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ARTICLE INFO ABSTRACT

The flowerlike y-Fe,O3@NiO core/shell nanocomposites are synthesized by the two-step method. Their structure
and morphology can be controlled by tuning the precursor concentration. Microstructural analysis reveals that
all the samples have distinct core/shell structure without impurities, and the NiO shells are built of many ir-
regular nanosheets which enclose the surface of y-Fe;O3 core. As the precursor concentration decreases (i.e.,
more NiO content), the NiO grain grows significantly, and the thickness of NiO shells increases. Magnetic ex-
periments are performed to analyze the influences of different microstructures on magnetic properties of samples
and we have the following two results. First, at 5K, along with increasing thickness of NiO shell, the saturation
magnetization increases, while the residual magnetization decreases slightly. Second, the hysteresis loops under
cooling field demonstrate that the value of exchange bias effect fluctuates between 13 Oe and 17 Oe. This is
mainly because of the NiO shell that (i) is composed of irregular nanosheets with disordered orientations, and (ii)
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does not form a complete coating around y-Fe;O3 core.

1. Introduction

Magnetic nanoparticles (NPs) have been widely investigated be-
cause of advantages in both fundamental research and application po-
tentials in a variety of high-impact fields including information tech-
nology, catalysis, magnetic sensing and nanoscale electronic [1-6].
Especially, for the magnetic nanocomposites with typical core/shell
structure and good interfacial anisotropy, they have key property of the
exchange coupling system, which results in the exchange bias (EB) ef-
fect and enhanced coercivity (Hc) [7,8]. Since the discovery of EB effect
in Co@CoO NPs by Meiklejohn and Bean in 1956 [9,10], EB-based
core/shell nanocomposites with various microstructures have been
extensively reported.

The conventional exchange coupling between antiferromagnet
(AFM) and ferromagnet (FM) or ferrimagnet (FiM) occurs at the F(i)M-
AFM interface, where the hysteresis loop shifts (i.e., Hg) along the field
axis after field cools down from above the Néel temperature (i.e., Ty) of
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AFM. For instance, the EB coupling exhibited by Fez s04@CoO core/
shell nanocomposites is closely correlated to their assembly structure,
accompanied by the strong influence of interparticle interaction on
their intrinsic magnetic properties [11]. The study on 50 nm CoCr,04
particles with core/shell structure reveals that memory effect and EB
effect are temperature-dependent [12]. In addition, Gandha et al. point
out that the giant EB in Co/CoO core-shell nanowire assemblies has an
angular dependence on the value of EB field and the direction of
magnetization [13]. Recently, it has been reported that highly homo-
geneous and inverted core/shell magnetic nanocomposites which de-
monstrate significant EB effect can be synthesized by simple chemical
methods, such as FeO/Fe304 [14-16], CoO/y-Fe,0O3 [17,18], MnO/y-
Mn,03 [19,20], and MnO/Mn30,4 systems [20,21].

All the researches above indicate that the exchange coupling of
core/shell nanocomposites are highly dependent on shape, size, com-
position, surface volume ratio, and interfacial characteristics. In order
to control these factors, an effective method is to change the precursor
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concentration. For example, Khurshid et al. have reported that the
shape of core/shell FeO/Fe304 nanocomposites could be controlled by
altering the molar ratios of different capping agents [14], and the
particles will exist cubical, spherical, octopod, clavillose or triangular
morphology in shapes. Pajor-Swierzy et al. discuss the influence of the
concentration of Ag precursor on the properties of nickel-silver core/
shell nanocomposites [22]. Based on the wet chemistry synthetic
method, Sanles-Sobrido et al. have found that the magnetic properties
of spherical core-shell nanostructures are tunable, which can be
achieved by tailoring the weight ratio of Ni:PS (where PS refers to the
polystyrene) [23]. In our previous work, we have successfully con-
trolled the Ni content in the Ni-NiO nanocomposites by tuning pre-
cursor concentration [24]. Therefore, the EB effect and the corre-
sponding phenomenon can be accurately regulated by the
microstructures of the nanocomposites.

In this paper, we select the y-Fe;03/NiO system as a research object
from numerous combinations because NiO has high Ty and satisfactory
stability, and y-Fe,O3 has excellent magnetic properties. We report the
two-part seed-mediated synthesis of flowerlike y-Fe,O3@NiO core/shell
nanocomposites. During the process of sample preparation, nano-
composites consist of a fixed FiM y-Fe,O3 core surrounded by AFM NiO
shells in different thicknesses. The roles of the precursor concentration
which is critical to the structure and morphology are examined sys-
temically, and the magnetic properties of the flowerlike y-Fe;O3;@NiO
core/shell nanocomposites are further investigated in detail.

2. Experimental details
2.1. Sample preparation

Throughout the sample preparation procedure, iron oxide (Fe30,4)
spheres are synthesized first. Typically, 0.811 g (5 mmol) of Iron(IIl)
chloride is dissolved in 40 mL of ethylene glycol (EG), then 3.6 g of
sodium acetate and 1.0 g of polyethylene glycol (PEG 4000) are suc-
cessively added to the solution, followed by a step of stirring the so-
lution for 20 min. The obtained clear solution is transferred to an au-
toclave, and is placed in a moistureless box. Then the reaction happens
at 200 °C with a heating rate of 5 °C/min for a duration of 8 h, and then
the resultants are cooled down to room temperature. The black pre-
cipitate is washed by ethanol and distilled water, and kept in a moist-
ureless box at 80 °C for 12 h. Finally, the black powder products formed
by grinding the precipitate are Fe304 microspheres.

In the second step, 0.291 g (1 mmol) of Nickel(I) nitrate hexahy-
drate is added to a mixed solution of 7 mL of alcohol and 3 mL of EG,
which forms a solution in a light green color. Then 0.232 g (1 mmol) of
Fe30, powder is added to the solution which is then ultrasonically
dispersed for approximately 15min. The obtained mixture is trans-
ferred to an autoclave and kept in a moistureless box, and reacts at
160 °C with a heating rate of 5 °C/min for 8 h followed by a procedure
of naturally cooling down to room temperature. The black precipitate is
washed several times by ethanol and distilled water, and is kept in a
moistureless box at 80 °C for 12 h to produce Fe;0,4/Ni(OH), core/shell
nanocomposites. Then, the product is calcined in air at 300 °C with a
heating rate of 5°C/min for 3h in a tube furnace.

Herein, the ultimately obtained y-Fe,O3@NiO sample is marked as
1/1. Noting that the morphology of flowerlike y-Fe,O3@NiO core/shell
nanocomposites can be governed by tuning the precursor concentration
(i.e., the molar ratio of Fe;O4 to Nickel(I) nitrate hexahydrate).
Therefore, the other samples could be produced by simply altering the
concentration to 1/0.2, 1/0.5, 1/2, 1/3, 1/5 and 1/7, respectively.
Moreover, the sample denoted as 1/7-400 °C is obtained by a similar
synthesis process, where the precursor concentration is 1/7 and the
temperature of calcining is extended to 400 °C.
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2.2. Characterization

The crystal structures of products are characterized by X-ray dif-
fraction (XRD) using a Bruker D8 Advance A25 with Cu Ka radiation (A
=1.54056 A) in the range of 20°-70°. X-ray photoelectron (XPS) spectra
are collected using PREVAC XR408 spectrometer. Particle shapes are
imaged with HITACHI S4800 scanning electron microscope (SEM). For
transmission electron microscope (TEM) investigation, a drop of tested
powder sample in ethanol is deposited on each carbon-coated copper
grid and then dried in the air. Based on the Hitachi HT7700 instrument,
high-resolution TEM (HRTEM) analyses are used to determine local
microstructure. Raman spectra are recorded in the range of 400-
1150cm ™! by using a confocal spectrograph (Invia, Renishaw,
England) with an excitation wavelength of 632.8 nm. Magnetic mea-
surements are conducted using a superconducting quantum inter-
ference device (SQUID) magnetometer (Quantum Design, MPMS-XL5),
which mainly includes the following two aspects: (i) low-temperature
(5K) hysteresis (M-H) loops under zero-field-cooling (ZFC) and field-
cooling (FC, from 300K in a field of H.,, =50kOe); and (ii) ZFC and
100 Oe FC magnetization (M-T) curves in the temperature ranging from
5K to 300K.

3. Results and discussion
3.1. Structure and morphology

Fig. 1 presents the XRD patterns of the y-Fe;O3@NiO nanocompo-
sites obtained under different precursor concentrations. The typical
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Fig. 1. XRD patterns of y-Fe;O3@NiO core/shell nanocomposites formed in
different precursor concentrations: (a) 1/0.2; (b) 1/0.5; (c) 1/1; (d) 1/2; (e) 1/
3; () 1/5; (g) 1/7; and (h) shows the XRD pattern of an extra sample (1/7) with
higher calcination temperature of 400 °C. The right region (i) shows the en-
larged view of (h) in the 33-39° 26 range.
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Fig. 2. XPS spectra of (a) Fe 2p and (b) Ni 2p region for the y-Fe,O3@NiO core/
shell nanocomposites formed in precursor concentration of 1/5.

(220), (311), (400), (511) and (440) diffraction peaks are perfectly
matched with y-Fe;O3 phase (JCPDS no. 39-1346), while peaks of NiO
phase are not apparently observed. However, as the calcination tem-
perature of Fe30,@Ni(OH), nanocomposites increases to 400 °C, NiO
peaks can be observed in the 1/7-400 °C sample, as shown in Fig. 1(h).
It is interpreted that the increase of calcination temperature contributes
to the improvement of crystallinity and the growth of grains. Fig. 1(i) is
the enlarged view of Fig. 1(h) in the range of 33°-39°, it presents the
typical (111) diffraction peak of NiO phase (JCPDS no. 71-1179). Ac-
cording to the analysis of XRD patterns, no other crystalline impurities
are detected. Unfortunately, the XRD patterns neither indicate obvious
differences among several samples nor recognized the NiO component
distinctly.

Considering that it is difficult to distinguish maghemite (y-Fe;O3)
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from magnetite (Fe304) through XRD pattern [25,26], XPS analysis of
the 1/5 sample is then performed to better assess the chemical nature of
the nanocomposites. Fig. 2(a) shows the XPS spectrum of Fe 2p region,
in which the two peaks at 711.3 eV and 723.0 eV are correspond to the
Fe 2p 3/2 and Fe 2p 1/2 binding energies, respectively. Furthermore,
the satellite peak that appears near 719.3 eV is the characteristic peak
of y-FeyOs [27-29], which is different from Fe3O4. As shown in
Fig. 2(b), the XPS spectrum of Ni 2p region includes two broad sets of
signals, and corresponds to 2p 3/2 (854.1 eV with its satellite peak at
860.0eV) and 2p 1/2 (871.8eV with its satellite peak at 878.1eV)
[23,30], respectively. The nickel oxidation states are highly correlated
to the energy gaps between the Ni 2p main peak and its satellite peak.
These information demonstrates that there is no agreement with the
spectra of Ni,Os, and nickel is involved in both samples in the form of
Ni2*, consequently excluding the presence of metallic nickel
(778.0 eV).

Eight representative SEM images of flowerlike y-Fe,O3;@NiO na-
nocomposites are presented in Fig. 3, which demonstrates the typical
core/shell structures. It is remarkable that the thickness of the NiO shell
changes along with the change of the concentration of the nickel
source. Among them, the NiO shell is made of irregular nanosheets.
Although it seems that the sheet-like NiO encloses the y-Fe,;O5 core, NiO
is actually inserted at the surface of core, which forms a flower shape. It
has already been noted above that NiO is not detected in the above XRD
patterns. Furthermore, with the increase of Ni%™" ion concentration, the
flowerlike NiO shell becomes thicker and more conspicuous, and finally
the surface tends to be stable due to the limited adsorption capacity of
Fe304. For an overview of sample sizes, we have performed statistical
measurements for the diameter of each nanoparticle using the Nano
Measurer software, and the average diameter of the samples formed in
different precursor concentrations varies from 328 * 15nm to
386 + 19nm. To summarize, the above analysis indicates that the
precursor concentration has a significant influence on the morphology
of y-Fe;03@NiO core/shell nanocomposites.

Based on the above analysis of XRD, XPS and SEM data, it is con-
firmed that the products obtained from current reactions are flowerlike
y-Fe;03@NiO core/shell nanocomposites. From the SEM images, we
can conclude that the morphology of the samples formed in different
precursor concentrations changes slightly. The analysis below will ad-
dress the four samples obtained in the concentrations of 1/1, 1/2, 1/5
and 1/7, respectively.

To explore the microstructure of samples, especially for the core/
shell structure, the TEM images of the four samples form concentrations
of 1/1, 1/2, 1/5 and 1/7 are measured, as shown in Fig. 4(a)-(d).
Obviously, all the samples are core/shell structured: the big black balls
are the cores, y-Fe;O3 microspheres, and the peripheral gray sheets are
the shells, NiO nanosheets, forming a flowerlike y-Fe;O3;@NiO core/
shell composite. Similar morphology is also observed by Sanles-Sobrido
et al. in the spherical PS/Ni microspheres/nanoshells composites [23].
To get a better view about the sizes of core and shell, the TEM images of
few particles (for example, two) for the same four y-Fe,O3;@NiO

Fig. 3. SEM images of y-Fe,O3@NiO core/shell nanocomposites formed in different precursor concentrations: (a) 1/0.2; (b) 1/0.5; (c¢) 1/1; (d) 1/2; (e) 1/3; (f) 1/5;
(g) 1/7; and (h) shows the SEM image of an extra sample (1/7) with higher calcination temperature of 400 °C.
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(17

Fig. 4. TEM images of y-Fe,O3@NiO core/shell nanocomposites formed in different precursor concentrations: (a) 1/1, (b) 1/2, (¢) 1/5, (d) 1/7; (al)-(d1) show the

corresponding TEM images of two particles at high magnification.

samples are recorded at high magnification (for example, x 25 k), as
shown in Fig. 4(al)-(d1). First, for y-Fe,O3 core, the shape and size of
microspheres can be basically considered to maintain invariable with
the change of precursor concentration. The reason is because y-Fe,O3
cores all come from the evolution of the same seeds (Fe;O, micro-
spheres), and the calcination conditions of the intermedium (Fe30,@Ni
(OH), core/shell composites) are identical (namely, 5°C/min, 300 °C,
3h). Secondly, for NiO shells which are consisted of multiple irregular
nanosheets with disordered orientations, as precursor concentration
changes from 1/1 to 1/5, the average thickness of NiO shells increase
markedly with an enhancement of the compactness of NiO shells.
However for the y-Fe,O3@NiO sample formed in 1/7 concentration,
NiO shells begin to peel, thin, and form some scattered nanosheets in-
stead of complete coatings around y-Fe,O3 core. This is mainly because
the surface tends to stabilize due to the limited adsorption capacity of
Fe304 microspheres with the increase of Ni?* ion concentration in re-
action. The excessive Ni>* ions enlarge NiO nanosheets which become
heavier and heavier so that the obtained NiO shell enclosing the surface
of y-Fe,O3 core start to break down and finally result in the incomplete
core/shell structure. Above TEM results are consistent with those of
SEM and further demonstrated the core/shell structure of y-Fe,O;@NiO
samples.

In order to further evaluate the impact of precursor concentration
on the structure, the results of Raman spectra of the y-Fe,O3;@NiO
nanocomposites are presented in Fig. 5. The features at 491.3 cm ™ and
690.2 cm ™! are due to y-Fe,05 [31], while all the other Raman features
represent the characteristics of NiO [32]. The peaks of iron oxide fur-
ther demonstrate that the core is completely composed of y-Fe,O3 in-
stead of Fe30,4. Obviously, both of the two peaks for all four samples are
consistent, which corresponds to the fact that precursor concentration
has not affected Raman mode of y-Fe,O3 core much, consistent with the
previous XRD, SEM and TEM analysis. As the precursor concentration
decreases, the peak at 1177.6 cm ™' of NiO becomes higher, indicating
that the amount of NiO on the surface of the nanocomposites increases,
which also proves the SEM/TEM analysis.

3.2. Magnetic properties

The effect of nanocomposites morphology on the magnetic proper-
ties is evaluated by SQUID. In a magnetic field of 100 Oe, the tem-
perature-dependent magnetization (M-T) curves are measured under
ZFC and FC from 300K to 5K. Mzgc is measured when the sample of
nanocomposites are heated from 5 K to 300 K, whereas Mg is recorded
during the subsequent cooling procedure. Fig. 6 presents the main

(a)11

(b)1/2

Intensity (a.u.)

()17

450 600 750 900 1050 1200 1350 1500
Raman Shift (cm™)

Fig. 5. Raman spectra of y-Fe,O3;@NiO core/shell nanocomposites formed in
different precursor concentrations: (a) 1/1; (b) 1/2; (¢) 1/5; (d) 1/7.

results for the y-Fe,O3@NiO granular system. An irreversible magnetic
behavior (splitting between the FC and ZFC curves) is observed in the
whole temperature range and the irreversibility occurs when T > 300 K
in all curves. This behavior indicates that a strong FiM/AFM exchange
coupling exists in this granular system. As temperature increases, Mzpc
also increases while Mg decreases on the contrary. The bifurcation
between ZFC and FC curves is explained by the possible freezing of
disordered uncompensated surface spins. It is well known that the value
of Ty depends on the applied magnetic field [33]. In this situation, the
maximum is not observed in the ZFC curve, which means that Ty is
above 300 K under an applied field of 100 Oe. Similar results are also
observed in Fe/Fe-Oxide [34], Co-B NPs [35], Ni/NiO nanostructures
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Fig. 6. ZFC and 100 Oe FC magnetization (M-T) curves of y-Fe,O3@NiO core/
shell nanocomposites formed in different precursor concentrations: (a) 1/1; (b)
1/2; (c) 1/5; (d) 1/7. Insets show the temperature derivative of the difference
between the FC and ZFC magnetizations.

[33,36] and PS/Ni nanocomposites [23]. The partial magnetic behavior
of the NiO-containing system can usually be explained by the dis-
ordered NiO component. The insets in Fig. 6 present the derivative of
the difference between the FC and ZFC magnetizations with respect to
temperature, i.e., -d(Mgc-Mzgrc)/dT, which provides qualitative eva-
luation on the magnetic behaviors of nanosystem [34]. The peak lo-
cated at Tr suggests that there is a frozen disordered magnetic state
when the temperature is below the following, Tr = 169, 159, 156, and
150K, respectively. As precursor concentration decreases, i.e., as the
volume of NiO content increases, the value of T decreases mono-
tonously from 169K to 150K, which demonstrates that at low
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temperature, the ferromagnetic moment is in a blocked state and a
frozen magnetic state is formed in the FiM/AFM nanocomposites
system.

As shown in Fig. 7, hysteresis loops under ZFC and FC are measured
at 5K. In the ZFC and FC measurements, the sample is cooled down in a
zero field and an applied field of 50kOe, respectively, and then the
magnetization is measured. We can observe that the shape of the ZFC
and FC loops are similarly given a relatively small coercivity listed in
Table 1. Both ZFC and FC loops indicate that the value of saturation
magnetization monotonously increases (Ms=55.4, 57.8, 59.3 and 60.1
emu/g, respectively) in four samples as a consequence of larger volume
of NiO in the latter samples. From the insets which present the enlarged
view near the origin of hysteresis loops, we have the following ob-
servations. First, the hysteresis loops under ZFC illustrate a typical
hysteresis loop which is perfectly symmetrical about the two axes.
Second, compared with the hysteresis loop under ZFC, the loop under
FC shows a significant horizontal offset for each sample, which is
characteristic of EB effect accompanied by an enhancement of coer-
civity [37]. The main reason of such a phenomenon is that the AFM
(NiO) spin pins the FiM (y-Fe,03) spin at the FiM/AFM interface, which
is motivated by the magnetic field applied during the cooling proce-
dure. The NiO shell acts as a pinning layer, leading to a unidirectional
anisotropy or a preferred direction of magnetization in y-Fe;O3 core.
The result of this unidirectional anisotropy is that it is much more
difficult to switch the magnetization of the y-Fe;O3; in the opposite
direction of the cooling field than to switch it back to the direction of
cooling field. It can be quantified as exchange bias field which is cal-
culated by the following formula, Hr = (Hc;-Hco)/2, where He; and
Hc, denote the negative and positive coercive fields, respectively. In all
samples, the value of Hg is between 13 Oe and 17 Oe, because the
flowerlike NiO shell is sheet-like and does not form a complete coating,
and the fluctuating value of Hg depends on the microstructural char-
acteristics such as size, phase content and interface roughness. The
enhancement of coercivity is defined by the difference of coercivity
under FC and ZFC processes, i.e., AHc = Hc(FC) - Hc(ZFC) (AH¢ = 30,
26, 25 and 41 Oe, respectively) [38]. The specific phenomenon also
originates from coupling effect which allows a variety of reversal paths
for the spins upon cycling the applied field [33].

4. Conclusions

Flowerlike y-Fe;O3@NiO core/shell nanocomposites with distinct
microstructures can be successfully prepared by altering the precursor
concentration, and the corresponding structure, morphology and mag-
netic properties have been systematically investigated through XRD,
XPS, SEM, TEM, Raman, and SQUID tools. All the samples exhibit ty-
pical core/shell structures, and the precursor concentration has a sig-
nificant influence on the microstructure, e.g., as the precursor con-
centration decreases, the NiO shell layer becomes thicker and denser. At
5K, the saturation magnetization increases along with the increase of
the thickness of the NiO shell layer, while the residual magnetization
shows a minor decrease as the thickness increases, which is consistent
with the antiferromagnetic characteristics of NiO. At the same time,
there is a significant exchange coupling in flowerlike y-Fe;O3@NiO
core/shell nanocomposites, resulting in the exchange bias effect and
enhancement of the coercivity. The value of exchange bias field ranges
from 13 Oe to 17 Oe in four samples, because the NiO shell is composed
of irregular nanosheets, which are inserted into the surface of y-Fe,O3
core, and therefore does not form a complete coating. It also proves that
the structure of FiM-AFM interface has significant impacts on the
magnetic properties of y-Fe;O3@NiO core/shell nanocomposites.
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