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Microstructures and anomalous magnetic
properties of C@Ni—NiO nanoparticles synthesized
by a homogeneous precipitation method 5
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Uniformly dispersed nano-sized C@Ni(OH), microspheres were obtained via a solvothermal reaction and
homogeneous precipitation method, and were subsequently calcined in argon atmosphere to produce
C@Ni—NiO nanoparticles. The microstructure and proportion of Ni and NiO in the samples varied with
solvothermal temperatures (160 °C and 180 °C) and calcination temperatures (600 °C and 800 °C). Four
representative C@Ni—NiO samples with NiO content of 8.2%, 27.7%, 38.1%, and 16.9%, respectively, were
selected as the objects of microstructural and magnetic research. The phase composition and
morphology of nanocomposites were analyzed by XRD, XPS, SEM and TEM, and the magnetic properties
at room temperature and low temperature were measured using SQUID. The results show that small and
uniform Ni—NiO particles were attached to carbon spheres with certain aggregation, and the average
crystallite sizes of Ni and NiO phases for these four samples were less than 80 nm and 20 nm,

respectively. Room-temperature coercivity was 67 Oe, 48 Oe, 77 Oe, and 49 Oe, respectively, and there
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Accepted 8th May 2025 are only two samples that showed a slight increase (8 Oe and 9 Oe) in coercivity at 5 K after field

‘ cooling. The C@Ni—NiO samples exhibited weak exchange bias (=30 Oe), which was attributed to the
DOI: 10.1039/d5ra02174j low anisotropy of antiferromagnetic NiO. The influences of particle size, phase content, and interface

rsc.li/rsc-advances effect on the magnetic properties were further analyzed in this work.
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1 Introduction

With the development of nanotechnology, particle systems
composed of 3d transition metals and their oxides, such as Fe/
FeO, Co/Co0, and Ni/NiO, have been widely studied due to their
numerous applications in magnetic fluids," magnetic recording
media,” biomedicine,? catalysis,* etc. In particular, the Co/CoO
core-shell nanocomposite system exhibited a remarkable
exchange bias effect, which can beat the superparamagnetic
limit in magnetic recording media and enhance the perfor-
mance of permanent magnetic materials.>® The exchange bias
(EB) arises from the exchange coupling at the interface between
the ferromagnetic (FM) and antiferromagnetic (AFM) compo-
nents. The effects induced by this FM-AFM exchange coupling
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include domain wall pinning, enhancement of coercivity, and
unidirectional anisotropy. In materials composed of a FM-AFM
interface, the Néel temperature (Ty) associated with the AFM
component is often lower than the Curie temperature (7¢)
associated with the FM component.

By cooling the sample under an applied field from tempera-
tures above Ty, a hysteresis loop measurement conducted at low
temperatures reveals a shift of the loop along the field axis. The
magnitude of this shift is known as the exchange bias field (Hg).”*
The Ni-NiO system is suitable for studying exchange bias. Firstly,
NiO, unlike typical 3d transition metal oxides such as CoO (293
K) and FeO (198 K), exhibits a higher Ty of 523 K. This allows the
Ni-NiO system to generate EB effect even at room temperature.
Secondly, compared with Fe and Co nanoparticles that are more
susceptible to oxidation in air, handling Ni nanoparticles is
much easier and safer.®* Therefore, investigating the exchange
bias in Ni/NiO systems is not only significant for understanding
the magnetic hysteresis loop itself but also for other related
phenomena associated with exchange bias.

The magnetic properties of Ni-NiO nanocomposite are
primarily determined by the microstructural characteristics of
the two components and the interface (e.g., contact mode, area,
roughness, etc.). These factors are crucial, especially at the
nanoscale, and are strongly influenced by the synthetic routes
utilized."™* In recent years, significant progress has been made
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Fig. 1 Synthesis schematic of C@QNi—NiO nanoparticles.

in the synthesis of Ni/NiO binary artificial particles using
chemical methods such as co-precipitation," sol-gel," thermal
decomposition,” and solvothermal.**” These chemical
synthesis methods facilitate effective control over the micro-
structure. As a typical carbon material, carbon spheres (CS)
possess advantages such as easy preparation and controllable
morphology, while also retaining the benefits of other carbon
materials. Additionally, the carbon spheres with uniform
surface energy, due to their spherical shape, can aid in the
uniform dispersion and coating of nanoparticles on the surface.
As a carrier, the carbon spheres possess high specific surface
area and good conductivity, which can provide a large number
of catalytic active sites and electron transfer channels. The
stable contact between the nanoparticles and highly conductive
carbon spheres are expected to compensate for the insufficient
electron conductivity of oxide nanoparticles.**>*

Herein, C@Ni-NiO nanoparticles of different sizes were
prepared via a homogeneous precipitation method. We
systematically investigated their microstructure and magnetic
properties using comprehensive characterization techniques.
The effects of particle size, phase content, and interface on
magnetic properties, such as saturation magnetization (M),
coercivity (Hg), exchange bias (Hg), and blocking temperature
(Tg), were thoroughly analyzed. As a result, the C@Ni-NiO
nanoparticles exhibited a weak Hy and enhanced Hc.

2 Experimental section
2.1 Sample preparation

The raw materials utilized are glucose, sodium hydroxide,

nickel  nitrate  hexahydrate  (Ni(NOj),-6H,0), urea,

Ni(NO3),6H,0, Farbon calcination Garbon v’
—) sphere sphere 4
ultrasonicated argon gas Y
(RT, 2h) (10°C/min,
600-800°C, 4h)

C@Ni(OH),

C@Ni-NiO

polyvinylpyrrolidone (PVP), anhydrous ethanol, and deionized
water. All the aforementioned materials are analytical grade
purity. In a typical synthesis process, the pH value of glucose
solution was adjusted to alkaline with 1 mol per L sodium
hydroxide solution. The solvothermal reaction was carried out
at temperatures exceeding 150 °C for 6 hours. After cooling to
room temperature, the product was washed several times with
a mixture of deionized water and ethanol, and then dried under
vacuum at 50 °C for 12 hours to obtain a dark brown powder
(namely the carbon spheres).

The carbon spheres were dispersed in anhydrous ethanol,
followed by the addition of an appropriate amount of urea and
PVP. The dispersion was sonicated for 1 hour, and then
a specific amount of nitric acid solution of Ni(NOj;),6H,0 was
added. The dispersion was further sonicated for 2 hours,
resulting in a deep brown suspension. After cooling and
settling, the resultant substance was washed three times with
anhydrous ethanol and deionized water, respectively. The ob-
tained powder was dried at 80 °C and eventually the C@Ni(OH),
microsphere sample was formed.

The powder of C@Ni(OH), microsphere was then subjected
to calcination in a tube furnace at a certain temperature under
an argon atmosphere with a specific heating rate. The calcina-
tion process was maintained at the target temperature for 4
hours, followed by cooling and grinding to obtain the powdered
sample of C@Ni-NiO nanoparticles. Fig. 1 shows the synthesis
schematic of C@Ni-NiO nanoparticles.

In the experiment, in addition to changing the temperature
of solvothermal reaction (160 °C, 170 °C, 180 °C, 190 °C), the
calcination temperature (400 °C, 500 °C, 600 °C, 700 °C, 800 °C)
was also changed to obtain several series of samples in order to

Table 1 Microstructural and magnetic parameters of four representative C@Ni—NiO samples (M1-M4) prepared at different solvothermal

temperatures (Ty) and calcination temperatures (T5)

Ni & NiO M (emu g~ ') & Hc, (Oe) AH¢ (Oe) & Hg, (Oe)
No. T, (°C) T, (°C) Tg (K) Crystallite size (nm) Content (%) T =300 K T=5K
M1 160 800 270 73.8 & 16.0 91.8 & 8.2 17.9 & 67 8 &12
M2 180 800 240 56.5 & 13.7 72.3 & 27.7 7.4 &48 9 &30
M3 160 600 220 53.3 & 14.3 61.9 & 38.1 13.9 & 77 0&0
M4 180 600 270 64.0 & 14.6 83.1 & 16.9 8.8 & 49 0&3
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control the microstructure of C@Ni-NiO nanoparticles. For
better comparative analysis, in the subsequent study related to
microstructural and magnetic characterizations, we focus on
the C@Ni-NiO samples prepared at solvothermal temperatures
of 160 °C and 180 °C, and calcination temperatures of 800 °C
and 600 °C. As shown in Table 1, the four samples are named
M1-M4 respectively.

2.2 Microstructural characterization

X-ray diffraction (XRD) pattern was determined using a Philips
X'pert diffractometer equipped with a rotating anode and Cu Ka
radiation (40 kV, 40 mA, A = 1.5406 A). Based on the informa-
tion of the standard cards, the data from the XRD analysis were
subsequently refined using the GSAS program, and thus
microstructural parameters such as the average crystallite size,
the lattice constant, and the phase content can be obtained. X-
ray photoelectron spectroscopy (XPS) was performed using
a Kratos Axis Ultra DLD spectrophotometer with an Al Ka
radiation source. The particle shape was imaged with a FEI
Sirion200 scanning electron microscope (SEM) operating at an
accelerating voltage of 5 kV. For transmission electron micro-
scope (TEM) investigation, 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 JEOL JEM-2100 instrument,
high-resolution TEM (HRTEM) in conjunction with selected-
area electron diffraction (SAED) analyses were used to deter-
mine the local microstructure and crystallographic phase.

2.3 Magnetic measurement

Based on the MPMS-XL superconducting quantum interference
device (SQUID), the magnetic properties were recorded for
powder sample, and the magnetization was measured against
the magnetic field and the temperature. More specifically, it
mainly including the following three aspects: (i) SQUID
measured room-temperature hysteresis (M-H) loop in
a magnetic field up to £65 kOe; (ii) low-temperature (T = 5 K)
M-H loop under zero-field-cooling (ZFC) and field-cooling (FC,
from 350 K in a field of H.,, = 30 kOe); and (iii) ZFC and 500 Oe
FC magnetization (M-T) curves in the range 2-350 K.

3 Results and discussion
3.1 Microstructural analysis

The XRD pattern of the final sample is shown in Fig. 2(a). From
this pattern, three pieces of information can be obtained.
Firstly, the broad hump near 26 = 22° obscures the low-intensity
diffraction peaks of the sample, and its intensity indicates that
the main component in the sample is still amorphous carbon.
Secondly, the low-temperature calcination at 400 °C led to the
formation of Ni as the predominant phase observed in all
samples. This is attributed to the reduction of the majority of
NiO, which is decomposed by carbon from Ni(OH),. Three
distinct Bragg peaks were identified to correspond to (111),
(200), and (220) planes of Ni phase. Finally, both Ni and NiO
diffraction peaks are broad and low intensity. It indicates that
the grains of Ni and NiO are very small and estimates to be in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the nanometer range. Therefore it can be concluded that the
obtained sample is actually a composite phase of C@Ni-NiO.
The XRD pattern obtained when the calcination tempera-
tures are 600 °C and 800 °C is shown in Fig. 2(b). It is shown that
they are face-centered cubic (fcc) in structure. It can be found
that the signal of the sample is very strong and the peaks
become sharp. This indicates that high-temperature calcination
helps carbon reduce more NiO to Ni and is accompanied by
grain growth.”* Two sets of diffraction peaks suggest that the
samples are composed of Ni and NiO phases. Among them, the
three obvious peaks at 44.495°, 51.848° and 76.245° are corre-
sponding to the (111), (200) and (220) crystalline planes of Ni
(JCPDS card no. 97-2265), and the other three weak diffraction
peaks at 37.043°(111), 43.038°(220) and 62.496°(220) matches
with NiO phase (JCPDS card no. 97-3930). Obviously, both Ni
and NiO phases have face-centered cubic (fcc) crystal structure
with Fm3m (225) space group. Based on this, the microstruc-
tural parameters such as the average crystallite size and lattice
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Fig. 2 (a) XRD patterns of C@Ni—NiO nanoparticles prepared at
calcination temperature of 400 °C, according to the calcination of
C@Ni(OH), microspheres synthesized in solvothermal temperatures of
160-190 °C; (b) XRD patterns of samples M1-M4 formed in certain
solvothermal temperatures (160 °C and 180 °C) and calcination
temperatures (600 °C and 800 °C).
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Fig. 3 XPS spectrum displaying the deconvoluted results of Ni 2p region for the sample (a) M1, (b) M2, (c) M3, and (d) M4.

constant of the two phases can be determined according to the
XRD refinement (see Fig. S1, ESIT).

As shown in Table 1, the average sizes of Ni and NiO crys-
tallites for the four samples are 61.9 nm and 14.7 nm, respec-
tively. It can be observed that with an increase in the relative
content of the phase, the grain size correspondingly increases.
This could be attributed to a decrease in the number of grain
boundaries due to the increase in the relative content of the
phase, leading to an increase in grain size.” The average lattice
constants of the Ni phase and NiO phase in the four samples are
calculated to be 3.526 A and 4.181 A, slightly larger than 3.523 A
for bulk Ni and 4.177 A for bulk NiO. Clearly, both the Ni and
NiO phases exhibit a certain degree of lattice expansion. This
could be attributed to factors such as lattice distortion or size
effect, leading to a smaller volume and an increase in lattice
constants.>*™* Further analysis of the XRD data was processed
with the refinement method using the GSAS program, to esti-
mate the relative content of Ni and NiO phases in the Ni/NiO
nanoparticles. The M1-M4 samples have a relative content
(wWt%) of NiO phase of 8.2%, 27.7%, 38.1% and 16.9%,
respectively.

In order to assess the chemical charge states of Ni element in
the synthesized nanoparticles, XPS characterization was
employed. To get more information, the XPS data has been
analyzed by the deconvolution method and the results are
shown in Fig. 3. Obviously, the Ni 2p spectra obtained from the

16680 | RSC Adv, 2025, 15, 16677-16689

four samples can be divided into two spin-orbit coupling
regions, namely Ni 2p3, (850-868 eV) and Ni 2p,, (868-890 eV).

Focus on the Ni 2pj3, core-level spectrum, three nickel
species have been reported: (i) metallic Ni appearing at
a binding energy value of 853-855 eV, (ii) NiO with binding
energy values in the range of 855-857 eV, and (iii) satellite peaks
corresponding to Ni** at around 861-863 eV.2*' Concretely
speaking, Ni 2p;/, region is observed at 854.0 eV which corre-
sponds to Ni° and 855.8 eV to Ni** oxidation state in sample M1.
In sample M2, the peak is found at 854.3 eV (Ni°) and Ni**
oxidation state is found at 856.2 eV. In sample M3, the peak is
found at 854.9 eV (Ni%) and Ni** oxidation state is found at
856.7 €V. In sample M4, the peak is found at 854.0 eV (Ni°) and
Ni%* oxidation state is found at 855.6 eV. Meanwhile, within the
range of 860-865 eV, there are the shake-up satellite peaks of
Ni** 2p;,. The presence of the highly intense satellite peaks is
consistent with the appearance of Ni** in the high-spin state,
and the characteristic peak of Ni(OH), has not been observed in
the total XPS spectrum. This confirms the successful synthesis
of C@Ni-NiO nanoparticles.

The typical SEM images in Fig. 4 reveal that the samples are
spherical particles in submicron size. These particles have
rough surface, which suggests that the microspheres are made
up of smaller particles. The morphology of these four samples is
very interesting, all of which are regular and uniform spheres.
As shown in Fig. 4(c), the sample M3 obtained through 160 °C

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solvothermal treatment and subsequent 600 °C calcination
exhibit porous spherical morphology with slight size variation.
The porous structure is attributed to the reduction of NiO to Ni
by certain carbons acting as reducing agents, resulting in the
consumption of carbon from the carbon sphere template to
form pores of varying sizes. The non-uniformity in size is mainly
caused by the variation in size of the carbon sphere templates.
When the calcination temperature is increased to 800 °C, as
shown in Fig. 4(a), the porous spheres become more numerous
and more uniform in size, which is due to the more complete
reduction reaction under high-temperature -calcination.*
Furthermore, when larger carbon spheres were used as
templates and solvothermal treatment was carried out at
a temperature of 180 °C, it was astonishingly found that the
yield of porous spheres increased significantly with more
perfect shape and larger and more uniform size, as shown in
Fig. 4(b) and (d). Many fine and homogeneous Ni-NiO nano-
particles were attached to the surface of the spheres, forming an
appearance of hemp ball.

As a representative of the TEM images, Fig. 5(a) depicts the
sizes of these nanoparticles for the C@Ni-NiO sample M1,
clearly indicating the presence of Ni-NiO nanoparticles ranging
from 10 nm to 200 nm in size, accompanied by a good cross
between these particles. Obviously, such an HRTEM image of
a selected region at the edge of one carbon sphere exhibits small
and high-yield nanoparticles with good clarity. As shown in
Fig. 5(al), the high-resolution lattice image shows the [111]
orientation of Ni phase and the [200] orientation of NiO phase
in a single Ni-NiO nanoparticle, corresponding to interplanar
spacings of 2.03 A and 2.09 A, respectively. Specifically, there is
intersection of the lattice fringes of Ni and NiO. Fig. 5(a2) shows
a typical SAED pattern corresponding to the C@Ni-NiO sample
M1, consisting of some distinct concentric rings with discon-
tinuous spots over the rings. As marked therein, the halo in the
middle comes from amorphous carbon, and these diffraction
rings appear due to reflections from (111) and (200) planes of
the Ni phase for the composite structure.>®**-** The diffraction
rings corresponding to the NiO phase were not observed. This is
because the main phase in the sample is Ni, and the content of
the NiO phase is very low (8.2%), which is consistent with the
three obvious Bragg peaks of Ni in the XRD patterns. For the
other three C@Ni-NiO nanoparticles samples (M2-M4), the
TEM images of a few microspheres are shown in Fig. 5(b)—(d)
and reveal a large gray area. It clearly indicates the presence of
carbon spheres used as template. There is no dispute that, the
small particles with relatively uniform size can also be observed,
which is consistent with the results observed in SEM image. Of
course, the absolute difference in microscopic morphology
among the four samples is mainly influenced by the sol-
vothermal temperature and the calcination temperature.

Based on the microstructural analysis above, this study
validates the multiple advantages of the homogeneous precip-
itation method in the synthesis of C@Ni-NiO nanoparticles.
Firstly, this method effectively controls particle size distribution
and uniformity. SEM and TEM images reveal that the synthe-
sized nanoparticles range in size from 10 nm to 200 nm and
exhibit uniform morphology, and the rule is consistent with the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanoscale crystallite sizes obtained from XRD analysis.
Compared to other synthesis methods such as sol-gel or
hydrothermal routes, the homogeneous precipitation method
through a gradual reaction process provides a more uniform
particle distribution.'>'*** Secondly, the synthesis conditions of
the homogeneous precipitation method (such as precursor
concentration, pH value, and reaction temperature) enable
precise control over the relative content of Ni and NiO phases.
As shown in Fig. S1 (ESI)t and Table 1, XRD refinement analysis
show that as the calcination temperature increases, the ratio of
Ni to NiO phases changes significantly. For example, in the M1
sample prepared at calcination temperature of 800 °C, the Ni
content is 91.8%, whereas in the M3 sample (600 °C-calcined),
the Ni content is 61.9%. This ability to control phase ratios is
a key advantage of the homogeneous precipitation method,
especially in the synthesis of nanocomposites, where the phase
composition can be adjusted to optimize material performance.
Finally, the homogeneous precipitation method also demon-
strates significant advantages in the crystallinity of particle
interfaces. XPS, HRTEM and SAED analysis reveals well-defined
crystalline interfaces between the Ni and NiO phases. This
method can effectively control the crystallographic structure of
the particles, and particularly, the highly consistent interfaces
between Ni and NiO components are crucial for enhancing
magnetic and catalytic properties in the composite materials.
These advantages make the homogeneous precipitation
method highly promising for the synthesis of composites,
particularly in the design of magnetic materials and catalysts,
where fine control over structure and properties is essential.

3.2 Magnetic analysis

The room-temperature (300 K) hysteresis loop of C@Ni-NiO
nanoparticles was measured using SQUID, as shown in Fig. 6.
These samples exhibit typical ferromagnetic properties, such as
hysteresis, remanence, coercivity, and saturation. The occur-
rence of ferromagnetic behavior is not surprising, as the
dominant phase in these samples is metallic Ni. Due to the
varying content of NiO, specific magnetic parameter values
differ among these samples. The absolute value of magnetiza-
tion (M) cannot be directly measured, as the recorded weight
during measurement is actually the weight of the carbon-based
Ni-NiO nanoparticle powder sample, representing the macro-
scopic magnetism of the entire powder.

The saturation magnetization (M) values for samples M1-
M4 are 17.9 emu g ', 7.4 emu g ', 13.9 emu g ', and 8.8 emu
g !, respectively. The enlarged loops in the inset display cor-
responding coercivity values of 67 Oe, 48 Oe, 77 Oe, and 49 Oe.
An interesting observation is that the hysteresis loops in the
first and third quadrants of Fig. 6(c) do not saturate. The value
of M actually decreases with increasing external magnetic field.
This is due to the strong diamagnetic signal of carbon, which
cannot be masked by the ferromagnetic properties of the
sample itself. This explanation is supported by the SEM image
in Fig. 4(c), which clearly shows the presence of a significant
amount of carbon sphere templates in the samples.
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Fig. 4 SEM images of C@Ni—NiO samples M1 (a), M2 (b), M3 (c), and M4 (d).

To decrease the effect of thermal disturbance on magnetic antiferromagnetic NiO. The linear portion with non-zero slope
properties, the hysteresis loops at 5 K were measured via zero- at high fields is attributed to antiferromagnetic NiO.***¢
field cooling (ZFC) and field cooling (FC) using a SQUID Considering the hysteresis loops under ZFC process, four
magnetometer with 65 kOe maximum field, the results are samples still exhibit ferromagnetic behavior, similar to their
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shown in Fig. 7. The shape of the complete hysteresis loop overall characteristics at room temperature. However, there are
suggests the presence of two components: ferromagnetic Niand significant changes observed in various magnetic parameters,
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Fig.5 TEM images of C@Ni—NiO samples M1 (a), M2 (b), M3 (c), and M4 (d); (al) and (a2) represent the high-resolution lattice image and the SAED
pattern of the sample M1, respectively.
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Fig. 6 Hysteresis loops at room temperature for the C@Ni—NiO sample (a) M1, (b) M2, (c) M3 and (d) M4, the inset shows an enlargement of the

low-field region of the loop to display the coercivity and remanence.

particularly an increase in the M compared to its value at room
temperature. This can be primarily attributed to the reduction
of thermal disturbance at low temperatures, allowing for
a greater alignment of magnetic moments with the direction of
the magnetic field.*” At 5 K, the values of M for the four samples
are19.2emug ', 7.9emug ', 153 emug !, and 9.8 emu g~ *,
respectively. The enlarged loops in the inset show that the
corresponding coercivity values are 272 Oe, 294 Oe, 250 Oe, and
224 Oe at ZFC process. Among the four samples, the M; value of
sample M2 exhibits a slight decrease, which may be attributed
to a reduced proportion of the Ni component in its structure or
variations in particle size, resulting in a decreased number of
effective magnetic moments that can be aligned by the applied
field. Overall, the hysteresis behavior under ZFC conditions
reveals the complex magnetic interaction mechanisms of the
samples in a low-temperature environment.

Moreover, as shown in Fig. S2 (ESI),} the hysteresis loop of
pure Ni/NiO nanocomposites (without carbon support) at 5 K
was also measured. Compared to pure Ni/NiO, the C@Ni-NiO
samples M1-M4 exhibit an appreciable decrease in coercivity.
This suggests that the carbon support helps reduce the aggre-
gation of Ni-NiO particles, enhancing their dispersion and
stability, and promoting more magnetic ions to participate in
the magnetic response. Specifically, under an applied magnetic
field, more particles are able to reach magnetic saturation. As

© 2025 The Author(s). Published by the Royal Society of Chemistry

carbon itself is non-magnetic, and the interface between carbon
and Ni-NiO may influence the magnetic interactions, the
coupling between particles is weakened, resulting in a reduc-
tion in the width of the hysteresis loop and, consequently,
a decrease in coercivity.

The sample M3 still exhibits a similar behavior to that at
room temperature, with descending loops in the first and third
quadrants, which can also be attributed to the diamagnetic
behavior of a significant portion of carbon spheres in the
sample. The M; value under FC is the same as that under ZFC.
However, there are still differences between the FC and ZFC
loops, particularly for samples M1 and M2. Also at 5 K, the
coercivity values under FC process are 280 Oe, 303 Oe, 250 Oe,
and 224 Oe for the four samples, respectively. Compared to the
ZFC condition, the coercivity slightly increases for M1 and M2,
with H¢ increasing by 8 Oe and 9 Oe, respectively, while M3 and
M4 remain unchanged. As shown in Fig. 7(c) and (d), the two
loops perfectly overlap from the enlarged loops. From the 30
kOe FC loops shown in Fig. 7(a) and (b) can be seen that the
values of Hg for samples M1 and M2 are 12 Oe and 30 Oe,
respectively. The FC hysteresis loop in Fig. 7(b) is unsaturated
and linearly increases with the rise in external magnetic field,
largely due to the coupling interaction between ferromagnetic
Ni and antiferromagnetic NiO components. Moreover, this
coupling effect facilitates multiple spin reversal pathways
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Fig.7 Hysteresis loops at 5 K for the C@Ni—NiO sample (a) M1, (b) M2, (c) M3 and (d) M4 after ZFC and FC (from 350 K in a cooling field of 30 kOe)
processes; the inset shows an enlargement of the low-field region of the loop to display the remanence, coercivity, and exchange bias.

during the magnetization ascension, leading to an enhanced
coercivity.***?

Compared to many other FM/AFM systems that exhibit large
exchange bias,”™" these Ni-NiO composite nanoparticles
indeed show a very weak exchange bias. However, among all the
Ni-NiO systems reported in the literature, exchange bias is
generally small, and some even have no exchange bias, just like
samples M3 and M4.>> In the Ni-NiO nanoparticles system
documented in the literature, no notable shift of the hysteresis
loop was observed, even at temperatures significantly lower
than the blocking temperature (7). The observed coercivity
values were only approximately 50-200 Oe, which is attributed
to the low anisotropy of the antiferromagnetic NiO. Thus, for
the sample M2, the emergence of maximum exchange bias
coincides with an increase in coercivity. In contrast to the other
three samples, it displays the highest Hr and AHc. This is
ascribable to the high content of antiferromagnetic NiO in
sample M2. Although the M3 sample has a higher content of
NiO, the presence of non-magnetic carbon (in its amorphous
form) in the system acts as a spacer, potentially suppressing the
exchange coupling between FM and AFM components, which
results in an observed absence of exchange bias in the sample
M3.%® In addition, the ZFC and FC loops of sample M3 exhibit

16684 | RSC Adv, 2025, 15, 16677-16689

a large difference in the saturation magnetization between the
upper and lower branches, which is due to the presence of
carbon reducing the saturation magnetization of the sample
Ma3. As a result, the magnetic moment of sample M3 cannot
reach a high saturation state under the same applied magnetic
field.> The literature further validates the aforementioned
phenomenon.® Thakur et al. studied the hysteresis loops of Ni/
NiO nanoparticles prepared by the sol-gel method and observed
typical exchange bias effects under field-cooling conditions.*®
During the cooling process, the horizontal shift of the hysteresis
loop was positively correlated with the decrease in particle size,
while the vertical shift remained nearly unchanged. This
observation is consistent with our findings, indicating that the
exchange interaction between the ferromagnetic Ni and the
antiferromagnetic NiO at the Ni/NiO interface is the key factor
responsible for the loop shift. Moreover, although the exchange
bias effect is generally weak in Ni/NiO systems, its strength is
still closely related to the sample's structure and cooling
process, further supporting the magnetic differences observed
under different cooling conditions in our study.

The temperature dependence of magnetization in ZFC and
FC modes is illustrated in Fig. 8, where the magnetic behavior
disclosed by ZFC and FC magnetizations sheds light on the Ni/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NiO system. The ZFC/FC curves exhibit irreversible magnetic
behavior in the entire temperature range of 2 K to 350 K
(depicted by the splitting of FC and ZFC curves), with irrevers-
ibility occurring in all curves for T > 300 K. This behavior
indicates a strong FM/AFM exchange coupling within the
particulate system.

As the temperature rises, Mypc increases, while Mgc
decreases conversely. The change in Mg is less prominent than
that of Mzrc, which can be interpreted by the thermally acti-
vated process of FM torque. After ZFC, the particle magnetic
moments tend to be randomly arranged at lower temperatures.
As the temperature increases, FM torques attempt to align in
the direction of the applied field, consequently causing the net
magnetization to gradually increase. With cooling restoration,
FM remains locked in the magnetic field direction. Thus,
compared to ZFC magnetization, FC magnetization does not
experience significant change upon decreasing temperature.****
For the ZFC process, Mypc rapidly increases with rising
temperature before reaching a particular peak value, after
which it slowly decreases. This occurs because when the
temperature is elevated and a magnetic field is applied, the
magnetic moments swiftly increase and reach a maximum value
near the blocking temperature (73), before gradually losing
their orderly arrangement at higher temperatures. The rise in

View Article Online
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thermally excited magnetic moments renders their directions
more random, resulting in a gradual decline in magnetization.
The maximum value of the ZFC curve provides the average Ty of
the samples. To showcase the information of the ZFC curve
peak values, Fig. 8 offers a clear inset, demonstrating the peak
temperatures of the four samples to be 270 K, 240 K, 220 K, and
270 K. The variance in peak temperatures is primarily caused by
the different dimensions of the four samples. Moreover, the
sample M4 displays a second peak temperature at a slightly
higher temperature of 340 K. The Néel temperature signifies the
transition temperature from antiferromagnetic to paramagnetic
phase for NiO. As we cool below this temperature, the antifer-
romagnetic properties of the NiO layer enhance with a decrease
in temperature, causing this peak. The second peak tempera-
ture at 340 K is associated with the loss of ferromagnetic order
in Ni, which acts as the magnetic damping temperature of Ni
nanodomains, signifying a significant weakening of the
magnetic properties. This phenomenon is manifested during
the cooling process due to the formation of new ordered
ferromagnetic zones.

The temperature at which the ZFC and FC curves separate is
termed as irreversibility temperature (T}.), attributed mainly to
the presence and distribution of magnetic anisotropy energy
barriers. At any temperature below the onset of the bifurcation,
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Fig.8 Temperature dependence of ZFC/FC magnetization for the C@Ni—NiO sample (a) M1, (b) M2, (c) M3 and (d) M4; the inset depicts that the
same ZFC curves in the temperature range of 150-350 K to show the peaks better.
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the magnetization difference between FC and ZFC is non-zero,
defined as irreversible magnetization AM = Mgpc — Mzgc, indi-
cating the degree of magnetization blocking. This magnetic
irreversibility validates the existence of FM/AFM exchange
coupling.® As shown in Fig. 9, the Mrc — Mg difference curve
manifests the typical behavior of ferromagnetic materials
(sharply dropping to zero post Tg). In temperatures above the
Tir, magnetic moments can freely rotate, causing overlapping
ZFC and FC curves. However, when temperatures fall below the
Tir, magnetic moments are locked in a certain direction,
causing a split in ZFC and FC curves. The split between ZFC and
FC curves is due to the freezing of disordered uncompensated
surface spins.®

Rinaldi-Montes et al. synthesized Ni/NiO core/shell nano-
particles by pyrolyzing inorganic precursors within the pores of
an activated carbon matrix, followed by oxidation in air.** They
found that the spins within the NiO shell froze into a spin-glass
(SG) state at temperatures below T¢ (~40 K). The magnetic
exchange coupling between the Ni core and the spins in the NiO
shell led to the emergence of EB effect, with its temperature
dependence following a uniform exponential trend across all
samples. Due to the SG nature of the shell spins, the EB effect
disappears above Tt This temperature is much lower than the
Tn (~523 K) of antiferromagnetic NiO, which typically
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determines the starting temperature of the EB effect at the Ni/
NiO interface. The magnetic properties of the Ni/NiO nano-
structures are influenced not only by particle size and core/shell
configuration but also by the SG state, interfacial exchange
interactions, and thermal excitation processes. This suggests
that the observed temperature-dependent magnetic behavior
has broad universality in nanomaterials with similar core-shell
structures.

In the vicinity of temperature T within the range of d7, the
magnetization of pinned nanoparticles is given by —d(AM)/dT.
It is well known that Ty follows the relationship:*

KV

T =
B 25ky

where K, represents the magnetic crystal anisotropy, V denotes
the volume of the magnetic portion of the nanoparticles, and kg
is the Boltzmann constant. Considering that K, is independent
of temperature, Ty will solely depend on the volume of indi-
vidual nanoparticles. Hence, the plot of —d(AM)/dT represents
a function of particle volume density. The insets in Fig. 9 depict
the corresponding —d(AM)/dT-T curves, reflecting the log-
normal distribution of NiO nanoparticles.®®®” The median Ty
values for the four samples are 68 K, 69 K, 76 K, and 70 K,
respectively.
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Fig. 9 The curves of (Mgc — Mzgc)—T for the C@Ni—-NiO sample (a) M1, (b) M2, (c) M3 and (d) M4; the inset shows —d(AM)/dT-T curve to display

accurate median Tg.
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In the case of magnetic nanoparticles, the blocking
temperature is a significant parameter as it characterizes the
transition from a superparamagnetic regime to a blocked
regime where the magnetization is stable over a long period of
observation. The height and temperature position of this peak
result from the distribution of energy barriers in the system,
which is mainly controlled by particle size and the intra-particle
interactions. Essentially, the peak in the derivative of AM
signifies the transition from superparamagnetic to blocked
state, which is the critical point where the thermal energy is just
balanced by the anisotropy energy. At temperatures higher than
this peak, particles receive thermal energy sufficient to over-
come the anisotropy barrier, causing their magnetic moments
to fluctuate and align with the external field randomly (super-
paramagnetic state). On the other hand, below this peak
temperature, thermal agitation is not enough to overcome this
anisotropic barrier. Hence, there is a blocking of the magnetic
moments, and they are locked in a certain direction (blocked
state). The magnetization cannot follow the external magnetic
field change and exhibits a hysteresis behavior. In the blocked
state, the relaxation time of magnetic moments is longer than
the experimental time, and these moments are effectively fixed
in a specific orientation. This transition reflects in the peak of
the —d(AM)/dT-T curve, where blocking temperatures are rep-
resented. The temperature at which this peak arises provides
information about the average particle size in a collection of
magnetic nanostructures. Johnston-Peck et al. synthesized Ni/
NiO core-shell nanoparticles with diameters ranging from
8 nm to 24 nm using a solution-chemistry method.*® They found
that after liquid-phase oxidation, the superparamagnetic Ty of
these particles decreased; however, no significant exchange bias
was observed. Despite this, the coercivity of the samples
increased, indicating a weak exchange bias effect. This was
primarily attributed to the amorphous structure of the NiO shell
and its thin shell layer, which prevented the spins in NiO from
effectively pinning the magnetic moment of the Ni core. This
phenomenon is consistent with our study, where the magnetic
interactions at the Ni/NiO interface, influenced by particle size,
lead to a weak exchange bias effect.

Under low-temperature conditions, the exchange bias effect
becomes more pronounced, primarily due to the enhanced
thermal stability of the AFM phase in FM/AFM structures. This
leads to more stable interfacial spins and, consequently,
stronger exchange anisotropy. The Ni/NiO system has a complex
atomic interface where local structural irregularities such as
interfacial roughness, oxygen vacancy, and strain-induced
defect can significantly affect the arrangement of interfacial
spins.

The roughness of the Ni/NiO interface is an important factor
influencing the strength of interfacial spin coupling. Both
theoretical and experimental studies have shown that an
increase in interface roughness leads to irregular atomic
arrangement at the interface, which in turn induces uneven
exchange coupling. Specifically, a rougher interface results in
a more complex spin structure, which may cause the spin
alignment in the antiferromagnetic NiO layer to deviate from
the perfect antiferromagnetic symmetry and form local spin

© 2025 The Author(s). Published by the Royal Society of Chemistry
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asymmetry. This spin asymmetry leads to a diversity of
exchange coupling paths and generates asymmetric exchange
effects, thereby enhancing the exchange bias effect.

Oxygen vacancy is a common type of defect in NiO, particu-
larly in Ni/NiO structures, and play a crucial role in enhancing
the low-temperature EB effect. The presence of oxygen vacancies
disrupts the long-range antiferromagnetic spin order in NiO,
creating local spin mismatch regions that form asymmetric
exchange coupling paths at the interface. Namely, the intro-
duction of oxygen vacancies alters the local electronic structure
of NiO, causing the accumulation or depletion of electrons in
certain regions, which results in the distortion of local magnetic
moments in the antiferromagnetic NiO layer. Oxygen vacancies
make the spins at the interface more stable and promote their
freezing at low temperatures, thus strengthening the exchange
coupling between FM and AFM layers and enhancing the
exchange bias effect.

Strain-induced defect is also significant factor affecting the
magnetism of the Ni/NiO interface. In Ni/NiO structures, the
lattice constants of the Ni and NiO layers are typically different,
creating a strain field at the interface. Strain not only alters the
atomic arrangement at the interface but may also affect the
stability of interfacial spins through local electronic rearrange-
ments. The local lattice distortions caused by strain can modify
the strength and angle of the Ni-O bonds, thereby changing the
exchange coupling strength between Ni and NiO. These changes
are typically more pronounced at low temperatures, as low
temperatures help freeze the spins and reduce thermal fluctu-
ations. So the strain-induced defects can sometimes enhance
the asymmetry in the spin alignment at the interface, further
boosting the exchange bias effect.

Therefore, the future studies could focus on interfacial
regulation strategies, such as elemental doping or interface
engineering, combined with microstructural characterization
techniques, to further clarify the microscopic mechanisms
behind magnetic modulation and improve our understanding
of low-temperature EB behavior.

4 Conclusions

C@NIi-NiO nanoparticles were synthesized via a homogeneous
precipitation method. A comprehensive investigation of their
microstructure and magnetic properties was conducted using
techniques such as XRD, XPS, SEM, TEM, and SQUID. The
magnetic performance of C@Ni-NiO nanoparticles, including
the blocking temperature, saturation magnetization, coercivity,
coercivity enhancement (AHg), and exchange bias, is influenced
by the combined effects of phase proportion and interface
phenomena. For the most ideal Ni-NiO composite nano-
particles, weak coupling interactions between the ferromag-
netic phase Ni and the antiferromagnetic phase NiO resulted in
an exchange bias of 30 Oe at 5 K, accompanied by a coercivity
enhancement of 9 Oe. Most of the magnetic behavior can be
accounted for by the exchange coupling between ferromagnetic
Ni and antiferromagnetic NiO. The M-H loops and M-T curves
both reveal the presence of a significant degree of spin disorder
in the structures, which is far beyond that of simple surfaces in
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nanoparticles. This spin disorder can reasonably account for
the shift in FC loops, indicating the presence of FM-AFM
coupling, which can also be corroborated in the —d(AM)/dT-T
curves, where the sharp steepness at Ty can signify the char-
acteristics of spin freezing.
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