is a strain of the structure.

The parameters extracted from the diffractograms includ-
ing lattice parameters, particle size and strain are presented
in Table 3. The XRD radius is calculated from the magnetite
peaks, thus excluding the surface or interface metallic layer.
The lattice constants were extracted for both phases.

According to the changes of the calculated values of the
average particle size, the idea of layered growth can be fol-
lowed. Obtained values from XRD data show not only growth
of the grain size with the increase of Fe precursor but also
clearly indicate the influence of metallic layer on the lattice
constant of magnetite which is always, in case of Ag, most dis-
turbed in comparison to bulk magnetite value (8.39 A)
(Blaney, 2007). This is in good agreement with the prediction
of the core—shell particles fabrication and subsequent layered
growth. The presented grain size is taken from magnetite pat-
terns, therefore total particles volume can be different (metallic
layer was not taken into account). The lattice constant of
metallic layer calculated from XRD is also in good agreement
with bulk values of respective metals. The increase of the strain
value measured on magnetite reflects the influence upon the
additional structurally different layer or crystallinity of mag-
netite. It is observed that in any case, the presence of the Me
layer at the surface causes less stress than interlayer. The seed

nanoparticles have a calculated average grain size around 7 or
9 £+ 1 nm, and an addition of any next layer causes an increase
of the measured diameter. The multilayered nanoparticles have
a bigger grain size in comparison to the respective core—shell
structure. Observed discrepancy between imaged by TEM par-
ticles size and these obtained from XRD is originated in the
difference in sampling and data estimation. XRD is an average
parameter over a large number of particles, and size refers only
to ferrite part. Averaging is done from TEM over a relatively
low particles number (~100), and regardless of the layer com-
position, morphology is the same. Therefore obtained data can
be different. Besides that, XRD to the line width has signifi-
cant input on other effects presented in the system: structure
stress, crystalline disorder, dislocations, size and chemical dis-
tributions, apparatus properties, etc. Presented values in
Table 4, however, do not disagree with each other. Therefore,
XRD data can be treated as estimation or reference data only,
not as real values.

3.4. Differential Scanning Calorimetry

A thermal analysis of magnetite seeds and core—shell nanopar-
ticles with Au, Ag or Cu shells with quick heating and cooling
cycle in temperature range 20-450 °C with a scan rate of 10 °C/
min was performed. As a reference, an empty pan was used.
For DSC measurement, a quantity of roughly 2 mg of the total
weight of the sample was separated. Obtained thermal curves
are depicted in Fig. 6.

The DSC curve of the seed nanoparticles does not show any
thermal changes in the investigated temperature range. The
core—shell nanoparticles with Au shell show a wide endother-
mic process from 126 to 226 °C with a heat content of —918
mJ and a weak exothermic process at 240-308 °C. In the
nanoparticles with the Cu layer, an endothermic process at
103-176 °C and a weak exothermic peak at 327-367 °C are
seen. The nanoparticles with an Ag shell exhibit a wide
endothermic process at temperatures 138-213 °C with a heat
content of -318 mJ and an intensive endothermic change at
277-259 °C containing —2307 mJ of heat. The results show
that the addition of noble metal layers causes thermal activity
of the samples in the temperature range 20-450 °C of different
magnitude and that the addition of Cu shells changes thermal
stability of the core in the gentlest way.
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Fig. 5 XRD patterns of core—shell nanoparticles with respective shells. In A and B panels nanoparticles with 4 mmol core are collected,

in C and D- with 6 mmol core, respectively.

3.5. IR spectroscopy

For IR analyses, a small amount of each powder was deposited
on a diamond window and the spectra were measured in reflec-
tion mode. The IR spectra should reveal surface modifications
after different synthesis procedures.

Representative IR spectra of multilayered nanoparticles
with various outermost layers prepared from Ag, Au, Cu or
Fe-ox are depicted in Fig. 7. Every spectrum shows typical sig-
nals for Fe—O bonds originating from magnetite (570 cm™!)
(Namduri and Nasrazadani, 2008; Kalska-Szostko et al.,
2014b). There are also signals from bonds of organic
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Table.3 Estimated grain sizes, lattice constants and strains of core—shell nanoparticles determined by X-ray diffraction.

Nanoparticles Grain size £2 Lattice Strain + 0.5 [10 3] Nanoparticles Grain size £+ 2 Loattice constant Strain + 0.5 [1 0 3]
[nm] constant [nm] [A]£0.02

[A]£0.02

FC304 Me Fe304 Me
Fe;04 (A) 9 837 - 6.7 Fe;0,4 (B) 7 8.36 - 5.6
Fe304/Cu(A) 11 8.39 3.64 3.5 Fe30,4/Cu(B) 5 8.49 397 1.6
Fe;04/Au(A) 10 8.38 4.08 4.4 Fe;0,4/Au(B) 10 8.36 4.07 3.5
Fes04/Ag(A) 11 8.40 4.10 3.0 Fe30,4/Ag(B) 8 8.49 414 0.5
Fe;04/Cu/Fe-ox(A) 12 8.38 3.61 5.1 Fe304/Cu/Fe-ox(B) 8 8.49 3.70 4.7
Fe;04/Au/Fe-0x(A) 10 8.38 4.045.5 Fe;04/Au/Fe-ox(B) 12 8.38 404 93
Fe;04/Ag/Fe-0x(A) 11 8.40 4.09 4.6 Fe30,4/Ag/Fe-ox(B) 10 8.46 4.10 3.1
Fe304/Fe-0x(A) 11 836 — 4.1 Fe304/Fe-ox(B) 12 8.37 - 4.9
Fe;04/Fe-ox/Cu(A) 13 8.38 3.61 4.8 Fe;04/Fe-ox/Cu(B) 13 8.38 3.61 4.0
Fe;04/Fe-ox/Au(A) 13 8.38 4.074.3 Fe304/Fe-ox/Au(B) 12 8.38 4.07 3.3
Fe;0,4/Fe-ox/Ag(A) 14 8.39 4.105.5 Fe;04/Fe-ox/Ag(B) 13 8.39 4.10 34

Table 4 Magnetization values calculated from hysteresis
curves. M, — saturation remanence, M — saturation magne-
tization; H, — coercive field; y,~ high-field susceptibility.

Temperature [K] M, [mA-m’/kg] M, [mA-m°/kg] H, [mT]
2 7.3 26.1 14.4

10 4.6 252 8.7

300 1.8 20.3 4.4

compounds used during synthesis. The signals marked at 720
em™! and 29202851 cm ™' belong to C—C bonds in carbon
chains from oleic acid. The very characteristic band at 1404—
1564 cm ™! is due to the presence of acetylacetonate salt groups
(Coates, 2000), and the one at 3325 cm~! is obtained from
—OH bonds in water adsorbed from the air. The spectrum
of Fe304/Fe-0x/Ag nanoparticles (Fig. 7A) shows, in addition,
a weak signal around 630 cm™' which reflects oxidation of
magnetite to maghemite (Kalska-Szostko et al., 2013¢). The
weak band at 2348 cm™' is observed due to a high amount
of —NH, group present on the surface of the nanoparticles.
The spectra of Fe;04/Fe-ox/Ag and Fe;04/Fe-0x/Cu nanopar-
ticles have additional signals at 1017-1050 cm ™' indicating
oxidation of the nanoparticles surface from magnetite to lepi-
docrocite (Kalska-Szostko et al., 2013c; Balasubramaniam and
Ramesh Kumar, 2000). Signals present at 1238 cm ™' (observed
in the spectrum C) are typical for Ar—O—Ar bonds from
diphenyl ether and bond at 1738 cm™' can be caused by
C=O0 bonds which are left after synthesis procedure.

3.6. Magnetometry

Magnetic properties of selected samples were measured in the
temperature range from 10 K to room temperature. Low field
(50 Oe) magnetization vs. temperature measurements using
zero fields cooled (ZFC) and field cooled (FC) protocols were
performed. Resulting curves are plotted in Fig. 8, together with
superparamagnetic blocking temperatures estimated from the
formula given by Hansen and Merup (Hansen and Morup,
1999).

Panel A shows M vs. T curves for samples (from the prepa-
ration process A) covered with Cu layers. The blocking tem-
perature of these samples is to be found above 300 K. In
panel B three curves are collected (again from the preparation
process A) where the top is Fe;0,4/Fe-ox, middle has Cu cap-
ping and the bottom one Ag as a surface layer. The derived
blocking temperatures are indicated in the panels and are
200, 170 and 75K, respectively. The blocking temperature
decreases with the addition of a metallic capping layer, slightly
for a Cu layer and more significantly with an Ag layer. A cor-
responding decrease of the blocking temperature with an
added Cu (140-80 K) shell is derived from the two panels in
C where the core seed is from the preparation process B.

In Fig. 9 example of hysteresis curves collected at 2 K, 10
K, and 300 K are depicted. The inset presents magnification
of center part of the plot to see very small values of the coer-
cive field which increases up to the max. 14.4 mT at 300 K. For
particles with core—shell morphology and presence of noble
metal saturation magnetization per gram decreases signifi-
cantly what is clearly connected with the presence of nonmag-
netic layer.

3.7. Méssbauer spectroscopy

Selected Mossbauer spectra of core—shell and multilayered
nanoparticles are collected in Fig. 10.

The RT Méssbauer spectra are shown in such a way that
particles fabricated from the same seeds are in one panel.
Therefore the evolution of the spectra with the added layers
should be compared inside one figure. In panel (A) spectra
of particles fabricated on 6 mmol seeds are depicted. It is seen
that addition of the noble metal and on top of this, an extra
Fe-oxide layer causes modification of Mdssbauer spectra in
such a way that the superparamagnetic singlet/doublet (Zhu
et al., 2011) decreases and a wide sextet appear. This is in
agreement with the scenario of layered growth of the particles.
The spectra of all samples with added metal layers have a
wider background signal, which suggests an increase of the
superparamagnetic blocking temperature. It can also suggest
improvement of cross-talking between layers inside a single
particle or/and changes of the interfacial region so that the
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average magnetic moment is frozen at the certain direction and
superparamagnetic fluctuation is suppressed. The interaction
between particles is also a possible reason for splitting. The
most pronounced widening of the spectra is for the Cu covered
particles. Panel B shows spectra for particles where a third
metal layer was added. Careful examination of the spectra
indicates an increase of the blocking temperature when metal
layers are added. A continuous modification of the spectra is
seen and it is only a result of the addition of chemically differ-
ent surface layers. Panel C shows spectra from samples where
the size of the magnetic core supposed to be is enlarged by an
increase of the precursor amount in the seeds synthesis. There,
the second metallic layer was added and on the top — Fe-oxide,
similar to the samples in panel (A). As it is seen, the surface

IR spectra of multilayered nanoparticles (A) Fe304/Fe-0x/Ag(A); (B) Fes04/Fe-0x/Au(A); (C) Fe;04/Fe-0x /Cu(A); (D) Fes04/

layers modify the MS spectra; in this case, each of them is split
into distinct sextets. This suggests interaction (cross-talking)
between the Fe layers inside particles via the metallic spacing
layer.

In general, in each case, the presence of a Cu layer causes
the most split spectra. This observation is valid for each stud-
ied series of nanoparticle samples. From Mdssbauer spectra
modulation in the series, it can be concluded that the origin
of splitting arises from enhanced superparamagnetic blocking
temperatures of the samples. Surprisingly, the estimated block-
ing temperatures based on the ZFC/FC magnetization curves
suggest opposite phenomena to the one obtained from MS
data. This is surprising in spite of the very different observa-
tion time characteristic of Mdssbauer spectroscopy (107 s)



1332

U. Klekotka et al.

moment [emu/g]

moment [emu/g)

01

0.08

0.06

0.04

0.02

0.1
0.08
0.06

0.04

A

Fe304/Cu (A)
//
-
50 100 150 200 250 300

Temperature [K]

Fe304/Cu/Fe-ox (A)

\

150 200 250 300 350

Temperature (K]

B

Fe304/Fe-ox (A)

009
. 008
% 007
E oo
S o005
§ oo
£ 200 K

002
001
0

350 0 50 100 150 200 250 300

Temperature (K]
Fe304/Fe-ox/Cu (A)

moment [emu/g)
g

0 -
400 o 50 100 150 200 250 300
Temperature [K]
Fe304/Fe-ox/Ag (A)
0.12
= 0.1
3
g 0.08
E’ 0.06
@
§ oo 75K
E 0.02
0
0 50 100 150 200 250 300
Temperature (K]

0.12

01

=
~
g oos
K
0.06
£
§ oo
E
0.02
0
350
0.03
— 0.025
(]
3
£ om
&
€ 0015
o
E 0.01
=
0.005
0
350
350

P

c

Fe304/Fe-ox (B)

350
Temperature [K]

Fe304/Fe-ox/Cu (B)

80 K

150 200
Temperature (K]

250 300 350

Fig. 8 ZFC/FC magnetization vs. temperature curves for selected core—shell and multilayered nanoparticles.

Fe304/Ag(A) Hysteresiscurve - at T = 2K;10K; 300K

Induced magnetisation [Am?/kg]

30

20

)

10

e
%}
! ' '
w -
o o o

Magnetising field pyy,H [T]

Magnetising fleld s (1]

6.5

Fig. 9 Hysteresis curves of Fe;04/Ag (A) nanoparticles, at temperatures 2 (green), 10 (red), and 300 K (blue), respectively.



Layered magnetite nanoparticles modification

1333

T T T 1 1 T 1 1
: (B)
AF.°
¢
r ’0 o,
| Fe/Ag/Fe *-v., ok |[FefFe ’ﬁs‘ r‘.s*
.' -& .
’g “ * . \1?‘: “',,.q,
5 I " o
£ ‘m”ﬁ\:: g vk, K,
c ,. .0 ‘Fe/Fe/Ag d&., k)
2 ‘s j N 7
.g o :- 1 oy, .o,*l '/‘.ﬂ |
E e . & il [ . 1k Fe/Au/Fex‘ R R -
52?.“3,-"..'..% e S| FeFFelau Foden N A
i ;&.’-’ PE "5?" 1 P"" & 2 iY77
..'.x.\ $: ..*'.u i Y s 1L [y x I3 o & . |
~ o ’- .o Y [l 0y v ¥ "‘, - > o
- Fe/CulFe % & g _a‘&\.-‘:. V' %‘# I PRI :.‘. .’g.
o, 1 | < * . i, |
| e | fﬁg\ a&',\"g‘.\& | . 4 %
» [FefFe/Cu  * L FelCulFe ol
PR R R 1 a1 o 1 o 1 o 1 3 | PR TR NPIN BT Y ST PR SR SR N S st b e b o o Lo b st s b ot o) s Lo
1210 8 6 4 2 0 2 4 6 8 10 12210 8 6 4 2 0 2 4 6 8 10 121210 8 -6 -4 2 0 2 4 6 8 10 12

velocity in mm/s

velocity in mm/s

velocity in mm/s

Fig. 10 Mossbauer spectra of core—shell nanoparticles from tree series.

and magnetization experiments (100 s). However, such discrep-
ancy supports the thesis that it has been another mechanism
involved in growth (Yin and Alivisatos, 2005).

4. Conclusion

This paper presents continuation and expansion of studies on
preparation of core—shell nanoparticles where magnetic core
and metallic layers were obtained by layer-by-layer growth
method. It is shown, that with this fabrication model various
thickness of metallic and oxide shells can be obtained. Pre-
sented TEM images show that with the addition of any layer
(metallic or iron oxide), their size increases, and additional
EDX measurements profs presence of added layers. The Mdss-
bauer spectra of the magnetite nanoparticles seed particles
change after each subsequent layer addition and they were
monitored in a step-by-step manner. The influence of the
added metal and Fe-oxide layers on the Mdssbauer spectra
are discussed. Magnetization measurements reveal the oppo-
site trend of the blocking temperatures as compared to that
derived from Mossbauer spectra. XRD patterns prove a chem-
ically modulated structure of the obtained particles. Presented
fabrication procedure eliminates the environmental parameters
random influence on final particles.
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