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Exchange-biased hybrid y-Fe,O3/NiO core-shell
nanostructures: three-step synthesis,
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Yong-Tao Li,*? Li-Qing Liu,® Hong-Guang Zhang,? You-Wei Du® and Wei Zhong () *°
A two-step solvothermal method combining a calcination process was conducted to synthesize
v-Fe,O3/NiO core-shell nanostructures with controlled microstructure. The formation mechanism of
this binary system has been discussed, and the influence of microstructures on magnetic properties has
been analyzed in detail. Microstructural characterizations reveal that the NiO shells consisted of many
irreqular nanosheets with disordered orientations and monocrystalline structures, packed on the surface
of the y-Fe,Oz microspheres. Both the grain size and NiO content of nanostructures increase with the
increasing calcination temperature from 300 °C to 400 °C, accompanied by an enhancement of the

Received 5th March 2019, compactness of NiO shells. Magnetic studies indicate that their magnetic properties are determined by

Accepted 7th May 2019 four factors: the size effect, NiO phase content, interface microstructure, ie. contact mode, area,
roughness and compactness, and FM—AFM (where FM and AFM denote the ferromagnetic y-Fe,Os and

the antiferromagnetic NiO components, respectively) coupling effect. At 5 K, the y-Fe,O3/NiO core—
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rsc.li/pcep shell nanostructures display certain exchange bias (Hg = 60 Oe) and enhanced coercivity (Hc = 213 Oe).
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Introduction

The exchange bias (EB) effect is classically manifested as the
coupling interaction across interfaces between ferromagnetic
(FM) and antiferromagnetic (AFM) components," which have been
widely investigated for their essential physical mechanism®?® and
applied in various attractive fields, such as spin valves,* ultra-high
density data storage,” magnetic tunnel junctions® and spintronic
devices.” As observed in the experiments, the main indication of
EB behavior is the shift of the hysteresis loop along the field axis
after field cooling from above the Néel temperature (TN) of the
AFM materials in FM/AFM systems.® Up to now, the EB effect and
related phenomena have been reported in nanostructured systems
including lithographically fabricated nanostructures,” chemically
modified nanoparticle surfaces,' FM nanoparticles embedded in
AFM matrices,'" and controlled core-shell nanostructures,? etc.
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A core-shell EB system consisting of transition metals and their
oxides, for example, Co/CoO"*'* and Ni/NiO'>'® core-shell
nanoparticles, has particularly attracted more interest for the
purpose of improving the performance of permanent magnet
materials’” and combating the superparamagnetic limit for
magnetic recording media.'®

Over the past few decades, nanosized 3d-transition-metal
oxides have been studied intensively due to their importance in
fundamental research and diverse technical applications.'
Nanoparticles of iron oxides such as magnetite (Fe;04) and
maghemite (y-Fe,03) have a wide range of applications in ferro-
fluids, magnetic storage media, targeted drug delivery, and
magnetic resonance imaging (MRI), because of their chemical
stability and excellent FM characteristics.>* But for Fe;0, and
v-Fe,0;, there is a big difference in the structure and magnetic
properties.””** The anomalous magnetic properties of 3d-transition-
metal monoxide (viz. FeO, CoO, and NiO) nanoparticles have also
been studied systematically based on their AFM nature.'****>
Generally speaking, magnetic materials at the nanometer scale
show a variety of unique magnetic phenomena which are extremely
different from the corresponding bulk. Just because of this, mag-
netic nanomaterials have aroused significant interest since these
properties can be advantageous for utilization in many applications.
And among them, related to properties and applications are the
size, shape and composition of materials. For a variety of magnetic
nanoparticles, Cheon et al. studied the influence of nanoscaling
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laws on their fundamental magnetic properties such as the blocking
temperature (T},), spin life time (t), magnetization (M), coercivity
(Hc), and susceptibility (y) in detail.'® Obviously, these scaling
relationships can be leveraged to regulate the magnetism. There-
fore, we are aware that the crux of the realization of the excellent
performance is the precise control of material’s microstructure.

The Curie temperature (7c) of the bulk is 858 K for Fe;0,
and 948 K for y-Fe,O3, while the Ty of FeO, CoO and NiO is
198 K, 293 K, and 523 K, respectively.>® Exchange bias exists in a
system composed of FM and AFM substances, where the T of
the former is higher than the Ty of the latter.”® There are
preliminary studies reported on the EB effect of FeO/Fe;0,4,>”®
CoO/y-Fe,0;%°*° and Fe;0,/Co0*' core-shell nanostructures
in the literature. Actually, for the possible combinations, the
v-Fe,03/NiO core-shell system is the most promising due to its
high Ty and excellent stability.

One of the methods to create the EB phenomenon is by
using core-shell structures. In recent years, core-shell structures
(nanocomposites, binary nanoparticles, and hierarchical nano-
structures) with controllable microstructure have attracted special
attention due to their unique properties.**** For example, Xi et al.
synthesized Fe;0,/WO; hierarchical core-shell nanostructures
with enhanced photocatalytic properties, resulting from the
synergistic effect between the Fe;O, core and the hierarchical
WO; shell.** Panagiotopoulos et al. reported a simple chemical
procedure for the synthesis of hybrid binary nanoparticles and
studied the EB phenomenon in FM/AFM v-Fe,03/CoO and
reverse AFM/FM CoO/y-Fe,0; binary nanoparticle systems.”
In our previous work we have prepared Ni-NiO nanocomposites
which exhibit large EB and enhanced coercivity at 5 K, resulting
from heterojunctions at the interfaces between FM Ni and AFM
NiO.*> NiO nanomaterials have been extensively studied in many
fields including catalysis, lithium-ion batteries, supercapacitors,
gas sensors, and adsorbents in water treatment due to their
outstanding physical and chemical properties.**>® The y-Fe,05/
NiO core-shell nanostructure is even more interesting because
of the combination with y-Fe,O; nanomaterials, which show
excellent magnetic performance. However, it remains a great
challenge to improve the y-Fe,O3/NiO materials for a better
controlled microstructure and stability. To date, there have been a
few in-depth studies on the influence of microstructures on the
magnetic properties of y-Fe,O5/NiO nanostructures. We envisaged

Step I
A
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that y-Fe,05/NiO nanostructures can be more widely used once the
above relationship is delineated.

In this paper, a facile and reproducible process is used to
synthesis y-Fe,05/NiO core-shell nanostructures. The microstructure
can be controlled by tuning the calcination temperature of the
intermediate (Fe;0,/Ni(OH), core-shell structures). We focus on
the effects of different microstructures on the magnetic properties
at room temperature and 5 K, including the size effect, phase
content and interface coupling effect. The magnetization (M), the
EB field (Hg) and the coercivity (H¢) of the samples were analyzed
in detail. The result reveals certain H; and enhanced H values in
v-Fe,05/NiO core-shell nanostructures.

Experimental section
1. Sample preparation

The samples employed in this study were prepared by the
commonly used three-step method. Fig. 1 depicts the synthesis
process of the hybrid y-Fe,03/NiO core-shell nanostructures,
which mainly comprises the following three steps.

Step I: the solvothermal synthesis of the seed (Fe;O, micro-
spheres). Firstly, 0.811 g (5 mmol) of FeCl; solid was dissolved
in 40 mL of ethylene glycol (EG) with constant stirring for
15 min at room temperature until a clear solution was obtained.
Subsequently, 3.6 g of NaOAc and 1.0 g of polyethylene glycol
(PEG 4000) were added with faster stirring for another 15 min.
The clear solution was then transferred into a 100 mL Teflon-
lined stainless-steel autoclave. Secondly, the autoclave was heated
up to 200 °C and maintained at this temperature for 8 h. When
the reactions were over, the mixture of the product was cooled
down to room temperature, and the black precipitate was washed
with absolute ethanol and dried at 80 °C, and thus the Fe;O,
microspheres were obtained.

Step II: the synthesis of the intermediate (Fe;0,/Ni(OH),
core-shell structures). Firstly, the mixture of Ni(NO;),-6H,0
(1.163 g, 4 mmol), ethanol (28 mL) and EG (12 mL) was
manually stirred for 15 min in a beaker. After the formation
of a clear light green solution, 0.132 g (4/7 mmol) of Fe;0,
powder was dispersed in the solution and sonicated for 20 min.
Then the mixed solution was transferred to the autoclave and
maintained at 160 °C for 8 h. After the solvothermal reactions,

Ste{) 111
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Fig. 1 Schematic illustration of the synthetic process for the hybrid y-Fe,O3/NiO core—shell nanostructures.
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Table1 Results of the Rietveld analysis of the XRD patterns for the hybrid
v-Fe,O3/NiO core—shell nanostructures (samples M1-M3) formed at
different calcination temperatures

v-Fe,O; phase NiO phase
Sample T(°C) D(nm) a(A) wt(%) D(mm) a(d) wt(%)
M1 300 171 8.3296 75.9 10.9 4.1759 241
M2 350 17.4 8.3463 58.9 11.2 4.2409 411
M3 400 18.2 8.3089 50.3 12.5 4.1709 49.7

the mixture was cooled down to room temperature, and the
generated precipitate was washed using absolute ethanol. Finally,
the product was dried in vacuum at 80 °C in an oven for 24 h, so
that the products, Fe;0,/Ni(OH), core-shell structures, were
obtained.

Step III: the formation of the final product (y-Fe,O3/NiO
core-shell nanostructures). For the generation of the final
product, the obtained intermediate (Fe;0,/Ni(OH), core-shell
structures) was heated at a speed of 5 °C min~" at 300-400 °C
and calcined in air at this temperature for 3 h. Ni(OH), was
transformed into NiO, and meanwhile, Fe;O, was transformed
into y-Fe,O; during this process. Consequently, three samples
of y-Fe,O3/NiO core-shell nanostructures denoted as M1, M2,
and M3 in Table 1 were synthesized by controlling the calcination
temperature, T.

2. Microstructural characterization

X-ray diffraction (XRD) patterns were determined using a
Bruker D8 ADVANCE diffractometer with a Cu Ko radiation
source (40 kV, 40 mA, 1 = 1.54056 A). Based on the information
of the standard cards (y-Fe,O3, P4,32(213), a = 8.351 A, JCPDS
no. 39-1346; NiO, Fm3m(225), a = 4.178 A, JCPDS no. 71-1179),
the data from the XRD analysis were subsequently refined using
the classical Rietveld method, and thus microstructural para-
meters such as the average crystallite size, the lattice parameter,
and the phase content can be obtained. X-ray photoelectron
spectroscopy (XPS) was performed using a Kratos Axis Ultra
DLD spectrophotometer with an Al Ko radiation source. The
Raman spectra of the samples were recorded in the range of
400-1600 cm ™, using confocal Renishaw Invia at an excitation
wavelength of 633 nm. The morphology of the sample was
imaged with a Hitachi S-4800 scanning electron microscope
(SEM) operating at an accelerating voltage of 5 kV. For transmis-
sion electron microscopy (TEM) studies, a drop of the tested
powder sample in ethanol was deposited on each carbon-coated
copper grid and then dried in air. Based on the Hitachi HT7700
instrument, high-resolution TEM (HRTEM) in conjunction with
selected-area electron diffraction (SAED) analyses were used to
determine the local microstructure.

3. Magnetic measurement

Using the MPMS-XL superconducting quantum interference
device (SQUID), magnetic properties were recorded for powder
samples in a gelatin capsule, and the magnetization M was
measured against the magnetic field H and the temperature 7.
This part of measurements mainly included the following three

This journal is © the Owner Societies 2019
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aspects: (i) room-temperature (300 K) hysteresis (M-H) loops in
a magnetic field up to 5000 Oe; (ii) low-temperature (5 K) M-H
loops under zero-field-cooling (ZFC) and field-cooling (FC, from
330 K in a field of H,,o = 50 kOe); and (iii) ZFC and 500 Oe FC
magnetization (M-T) curves in the temperature range of 2-330 K.

Results and discussion

To accurately investigate the structure and magnetic properties
of the final product, we need to understand the microstructural
characteristics of the seed and the intermediate first. Fig. 2
shows the relevant information of both parameters. The XRD
pattern in Fig. 2(a) is obtained from seeds with a pure Fe;O,
structure. According to the Scherrer formula, the weak and
wide diffraction peaks indicate that the grain size of Fe;0, is in
nanoscale. Correspondingly, Fig. 2(a1) shows the SEM image,
indicating that the seeds have an Fe;O, microsphere morphology,
and the average size of these microspheres is about 0.4 pm.
Because of the rough surface of the Fe;O, microspheres, it is
obvious that a gathering of smaller nanoparticles exists, agreeing
with the XRD analysis.

The XRD pattern of the intermediate is shown in Fig. 2(b).
Obviously, this pattern contains two sets of diffraction peaks,
which correspond to Fe;O, and Ni(OH), phases, respectively.
The diffraction peaks of Fe;0, originate from the previous seed,
while the two additional peaks (101) and (110) are in good
agreement with those of o-Ni(OH), packed with many sheets,
which has already been reported by Liu et al. and Lee et al. and
is stated in the standard card (JCPDS no. 14-0117).*>*° The
SEM image (Fig. 2(b1)) demonstrates that the Fe;0,~Ni(OH),
complex has a clear core-shell structure, where the Fe;O,
microspheres are cores and the Ni(OH), nanosheets are shells.
In conclusion, the intermediate is proven to be a Fe;0,/Ni(OH),
core-shell structure.

Based on the schematic illustration of the synthetic process
shown in Fig. 1, we can deduce the formation mechanism of
Fe;0,/Ni(OH), core-shell nanostructures. Firstly, the Ni-glyco-
late complexes were easily attached onto the surface of the
Fe;04 microspheres by hydrogen bonding.***' Secondly, these
alcoholyzed Ni** ions were induced so that they aggregate and
transform into Ni(OH), nanocrystals supported on the Fe;O,
microspheres via hydrolyzation under solvothermal conditions
(160 °C, 8 h).*>** Thirdly, well-packed nanosheets were formed
on the surface of the Fe;O, microspheres and through an
alcoholysis reaction with Ni(OH), nanocrystals working as the
crystal seed. The final product was a Fe;0,/Ni(OH), core-shell
nanostructure.

Moreover, the Fe;0,/Ni(OH), core-shell nanostructures were
calcined at selected temperatures (300, 350 and 400 °C) for 3 h.
To investigate the effect of the calcination temperature on the
microstructure of the final product, the corresponding XRD
patterns and SEM images were examined, as shown in Fig. 3.
The crystalline nature and phase composition of the samples
calcined at 300 °C, 350 °C and 400 °C were characterized by powder
XRD, and the results are shown in Fig. 3(a)—(c), respectively. It is

Phys. Chem. Chem. Phys., 2019, 21, 11967-11976 | 11969
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Fig. 2 XRD patterns of (a) the precursor FesO4 spheres and (b) the intermediate product FezO4/Ni(OH), core—shell nanostructures; and (al and bl) are

the corresponding SEM images.
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Fig. 3 XRD patterns showing the results of the Rietveld profile refinement for the hybrid y-Fe,Oz/NiO core-shell nanostructures formed at different
calcination temperatures: (a) 300 °C, (b) 350 °C, and (c) 400 °C; (al—cl) show the corresponding SEM images.

apparent that the positions of all the diffraction peaks which are
marked with “#” match well with those of NiO (JCPDS no. 71-1179),
and those marked with “ @ agree with the standard XRD pattern of
y-Fe,0; (JCPDS no. 39-1346).***® No other crystalline impurities
were detected in the XRD patterns. In other words, the obtained
final product was exactly the y-Fe,O5/NiO complex phase.

By comparing the XRD patterns of the samples calcined at
300 °C, 350 °C and 400 °C, it can be concluded that the broadening
of the diffraction peaks becomes narrower and sharper as the
calcination temperature increases, which indicates that the increase
in the calcination temperature contributes to the improvement of
crystallinity and the growth of grains. Moreover, the calcination
temperature has a large effect on the phase content (wt%) of NiO or
v-Fe,0;. For example, the intensity ratio of the diffraction peaks
Inioa11/IFe203311) changed from 0.83 to 2.24 as the calcination

11970 | Phys. Chem. Chem. Phys., 2019, 21, 11967-11976

temperature increased from 300 °C to 400 °C, indicating that the
content of NiO in the 400 °C-calcined sample was much higher than
that in the 300 °C-calcined sample. Precisely, the microstructural
parameters such as the average crystallite size (D), lattice parameter
(a), and phase content (wt%) can be determined according to
the Rietveld refinement. The results of the refinement are also
shown in Fig. 3(a)-(c), and relevant data are listed in Table 1.
All the quantitative results agree with the above analysis. In
terms of magnetism, y-Fe,O; and NiO are categorized as FM
and AFM materials, respectively.*® Obviously, it makes a lot of
difference for the magnetic properties of the above three
samples. These assumptions are confirmed by the following
magnetic analysis. It is the different calcination temperatures
that lead to a change in the NiO content, accompanied by a
growth in the grain size.

This journal is © the Owner Societies 2019
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Furthermore, the morphology of the 300, 350 and 400 °C-
calcined samples was investigated by SEM, as shown in
Fig. 3(a1)-(c1). Obviously the samples were core-shell hierarchical
structures. The previous Fe;O, microspheres were further used as
cores for the growth of NiO shells in order to obtain flower like
v-Fe,03/NiO core-shell nanostructures. In particular, we can see
that the NiO shells were composed of many irregular flake like
nanosheets which were densely packed together on the surface
of the y-Fe,O; microspheres. As the calcination temperature
increases from 300 °C to 400 °C, the average size of the nano-
structures increases, and the compactness of NiO shells is
enhanced. The SEM analysis is consistent with the results of
the XRD analysis.

Distinguishing the difference between magnetite (Fe;O,) and
maghemite (y-Fe,O5) is important for research on material perfor-
mance, especially of their magnetic properties.”** Undeniably, the
XPS technique is a very effective method. In order to assess the
chemical nature of the materials better, we recorded the XPS spectra
of the Fe 2p and Ni 2p core level for all the synthesized samples,
including the seed (Fe;0,), the intermediate (Fe;0,/Ni(OH),) and
the final products (y-Fe,03/NiO-300 °C, y-Fe,03/NiO-350 °C and
v-Fe,03/NiO-400 °C), as shown in Fig. S1 and S2 in the ESL¥
Among them y-Fe,03/NiO-400 °C denotes the 400 °C-calcined
sample, as a representative sample, and its XPS Fe 2p spectrum
is displayed in Fig. 4(a). The photoelectron peaks with binding
energies of about 711.0 eV and 722.1 eV are characteristic
doublets for the Fe 2p;, and 2p,, spectra for iron oxides,
respectively. The satellite peak at around 719.0 eV (see the inset)
is the characteristic peak of y-Fe,03.°**"*° It is worth noting
that the two XPS characteristic peaks associated with Fe 2p are
present in all the five samples (see Fig. S1, ESIt), but the satellite
peak corresponding to the y-Fe,O; only exists in three y-Fe,O3/
NiO core-shell nanostructure samples. As the calcination
temperature decreases from 400 °C to 300 °C, the relative XPS
intensity of the y-Fe,O; peak increases (see Fig. S1(c)-(e), ESIt),
which is consistent with the phase analysis of XRD. In con-
clusion, the iron in the final product mainly exists in the form
of y-Fe,0;.
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The XPS spectrum of the Ni 2p core level shown in Fig. 4(b)
comprises four easily discernible features: the Ni 2p;, main
peak and its satellite peak at about 854.1 eV and 860.2 eV and
the Ni 2p,/, main peak and its satellite peak at about 872.0 eV
and 878.4 eV. This confirms the presence of the corresponding
elements for the NiO nanoflake shell.>® The XPS Ni 2p spectra
of all the five samples are shown in Fig. S2 (see the ESIY).
Eliminate the seed (Fe;0,), the other four samples (Fe;O,/
Ni(OH),, v-Fe,03/NiO-300 °C, y-Fe,03/NiO-350 °C and y-Fe,05/
NiO-400 °C) exhibit four distinct XPS peaks related to Ni 2p. As
the calcination temperature increases from 300 °C to 400 °C,
the intensity of the characteristic peak of the NiO component is
slightly enhanced. Such a result corresponds to the discussions
on XRD patterns and XPS Fe 2p spectra as well. Consequently,
the existence of a typical y-Fe,O3/NiO core-shell nanostructure
was confirmed in the final products.

To further study the impact of the calcination temperature
on the structure, the Raman spectra of the 300, 350, and 400 °C-
calcined samples were characterized, as shown in Fig. 5. Among
them, three peaks of the Raman-active mode were located at
about 360.8 cm™ ', 491.5 cm ™' and 685.4 cm™" for the y-Fe,0;
component, which is close to the values reported in the
literature.>* Obviously, the calcination temperature had no impact
on the Raman mode of the y-Fe,O; core. According to the previous
XRD and SEM analysis, the microstructure of the y-Fe,O5 core does
not change much with calcination temperatures, which is consis-
tent with the Raman mode. The Raman peak at 1400-1500 cm™*
corresponds to the active mode of the NiO component.>* However,
one important point is that the differences in the NiO shell
(namely the orientation, size, thickness, compactness, etc.) signifi-
cantly affected the Raman peak position of the three samples. The
Raman peak of the NiO component shifts with the increasing
calcination temperature, which is consistent with the above micro-
structural analysis.

For analyzing the influence of the calcination process, the
Raman spectra of the seed (Fe;0,) and the intermediate (Fe30,/
Ni(OH),) were recorded as shown in Fig. S3 (see the ESIt). By
comparing the characteristics of the Raman modes shown in
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Fig. 4 XPS spectra of the (a) Fe 2p and (b) Ni 2p regions for the hybrid y-Fe,O3/NiO core—shell nanostructures formed at 400 °C. Inset in panel (a) shows

the details of the satellite peak.
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Fig. 5 Raman spectra of the hybrid y-Fe,O3/NiO core-shell nano-
structures formed at different calcination temperatures: (a) 300 °C,
(b) 350 °C, and (c) 400 °C.

Fig. 5 and Fig. S3 (ESIt), it can be concluded that there are
significant differences between the seed (Fe;0,) and the final
product (y-Fe,03/NiO). The position, intensity and width of the
Raman peaks change a lot among the seed, intermediate and
final products, which indicate that during the two-step solvothermal
and calcination processes, a fundamental shift occurs in terms of
the chemical composition and microstructure of the products in
each step, from Fe;O, microspheres to Fe;O,/Ni(OH), core-shell
structures and then to y-Fe,O3/NiO core-shell nanostructures. So
far, the Raman spectra further confirm that the obtained final
product is the y-Fe,O3/NiO core-shell structure.

The microstructure, crystallinity and phase composition of
v-Fe,03/NiO core-shell nanostructures were further explored by
TEM, as shown in Fig. 6. As shown in Fig. 6(a)-(c), three samples
formed at different calcination temperatures have the same
core-shell structure. The deposition of shells can be clearly
observed by the roughness and contrast, and the sizes of these
core-shell nanostructures are relatively uniform. As the calcination
temperature increased from 300 °C to 400 °C, the average diameter
of y-Fe,O; cores and the average thickness of NiO shells increased
slightly with an enhancement of the compactness of NiO shells.
The SAED pattern shown in Fig. 6(d) indicates that the obtained
samples have a structure of a composited phase. The hazy
concentric circle corresponds to the polycrystalline y-Fe,0;, and
the dot matrix corresponds to the monocrystalline NiO. The
anomaly, overlap and malposition of these bright spots were
mainly caused by the disordered orientations of NiO nanosheets.
According to the above TEM observations, both the structure and
shape results are consistent with the results of XRD, XPS and
SEM. Considering the fact that the samples are of good y-Fe,O3—
NiO interfaces, they will exhibit excellent magnetic properties.

Since the calcination temperature not only changes the
phase content of y-Fe,03/NiO core-shell nanostructures but
also has a large impact on the interface microstructure, the 300,
350 and 400 °C-calcined samples are very different in magnetic
properties. Room-temperature (RT) hysteresis loops of the three
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(b) 350C

(c) 400°C

Moncrystalline NiO

Fig. 6 TEM images of the hybrid y-Fe,O3/NiO core—shell nanostructures
formed at different calcination temperatures: (a) 300 °C, (b) 350 °C, and
(c) 400 °C. The panel (d) shows the representative SAED pattern.

samples are shown in Fig. 7. The specific values of magnetic
parameters such as the saturation magnetization My and the
coercivity Hc of the three samples are listed in Table 2. Three
samples formed at 300 °C, 350 °C and 400 °C, all exhibited strict
FM behavior at RT, mainly because of the presence of the
v-Fe,O; component in the three samples. In particular the
300 °C-calcined one displayed better FM properties, such as
higher M, and bigger Hc, due to the higher y-Fe,O; content or
the lower NiO content in other words. The values of H¢ at room
temperature and M, decrease with the increasing calcination
temperature. The decreasing M, is consistent with the XRD

16

12k (a) 300°C

(c) 400°C

S
—T
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=
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Fig. 7 RT (300 K) hysteresis loops of the hybrid y-Fe,O3z/NiO core—shell

nanostructures formed at different calcination temperatures: (a) 300 °C,

(b) 350 °C, and (c) 400 °C. Inset shows the details of the same loops

around the origin.
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Table 2 Magnetic parameters of the hybrid y-Fe,O3/NiO core-shell nanostructures (samples M1-M3) formed at different calcination temperatures

300 K 5K

Sample T (°C) M, (emu g ') (£0.5) Hc (Oe) (£2) Mg (emu g ') (£0.5) Hc (ZFC) (Oe) (£10) H¢ (FC) (Oe) (£10) Hg (Oe) (+2) AHc (Oe) (£2)

M1 300 16.5 42 22.8
M2 350 16.3 31 20.6
M3 400 15.5 23 19.4

results; with the decreasing y-Fe,O; content the magnetization
decreases. The values of RT coercivity is smaller than the
corresponding values of the soft magnet, H¢ = 125 Oe.*® More-
over, Fig. S4 (see the ESIt) displays the RT hysteresis loop of the
seed, Fe;0, microspheres, as well. The values of M and H for
the Fe;O, microspheres are 47.4 emu g~ and 23 Oe, respectively.
Such a M, value is very close to 480 kA m™" of the bulk Fe;0,,>
which is mainly due to the submicron size of the Fe;0, micro-
spheres. Compared to the y-Fe,O3/NiO samples, Fe;O4 not only
holds a higher saturation magnetization but is also smaller in
coercivity, which ultimately causes the excellent soft-magnetic
behavior of Fe;O, microspheres. From the RT magnetic point of
view, Fe;0, is therefore different from y-Fe,Oj3.

Field-cooling (FC) is necessary to induce an exchange aniso-
tropy in hybrid FM-AFM systems. In order to measure the EB field,
the three samples formed at 300 °C, 350 °C and 400 °C were cooled
down from 330 K (below the Ty, 523 K for the bulk NiO) to 2 K in a
magnetic field of 50 kOe. The magnetization M was then measured
as a function of the magnetic field H at 5 K, and the obtained zero-
field-cooling (ZFC) and FC loops are shown in Fig. 8. Both ZFC and
FC loops revealed that the saturation magnetization (M, = 22.8 +
0.5 emu g~ ') for the 300 °C-calcined sample is higher than that
(Mg =19.4 + 0.5 emu g ') for the 400 °C-calcined sample. This is
mainly due to the higher y-Fe,O; (or lower NiO) content in the
former. Furthermore, as listed in Table 2, the magnetization at
5 K is larger than that at RT due to the disappearance of thermal
fluctuation at low temperature.”>>* From RT to 5 K, the coer-
civity of the samples increases with decreasing temperature.
Such coercivity enhancement most likely originates from the
nanostructure nature of the samples.

At 5 K, the ZFC loops of the three samples formed at
300 °C, 350 °C and 400 °C reveal a relatively large coercivity

160 213 50 53
146 206 52 60
118 190 60 72

(Hc(ZFC) = 160 Oe, 146 Oe and 118 Oe, respectively), mainly
because of the y-Fe,03/NiO complex phase. Based on the above
microstructure analysis, there are good y-Fe,0;-NiO interfaces
in this kind of composite nanostructures. The coupling inter-
action between the FM y-Fe,O; and AFM NiO components
allows a variety of reversal paths for the spins upon cycling
the applied field, and thereby resulting in a large coercivity.”®
The numerical difference between them mainly depends on the
ratio of y-Fe,O; and NiO phases.

As for the FC loops, the EB field Hg is determined from the
loop shift and calculated as Hg = (Hcy — Hc)/2, where Hg; and
Hg, are the negative and positive coercive fields, respectively.
For the three y-Fe,03/NiO samples, the FC loops differ from the
ZFC loops (see the central region of the loops shown in Fig. 8).
The ZFC loops are perfectly symmetric; however, horizontal
shifts are observed in the FC hysteresis loops. This asymmetry
proves the existence of exchange biased interfaces in the three
samples. To be specific, the y-Fe,O3/NiO samples formed at
300 °C, 350 °C and 400 °C display a certain EB (Hg = 50 Oe,
52 Oe and 60 Oe, respectively) because of the coupling inter-
action between the FM y-Fe,O; and AFM NiO components. The
Hg change is correlated to the microstructural characteristics
such as the size, phase content and interface roughness.
Furthermore, such a coupling effect allows a variety of reversal
paths for the spins upon cycling the applied field,> and thereby
resulting in the enhancement of coercivity. By comparison, the
difference of coercivity under FC and ZFC processes can be
defined as AHg = Ho(FC) — H(ZFC). The specific values of AH¢
for the three y-Fe,03/NiO samples are listed in Table 2. For the
300 and 400 °C-calcined samples, the values of Hy and AH for
the former are smaller than those for the latter, and the values
are strongly influenced by the phase content of AFM NiO.
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Fig. 8 ZFC and FC (from 330 K in a cooling field of 50 kOe) 5 K hysteresis loops of the hybrid y-Fe,O3/NiO core—shell nanostructures formed at different
calcination temperatures: (a) 300 °C, (b) 350 °C, and (c) 400 °C. The central region of the loops is shown, and the complete loops are shown in the insets.
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This is because the NiO content of the 400 °C-calcined sample
is much higher than that of the 300 °C-calcined one.

Compared to thousands oersted (Oe) of the Hg values
exhibited by other EB-based systems such as Co/Co0,"*'*
Co0/y-Fe,0;,2°3° Fe;0,/C00,*" MnO/Mn;0,,°>*® and FeO/
Fe;0,% the value mentioned here is fairly small. The quality
of the y-Fe,03;-NiO interface itself (for example, the contact
mode and the contact area) is one of the reasons. However, the
main reason is the defect of the NiO nanosheet, for example,
magnetocrystalline anisotropy or surface disorder. As reported
by several authors,”®*®® nano-scaled NiO displays structural
disorder at the surface which may result in random magnetic
anisotropy and frustration of competing magnetic interactions
in EB-based systems. Del Bianco et al.*®®' reported that the
magnetic behavior of the Ni/NiO system is ultimately deter-
mined by the anisotropy energy barrier distribution of the
disordered NiO component. What’s more, it has been reported
that the NiO nanoparticles consist of magnetically and structurally
ordered nanocrystallites and a disordered NiO component, with a
glassy character, embodying net FM moments. Considering the
present samples, flower like y-Fe,O3/NiO core-shell nanostruc-
tures, the NiO shells are built of many irregular nanosheets which
enclose the surface of the y-Fe,O; core, and the orientation of NiO
nanosheets is disordered. Therefore, the partial magnetic behavior
of the y-Fe,03/NiO samples at 5 K can be expected due to the
disordered NiO magnetic component. In the FC magnetization, by
decreasing the temperature, the FM moments progressively block,
while the spins of the disordered NiO component are frozen in a
spin-glass-like state. This factor eventually results in a small Hg
and AHc. As explained later, the temperature dependence of FC
magnetization confirms this interpretation.

Fig. 9 shows the temperature dependence of the magnetization
M of the three samples under both ZFC and FC conditions in a
field of 500 Oe. There are differences in magnetic irreversibility
between My and My .. We observed an increase of My and a
decrease of Mgc with increasing temperature, and the variation of
Mg is much more obvious than that of the Mgc. In particular, at
low temperatures, the FC magnetization is almost constant.
Perhaps this corroborates the statement of the disordered NiO
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component we mentioned above. As can be seen from the ZFC/FC
curves, the y-Fe,O; component remains FM up to the Néel
temperature Ty of AFM NiO (although the Ty is not reflected in
the ZFC curves), which indicates that an extra anisotropy is
induced such that KyV » kgT,"* where Ky is anisotropy, V is
the magnetic volume, and kg is the Boltzmann constant. In this
case, the FM moments of y-Fe,O; are prevented from flipping
over the energy barrier for all temperatures below the Ty of NiO,
and thus the hybrid y-Fe,O3/NiO core-shell nanostructures
remain magnetically stable below this temperature. At low
enough temperature, the AFM moments (e.g. NiO) are frozen in
a spin-glass-like state. Once the temperature increases, the NiO
regions start to unfreeze progressively. Once the net moments of
NiO shells are subject to thermal fluctuation, they tend to be
polarized by the moment of the y-Fe,O; core. This effect occurs
when a magnetic field is applied, which benefits the formation of
a FM network throughout the core-shell samples. One can
assume that it is the polarization of FM components that results
in the background rise of ZFC curves, which is in correspondence
with the rising tendency of Mygc. Though, upon the restart of
cooling, the FM moments remain locked in the direction of the
external field, the change in My¢ is not as significant as that in
M. Furthermore, there is no maximum value observed in ZFC
magnetization, implying a Ty higher than 330 K. For all three
v-Fe,03/NiO samples, the splitting between ZFC and FC magne-
tization is observed in the whole temperature range up to 330 K.
An analogous phenomenon was also reported in the Ni-NiO
SyStem.35’62‘63

As reported in several studies, the partial magnetic
behavior of the FM/AFM systems containing NiO can be inter-
preted by considering a disordered NiO component. The FC
curve shows that ferromagnetic moments are progressively
blocked by the decreasing temperature, while spins of the
disordered NiO component are frozen in a spin-glass-like state.
Obviously, the temperature dependence of Mg confirms this point.
Furthermore, Mg is almost a constant at low temperature. The
insets in Fig. 9 show the temperature derivative of the difference
between FC and ZFC magnetizations, —d(Mgc — Mzpc)/dT. Such a
derivative curve provides quantitative information on the magnetic

62,64-66

(a) 300°C
——FC (500 Oe)

[ (b)350°C
——FC (500 Oe)

(c) 400°C
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Fig. 9 ZFC and 500 Oe FC magnetization vs. temperature (M-T) curves of the hybrid y-Fe,O3z/NiO core-shell nanostructures formed at different
calcination temperatures: (a) 300 °C, (b) 350 °C, and (c) 400 °C. Insets show the temperature derivative of the difference between the FC and ZFC

magnetizations.
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behaviors of the nanosystem.®” The peak located at T}, indicates a
frozen disordered magnetic state at low temperatures below this
peak. The T, values of the three samples formed at 300 °C, 350 °C
and 400 °C are 13.1 K, 10.5 K and 9.2 K, respectively. In one word,
the ferromagnetic moments are in a blocked state and a frozen
magnetic state is formed at lower temperature. The differences in M
and T, between the three y-Fe,O3/NiO samples are related to
their microstructures such as the core-shell size, phase content,
and interface characteristics. Analogous results are also observed
in Fe/Fe-oxide®” and Ni/NiO nanostructures.’®®

Conclusions

A microstructure-controlled preparation of hybrid y-Fe,03/NiO
core-shell nanostructures has been carried out via a three-step
method. The obtained powder samples were characterized by
XRD, SEM, XPS, Raman, HRTEM, SAED and SQUID techniques.
The results indicate that all of the samples are of distinct core—
shell structures, where the y-Fe,O3; microspheres are cores and
the NiO nanosheets are shells. Flake like NiO nanosheets with
chaotic orientation and a monocrystalline structure were
packed together on the surface of the y-Fe,O; sphere. As the
calcination temperature increased from 300 °C to 400 °C, the
average size and NiO content of the samples increased, together
with an enhancement of the compactness of NiO shells. The
size effect, phase content of antiferromagnetic NiO, interface
microstructure and FM-AFM coupling interaction have signifi-
cant impacts on the magnetic properties of y-Fe,O3/NiO core-
shell nanostructures. The existence of exchange bias may have
resulted from the coupling effect between FM y-Fe,O; and AFM
NiO components. At the same time, such an exchange coupling
effect allows a variety of reversal paths for the spins upon cycling the
applied field, resulting in the enhancement of coercivity. Further-
more, the temperature dependence of magnetization for the hybrid
v-Fe,03/NiO samples under ZFC/FC processes shows that an extra
anisotropy was induced. Consequently, the y-Fe,03/NiO core-shell
nanostructures exhibit certain exchange bias (Hg = 60 Oe) and
enhanced coercivity (Hc = 213 Oe).
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