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Graphitic carbon coated core/shell structured Ni/NiO nanoparticles were synthesized by a sol-gel
type chemical precursor method and their structural, morphological and magnetic properties
were evaluated. The synthesis method provides an improved and comparatively facile approach
towards controlled growth of the composite structure of metallic ferromagnetic (FM) core and
antiferromagnetic (AFM) metal oxide shell along with in situ growth of a supplementary surface
functionalization layer of graphitic carbon. In addition, the process allows a precise control over
the shape and size of this important class of core/shell type functional materials for a wide range
of pertinent applications. The structural properties of the derived samples were studied with X-
ray diffraction (XRD), X-ray absorption near edge structure (XANES), extended X-ray
absorption fine structure (EXAFS), Raman spectroscopy, energy dispersive X-ray (EDX)
analysis, and X-ray photoelectron spectroscopy (XPS). The microstructural features in the
core/shell structured particles were evaluated with scanning electron microscope (SEM) and high
resolution transmission electron microscope (HRTEM). Magnetic properties of the derived
samples were studied with a vibrating sample magnetometer (VSM) in the 80-300 K temperature
range. The surface functionalized Ni/NiO nanoparticles exhibit a distinctly enhanced
magnetoresistance (MR), e.g., -10% at 290 K, than reported values in compacted Ni/NiO

powders or composites.
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Introduction

Core/shell structured nanoparticles have received considerable attention in recent past owing to
their physical and chemical properties that are strongly dependent on the structure of the core,
shell, and their interface.'™ This structure dependence opens possibilities for tuning properties by
controlling their chemical composition and relative size of the core and shell. The core/shell
structured magnetic nanoparticles are of special interests since such heterogeneous
nanostructures are potentially attractive for developing devices and cluster-assembled materials
with wide functionalities.®® The nonmagnetic, antiferromagnetic, or ferro/ferri-magnetic shell
layer in such magnetic nanoparticles serves various functions. The shell structure not only
provides a stabilization layer to the magnetic core but also a platform for surface
functionalization of the nanoparticles.”'® Nanoparticles composed of magnetic cores with
continuous metallic shell layers simultaneously possess both magnetic and plasmonic
properties.'"'? Small sized superparamagnetic core/shell structures with suitable biocompatible
coatings have importance in biology, biotechnology, and other biomedical disciplines.'®"
Renewed interest has recently been shown in core/shell exchange-bias (EB) systems due to their
potential application in increasing the superparamagnetic limit of small magnetic nanoparticles
used in magnetic read heads and similar systems, and prospective future application in magnetic
random access memory (MRAM)."*'® In core/shell type FM/AFM nanostructures, the first
system seen to exhibit EB,** the AFM shell layer can be effectively designed to tune the
resultant magnetocrystalline anisotropy of the FM metal cores for long term thermal stability.
Recent studies have provided added insight into the possible origins of exchange anisotropy in
such type of core/shell nanoparticles, however, the geneses of the experimentally observed
diverse behaviors are still an unsolved problem.'>'® In Ni/NiO nanoparticles, the AFM NiO layer
promotes an enhancement in the magnetic anisotropy (exchange anisotropy) of the FM core and
the stabilization of the orientation of FM moment before thermal energy (at high temperatures)
source the fluctuating orientations of magnetic moments.”'' Moreover, the Ni/NiO core/shell
nanoparticles are reported to have spin dependent MR properties, making it a rare example
showing a metallic conduction mechanism and exhibiting both EB and MR effects well-matched
in a single system.'”?' The MR phenomenon in such granular systems crucially depends on the
structural parameters, in particular the concentration and size distribution of the FM cores and

their inter-distances. The spin glass like NiO component at the periphery of the Ni nanoparticles
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supports the coexistence of EB and MR in such systems. As expectedly, the MR effect in these
samples is largely affected by the exchange anisotropy and can be possibly adjusted by
modifying the magnetic configuration of the core/shell structure. Compared to Ni/NiO core/shell
nanoparticles, other magnetic metal/metal oxide systems such as Co/CoO and Fe/FeO, also show
large EB, but their low Neil temperatures (7x) (CoO ~290 K and FeO ~198 K) severely limits
their potential use in devices operated at/above room temperature.''** In contrast, high Ty ~520
K of NiO makes it a prominent candidate for producing useful EB at room temperature.

Beyond the magnetism, there are substantial interests in Ni nanoparticles and the oxides

23,24

of Ni for novel applications, e.g., growing carbon nanotubes and nanofibers, catalysts in

chemical reactions,” hole transport layer in LEDs, efc. The Ni/NiO nanoparticles are also

highly attractive for electrochemical energy storage and conversion.””

Due to its high
capacity and low cost, NiO is considered as a promising candidate material for anode in
lithium ion batteries. The combination of metallic Ni with NiO accelerates the charge
transfer process and reduces polarization resulting in improved rate capability and cycling

performance.

However, the development of a tunable core/shell microstructure of magnetic
nanoparticles with reproducible tailored properties is very much intricate in nature and
presents a great defy to the scientific community.****° The physical properties of such
core/shell structures could be hardly tuned with high reproducibility, unless a convenient
method of modifying the magnetic and structural configuration is envisaged. Fine control
over the Ni/NiO core/shell microstructure including their interfacial properties, and the
concentration and distribution of Ni present in the highly ordered Ni/NiO lattices are of
utmost necessity to tailor their properties. The frequently encountered obstacle in nascent Ni
nanoparticles is the spontaneous and uncontrolled growth of the NiO shell layer.**°
Controlled oxidation of Ni in ambient air is an exigent phenomenon, owing to the high
reactivity of metallic Ni with oxygen and the availability of diverse nickel oxide
stoichiometries. Therefore, a convenient synthesis technique of such an important class of
material is highly crucial for efficient and controlled tailoring of the core/shell
microstructure in the samples to achieve the desired properties. Furthermore, the method
must be viable for mass scale production at an economic cost, highly reproducible in nature

as well as environmentally benign. In literature, there are many recent reports on the
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development of Ni/NiO core/shell nanostructures by different techniques including pulsed laser

deposition,"” thermal decomposition,** solution-phase synthesis,' """

31,32

electrostatic spray

3334 mechanical

deposition,”” microwave assisted synthesis, chemical co-reduction,
milling,>*® high temperature oxidation-reduction process,”’ magnetron sputtering,*® laser
irradiance,” and electrodeposition methods.””** The large volume of published literature in the
recent past reflects the importance of Ni/NiO nanostructures and the humongous efforts being
made to tailor their properties for optimum performance. Few of these highly attractive
approaches show prominent and effective designs of Ni/NiO nanostructures for scaled-up use in

industrial processes.

Among the various techniques followed for the synthesis of Ni/NiO core/shell nanoparticles,
the chemical synthesis methods are one of the most prominent and comparatively facile
approaches for the production of the samples in the form of fine powders. Thakur et al *!
described a sol-gel route to produce Ni/NiO core/shell nanoparticles using nickel nitrate and
citric acid. Harraz et al ** also reported a sol-gel type method for the development of Ni/NiO
nanoparticles using Ni(NO3),.6H,0, citric acid and pure alcohol. Similarly, Karimipour et al s
synthesized Ni/NiO nanoparticles embedded in TiO, following a complex polymer based sol-gel
method. However, the development of Ni/NiO nanoparticles with a controlled microstructure via
chemical synthesis routes is very much challenging in nature and has certain limitations. Few of
these limitations must be fully addressed to ensure the applicability and reliability of these high-
end materials for use in state of the art applications. Improvements are needed in (i) regulating
the uniformity and stability in shape and size of the core/shell type nanostructured materials, (i1)
tailoring the magnetic, electrical, and optical properties of the materials by effective control over
the core/shell microstructure, and (iii) formulating a convenient and reproducible method for
mass-scale production of Ni/NiO and a series of similar type of magnetic core/shell structures. In
this regard, the present low-temperature technique provides efficient control over the
morphology of the core/shell type magnetic nanoparticles with excellent reproducibility, and
inducing relevant magnetic, electrical, and optical features for pertinent applications in wide
areas including spintronics, magneto-optics, magnetic memory devices, biosensors, drug

delivery, gas sensors, catalysis in chemical reactions, and stem-cell differentiation and imaging.

Experimental section
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Synthesis of graphitic carbon coated Ni/NiO core/shell nanostructures

The materials used in this synthesis process were nickel nitrate hexahydrate [Ni(NOs3),.6H,0,
mol. wt. = 290.81, Sigma Aldrich, 99.99% pure], poly-vinyl alcohol (PVA) [mol. wt. ~96800,
degree of polymerization ~2000, Fisher Scientific], 25% ammonia solution (NH4OH, conc. 25%,
Merck), and sucrose (C;2H2,011, mol. wt. = 342.30, Merck, 99.95% pure). All the reactants were

used without any further purification.

The synthesis method involves the steps of (a) preparing aqueous solutions of nickel
nitrate hexahydrate, PVA and sucrose, (b) dispersing the Ni*" ion solution in small amounts
in the PVA-sucrose polymer molecules, (c) enclosing the Ni*" ion clusters inside the PVA-
sucrose polymer micelles in a rather stable form, and then (d) aging of the precursor in air at

room temperature or lower. The reaction process is described in detail below.

A drop wise addition of Ni(NO3),.6H,O (in 0.2 M solution) to a mixed PVA-sucrose
solution (in 1 : 10 ratio by mass) in water at 60-65°C with continuous magnetic stirring
results in a homogeneous dispersion of the salt ions in the polymer micelles. The sucrose
additive, used in this method, improves average viscosity of the reaction solution such that
the PVA-sucrose polymer micellar wall behaves to be rather stable and does not pile off so
easily during the reaction. It was observed that the reaction of the salt solution with the
PVA-sucrose molecules was endothermic in nature. During the reaction, p”’ of the mixed
solution was maintained at ~9 by adding required amount of NH4OH solution to support the
hydrogenation of Ni*" jons in the reaction solution. The reaction proceeded with a
successive change in average colour of the resulting solution from characteristically spring
greenish, just after the addition of the Ni salt solution in the transparent colorless PVA-
sucrose solution, to a jungle greenish one and then finally after ~30 min, to a persian
greenish one along with the formation of a turbid persian greenish colour precipitation. The
changes in the reaction solution during the process were studied with in situ measurement of
UV-visible absorption characteristics of the reaction solution, which confirmed the

nucleation of NiO phase in the reaction solution.

After the reaction, the solution was cooled to room temperature (290 K) and aged for 24
h to convert it into a gel. A fluffy voluminous persian greenish colour mass of polymer

capped precursor powders was obtained after drying the gel at a controlled temperature of
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50-60°C in air. Recrystallized core/shell type Ni/NiO nanoparticles in the form of finely divided
loose powders were obtained by heat treating the polymer capped precursor powders, after
pulverizing by grinding with a mortar and pestle, at selected temperatures in the range 400-
900°C in ambient air for 2 h. The heat treatment temperature is decisive in controlling the final

size of the nanoparticles.
Structural, microstructural and magnetic characterization

The crystalline nature of the derived samples were analyzed with a Panalytical X Pert Pro X-ray
diffractometer using CuK, radiation of wavelength 0.1545 nm, employing at a scanning rate of
0.02/s. Raman measurements were carried out with Horiba Jobin Yvon LabRAM HR800
spectrometer with an He-Ne laser source (632.8 nm). FESEM images and EDX data of the
samples were obtained with FEI Quanta FEG-200 microscope, at an accelerating voltage of 20
kV. A more close-up view of such images was studied at 200 kV by a JEOL JEM-2100 HRTEM.
The X-ray absorption measurements were carried out in the dispersive EXAFS beamline (BL-8)
of the INDUS-2 Synchrotron Source (2.5 GeV, 100 mA) in transmission mode at Raja Ramanna
Centre for Advanced Technology (RRCAT), Indore, India.*** The surface structure of the
derived nanoparticles was studied in terms of the XPS bands, recorded with a Shimadzu AXIS
Ultra spectrometer by exciting the samples under a reduced pressure ~10™ Pa, with Mg Kaiz
radiation of 1253.6 eV energy operating at 12 kV and 20 mA. The magnetic properties were
measured with a LakeShore 74046 VSM with applied magnetic fields up to 20 kOe in the 80-300
K temperature range. The MR properties were further analyzed with a Keithley 2400
SourceMeter and an electromagnet (Model HEM-100) of Polytronic Corporation, India.

Results and discussion

Reaction mechanism and growth process of Ni**-PVA-sucrose chelate complex

. 46,4
As described elsewhere,***’

while stirring in an aqueous solution at 60-65°C temperature, the
dispersed PVA molecules experience thermo-mechanical stretching and form small groups or
micelles in the shape of laminates or closed ring. Such micelles have plenty of OH groups free
from H-bonding, i.e., active molecules of extended molecular surfaces, useful to support a
surface-activated reaction of interest. A micelle of such PVA molecules isolates itself from the

surrounding in the solution according to its interfacial surface tension. As a result, such an array
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of PVA micelles so obtained in the solution behave as surfactants and adsorb the Ni*" cations at
the surface while adding the salt solution, forming a metal ion-polymer chelate complex.
Successive changes observed in initial Ni*'-PVA-sucrose colour infer a dynamic reaction in
operation in divided reaction centers in the solution. The chelate structures render a self-
controlled redox reaction with the active OH™ groups and finally form a stable Ni*"-PVA-sucrose
product in the colloidal solution. Mobile Ni*"-PVA-sucrose chelates, under hot conditions in the
solution, serve as active reaction species to react with one another in small groups of micelles.
As a result, the Ni*" nucleates and grows with a peculiar Ni-core-NiO-shell structure within the
polymer micelles, depending on the Ni*" concentration, dispersion and other experimental
conditions. Aging at room temperature, following the reaction, causes a surface stabilized
Ni/NiO core/shell nanostructure by interbridging of a specific surface structure via PVA-sucrose
molecules. During the subsequent heat treatment, the PV A-sucrose surface layer transforms into
a rigid thin layer of graphitic carbon of few nanometer thickness on the recrystallized Ni/NiO

nanoparticles.

Chemically, the addition of Ni*" salt solution in the basic PVA-sucrose solution initiates the
formation of nickel hydroxide in the solution. This is manifested in the instantaneous formation
of a turbid persian greenish colour precipitation in the reaction solution. The nickel hydroxide
precipitate is soluble in the basic medium (p” ~ 9), producing nickel oxide anions (nickelates),
which are trapped in the polymer micelles and after aging, nucleate to produce the stable Ni/NiO

core/shell type nanoparticles of controlled shape and size.

The reactions involved are,

(Ni*" + 2NO;*) + 2(NH; " + OH") — Ni(OH), + 2NH;31 + 2HNO; (1a)
Ni(OH), + 2(NH;" + OH") — NiO,” + 2NH;1 + Hy1 + 2H,0 (1b)
|

Ni/NiO core/shell nanoparticles

It has been observed that a p™ ~ 9 is necessary for the controlled growth of the nanoparticles
in the polymer micelles and is highly decisive in determining the morphology of the final
products. Further increase in the p’ level leads to a competition between the growth and erosion
of the nascent metal oxide nanoparticles in the polymer micelles, affecting the effective growth

rate and final morphology of the particles.
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Structure and morphology

Fig. 1 compares the XRD patterns of graphitic carbon coated core/shell structured Ni/NiO
nanoparticles derived after heating the Ni*"-PVA-sucrose precursor powders in ambient air for 2
h at (a) 400°C, (b) 450°C, (c) 500°C, and (d) 600°C, respectively. The sample (a) shows five
broad distinctive peaks corresponding to (111), (200), (220), (311), and (222) crystalline planes
of NiO (JCPDS card 04-0835) and two weak and broad peaks corresponding to the (200) and
(220) planes of Ni (JCPDS card 04-0850). With the increase in the heat treatment temperature,
all the XRD peaks become sharper and narrower with a drastic decrease in the relative intensity
of the NiO peaks in comparison to the Ni peaks. The gradual increase in intensity of the Ni peaks
with the increase in heat treatment temperature clearly reflects the increase in Ni content in the
core-shell type particles. The broad and intense NiO (200) peak in sample (a) splits into two
distinctive peaks corresponding to NiO (200) and Ni (111) in sample (b). As can be seen in
sample (c) and (d), the NiO peaks gradually diminish with further increase in heat treatment
temperature and the Ni peaks corresponding to (111), (200), and (220) planes become more
intense and sharp. The lattice constant a, lattice volume V), density p and average crystallite size
d derived from the diffractograms are given in Table 1. In all the samples, both Ni and NiO
phases have face-centered cubic (fcc) crystal structure with Fm-3m space group. A bit larger a-
value of Ni, viz, 0.3540 nm in sample (a) or 0.3538 nm in sample (d), lies in comparison to a
value of 0.3523 nm in bulk Ni (JCPDS card 04-0850). This corresponds to V= 0.0446 nm’ (p =
8.79 g/cc) in sample (a) or 0.0442 nm’ (p = 8.80 g/cc) in sample (d), with Z = 4 units, in
comparison to V= 0.0437 nm’ (p = 8.91 g/cc) in bulk Ni (JCPDS card 04-0850). Similarly, the
NiO phase shows a larger a-value, viz, 0.4196 nm in sample (a) or 0.4192 nm in sample (d), in
comparison to 0.4177 nm in bulk NiO (JCPDS card 04-0835). This corresponds to V= 0.0738
nm’ (p = 6.71 g/ce) in sample (a) or 0.0736 nm” (p = 6.73 g/cc) in sample (d), with Z = 4 units, in
comparison to V= 0.0728 nm’ (p = 6.81 g/cc) in bulk NiO (JCPDS card 04-0835). The lattice
expansion in nanoparticles has been attributed to a number of possible phenomena including size
confinement effects, grain surface relaxation, formation of point defects, and uncompensated

4,48,49

Coulombic interactions. However, in the present samples, the observed ~ 0.5% increase in

8
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the V) values of Ni and NiO over that of their bulk counterparts is predominantly due to the
core-shell structure of the particles.””® The core-shell structure is responsible for the
interfacial interactions (interface between Ni and NiO, and NiO and graphene). This kind of
interaction causes two types of strains in the lattice.*””'”* One is the macrostrain, which
increases the interplanar spacings (dj), and the other is the microstrain, which induces a
peak broadening. As expected, the size of Ni and NiO crystallites (d values), calculated from
the Debye Scherrer relationship® using the full width at half-maximum (fwhm) in the peaks,

show gradual increase with the increase in heat treatment temperature of the samples.

In such small Ni/NiO core-shell type particles, a slightly modified intensity distribution
of X-ray diffraction peaks lies in comparison to reported distribution in bulk Ni and NiO.
Nevertheless, in either case, (111) reflection lies as the most intense peak in the Ni core, with
the second and third most intense peaks of (200) and (220) reflections, respectively.
Assuming a normalized value of peak intensity /, = 100 units in (111) peak of sample (d), a
value of I, =36 units lies in (200) peak while of 17 units in (220) peak in comparison to the
values of 42 and 21 units, respectively, in bulk Ni (JCPDS card 04-0850). Similarly, the
(200) reflection lies as the most intense peak in the NiO shell as in bulk NiO, with the second
and third most intense peaks of (111) and (220) reflections, respectively. Assuming a
normalized value of peak intensity /, = 100 units in (200) peak of sample (a), a value of 1, =
53 units lies in (111) peak while of 43 units in (220) peak in comparison to the values of 91
and 57 units, respectively, in bulk NiO (JCPDS card 04-0835). Further analysis of the XRD

5334 10 estimate the relative concentration

data was performed with PowderCell 2.4 program,
of Ni and NiO phases in the core/shell structured nanoparticles. As given in Table 1, the Ni
concentration in the derived samples monotonically increased (NiO concentration
monotonically decreased) with the increase in the processing temperature. The sample (a) has
a concentration (at.%) of Ni and NiO of 8.8% and 91.2%, respectively, which get changed to

47.2% and 52.8%, respectively in sample (d).

Fig. 2 shows the normalized XANES spectra of Ni/NiO samples processed at different
temperatures along with NiO and Ni standard samples. The normalized XANES spectra show the
plot between absorption coefficient u(E) as a function of photon energy E. XANES structure is
sensitive to the oxidation state and chemical environment of the central atom. It can be observed

that as the heat treatment temperature increases the absorption edge of the derived samples
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moves towards Ni edge and lie in between the Ni and NiO edges which is an indication of the
presence of mixed oxidation state of Ni (Ni® and Ni*"). However, the sample derived at 400°C
shows an anomalous behavior of shifting slightly towards higher energy side, possibly due to the
existence of Ni;Os along with the major phases of Ni and NiO.”>”’ To quantitatively estimate the
relative amount (vol.%) of the two phases in the samples, the XANES spectrum of each sample
was fitted with a linear combination of the XANES spectra of a pure Ni foil and a standard NiO
sample. Figs. 2b-c show such linear combination fit of the two representative samples processed
at 500°C and 600°C, respectively. It has been observed from the above exercise that as the heat
treatment temperature increases from 500°C to 600°C, the NiO content in the sample reduces

from 70% to 55%.

To take care of the oscillations in the absorption spectra, u(E) has been converted to

absorption function y(E) defined as follows,™

_ u(E)—po(E)

where, E| is the absorption edge energy, uy(E) is the bare atom background and Ay, (E) is the
step in u(E) value at the absorption edge. The energy dependent absorption coefficient y(E) has

been converted to the wave number dependent absorption coefficient y (k) using the relationship,

2m(E—Ep)
k= [t 3)

where, m is the electron mass and 7% is the reduced Plank’s constant. After background
subtraction, the EXAFS spectra are plotted in the k range of 0-9 A™'. Fig. 3a shows the k-space
spectra for all the samples along with NiO and Ni standards. As can be observed, the spectrum
corresponding to the Ni*’-PVA-sucrose precursor is broadly different from the NiO and Ni
standard spectra. The k space spectrum of the sample heated at 400°C is nearly similar to that of
standard NiO. As the heat treatment temperature increases, the spectral features around 5.25 A™
and 8.25 A" start appearing and the feature around 6 A" starts diminishing. y(k) is weighted by
k to amplify the oscillation at high k& and the k.y(k) functions are Fourier transformed in R space
to generate the y(R) versus R spectra in terms of the real distances from the center of the
absorbing atom. The set of EXAFS data analysis available in IFEFFIT software package was
used for the EXAFS data analysis.”” This includes background reduction and Fourier

transformation to derive the y(R) versus R spectra from the absorption spectra (using ATHENA

10
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subroutine), generation of the theoretical EXAFS spectra starting from an assumed
crystallographic structure (using ATOMS subroutine) and finally fitting of experimental data
with the theoretical spectra (using ARTEMIS subroutine). The y(R) versus R spectra were
generated for all the samples from the u(E) versus FE spectra following the methodology
described above and the best fit y(R) versus R spectra of the samples are shown in Fig. 3b along
with the experimental data for all the samples. To generate theoretical model, we have used NiO
rock salt structure for the samples treated at 400°C and 450°C. However, for the samples treated
at 500°C and 600°C, we have included Ni fcc structure first shell to improve our fit. The bond
distances R, co-ordination numbers N (including scattering amplitudes) and Debye-Waller
disorder factors (&), which give the mean square fluctuations in the bond distances, have been

used as fitting parameters. The best fit results are summarized in Table 2.

From the Fourier transformed EXAFS spectra, shown in Fig. 3b, it can be observed that the
first peak of Ni-O shell for the samples treated at 400°C has similar amplitude as that of pure
NiO sample. As the heat treatment temperature increases, the first shell peak amplitude starts
decreasing. This effect is also reflected in the fitting results (Table 2). The Ni-Ni metallic shell
starts contributing as the heat treatment temperature increases. The results obtained from EXAFS
fitting also shows that metallic Ni contribution starts increasing as the heat treatment temperature
increases. The above observations agree with the absorption edge shifts in the XANES spectra of
the samples.

Similar X-ray absorption behavior in Ni/NiO samples is also reported. For example, Bianco

I* prepared NiO/Ni core/shell type structures by ball-milling of NiO powders, followed by

et a
annealing in hydrogen atmosphere. It was observed that with increasing annealing temperature
the local structure gradually changes from typically rock salt structure to fcc Ni structure. Zhou
et al®® observed the presence of mixed NiO and Ni phases from the XANES measurements at Ni
K edge, when Ni layers grown by magnetron plasma based cluster beam deposition techniques,
are subjected to oxygen feeding. Migowski et al®' synthesized Ni nanoparticles by decomposing
an organometallic precursor, bis(1,5-cyclooctadiene) nickel(0) dispersed in 1-alkyl-3-
methylimidazolium N-bis(trifluoromethanesulfonyl) amide ionic liquids. EXAFS analysis of the

Ni nanoparticles dispersed in the ionic liquids showed very low values of coordination numbers.

It was concluded from the analysis that NiO phase is present along with Ni in the ionic liquids.

11
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Local structure and its relaxation around Ni atoms in nanocrystalline NiO were also studied with
Ni K-edge X-ray absorption spectroscopy by Anspoks and Kuzmin.*® It was concluded from the
analysis that the lattice in nano-NiO is expanded as compared to bulk NiO.

Fig. 4 shows the typical SEM microstructure of the derived Ni/NiO core/shell nanoparticles
obtained after heating the precursor powders at (a) 500°C and (b) 600°C, respectively. As can be
observed in both micrographs, extremely tiny Ni/NiO nanoparticles formed marigold flower like
loose clusters of spherical shape in recombination reaction in small crystallites during the
processing. A close up view of the clusters reveals the tiny nanoparticles of 10-20 nm size. The
clusters have a typical size of 30-100 nm. The few bigger agglomerates have grown in
recombination of 2-3 such clusters. Similar microstructure is observed in other samples in this
series. The elemental composition of the core/shell type nanoparticles derived at 500°C is shown
in Fig. 4c. The EDX spectrum confirms the presence of the elements C, Ni and O in the samples.
A quantitative measurement suggests an atomic content of 10.60%, 46.96%, and 42.44%
respectively of these three elements. As expected, the Ni and O are the major elements in the
core of the particles coated with the thin surface layer of carbon. In the samples derived at 400°C
(not shown here), the atomic content of these three elements are 20.06%, 35.31% and 44.63%,
respectively. Increased heat treatment temperature reduced the carbon layer followed by an

atomic redistribution in the core containing Ni and O.

Monodispersed Ni/NiO core/shell nanoparticles of almost spherical shape and a narrow size
distribution can be observed in the HRTEM images in Fig. 5. The average size of the particles
are 5 nm and 10 nm in the samples derived at 400°C (Fig. 5a) and 500°C (Fig. 5b), respectively.
The size of the particles in the samples derived at 400°C, matches well with the d-value of Ni
derived from the XRD analysis (Table 1). The magnified view of a particle (inset of Fig. 5b)
shows the finer details of the core/shell architecture with the Ni core diameter and NiO shell
thickness of 5 nm and less than 2 nm, respectively. These values in the sample derived at 500°C
are smaller than the corresponding d-values of Ni and NiO (Table 1). Further magnification
reveals the crystalline planes in the highly dispersed particles (derived at 500°C) as shown in
Fig. 5c. The well-defined lattice fringes were identified to be from two distinct domains: the
spacing of 0.24 nm corresponding to the lattice-resolved (111) crystalline plane of NiO shell, and
the fringes with the lattice spacing value of 0.20 nm from the (200) facets of Ni core. Fig. 5d

shows a typical SAED pattern corresponding to the samples derived at 500°C, consisting of six

12
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distinct concentric rings with discontinuous spots over the rings. As marked therein, the rings
with dj; values of 0.2432, 0.2080, and 0.1449 nm appear due to reflections from (111), (200)
and (220) planes of the NiO shell, and the rings with djy values of 0.2069, 0.1755, and
0.1276 nm appear from the (111), (200) and (220) planes of the Ni core of the composite

structure. These dj; values match well with the values derived from XRD analysis.

Raman and XPS analyses were performed to characterize the surface structure of the Ni/NiO
core/shell nanoparticles. Fig. 6 shows the Raman spectra of the derived Ni/NiO core/shell
nanoparticles after heating the precursor powders at (a) 400°C, (b) 500°C and (c) 600°C for 2 h
in ambient air. Due to strong resonance Raman scattering in graphene-based materials,®®
Raman spectroscopy has been extensively employed to characterize graphitic materials in recent
years.67'69 Pristine graphene shows a single sharp peak of G band at ~1580 cm ', which
corresponds to the vibration of sp’ carbon. In graphene oxide, the G-band blue-shifts to ~1590
cm ' and becomes broader compared to graphene, and a new broad and intense peak of D-band
appears at ~1330 cm ', which corresponds to sp’ carbon and defects associated with vacancies
and grain boundaries.’”" As can be observed in Fig. 6, all the three samples show two broad and
intense peaks corresponding to D and G bands. These bands in the Raman spectra originating
from the breathing mode of the phonons of 4;, symmetry (D band ~1330 cm ' for graphene
oxide) and the first-order scattering of E£,, mode (G band ~1580 cm ' for pristine graphene) are
confirming the presence of graphitic carbon on the surface of the Ni/NiO nanoparticles.*®”! The
large fwhm-values of the two peaks in the samples also suggest that the graphitic carbon layer is
extremely thin (few nm) in size.”” The G-band positions in the three samples derived at 400°C,
500°C and 600°C, are 1588 cm'l, 1588 cm'l, and 1597 cm'l, respectively. The observed shift of
the G band in the samples indicates a weak interaction and subsequently a charge transfer
between the graphitic carbon layer and the Ni/NiO nanoparticles.”> Moreover, it is quite probable
that the top surface of the graphitic layer is getting further oxidized with the increase in
processing temperature. The D-band positions in the three samples are 1354 cm™, 1360 cm™, and
1351 cm'l, respectively. The gradual decrease in the intensity of the D and G bands with the
increase in heat treatment temperature is associated with the change in thickness of the carbon
layer on the surface of the particles. The intensity ratio of D to G bands (/p/I;) can be used to
study the structural properties of this carbon layer. As reported elsewhere,’*” the I,/ ratio is

related to the amount of disorder or the size of the sp’ domains. In all the three samples, the
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intensity of D band is lower than that of the G band with an /p//; value in the range of 0.84-0.88,
indicating a relatively ordered and highly graphitized structure. Similar values were reported by
Wu et al’® in carbon coated NiO core/shell (Ip/I6 = 0.90) and carbon coated Ni/NiO core/shell
hybrid (Ip/Ig = 0.78) nanoparticles. In addition to the graphitic carbon bands, the presence of
NiO phase in the derived samples is confirmed by the two peaks appeared at 510 and 678 cm™ .
The broad peak near 510 cm ', appeared in all the three samples is attributed to the first order
longitudinal optical (LO) mode of NiO.?""*7 The second order longitudinal optical (2LO) mode
observed at ~ 678 cm ' in the sample derived at 400°C, almost diminished in the samples
derived at higher temperatures. However, the frequently observed transverse optical (TO) or
mixed TO + LO modes (near 375 cm™ and 1085 cm™, respectively) of NiO are not well defined
in these graphitic carbon coated Ni/NiO nanoparticles.

Similar to Raman spectroscopy, the XPS is a very sensitive analytical probe for studying the
surface features down to a few atomic layers from the top surface of the particles. We applied it
here to substantiate the results obtained from Raman spectroscopy on the typical structure of the
graphitic carbon coated Ni/NiO core/shell nanoparticles. A survey XPS spectrum in the 0-600 eV
binding energy (E}) range of the samples derived at 400°C is shown in Fig. 7a. As expected, in
addition to a strong characteristic Ols band, it includes intense Cls band and relatively weaker
3p and 3s Ni-bands from the Ni/NiO core/shell type nanoparticles covered with a surface carbon
layer in a specific structure. For further analysis of the surface structure, the Cls, Ols and Ni3p

bands were deconvoluted into their component bands.

As shown in Fig. 7b, the Ols band in the graphitic carbon coated Ni/NiO nanoparticles
appears as a triplet after deconvolution with the bands shown at 529.8 eV, 531.9 eV and 533.9
eV. The intense and broad primary peak at 529.8 eV is close to the reported Ols band at 529.0
eV in pristine NiO.””” In comparison to pristine NiO, a 0.8 eV increase in the Ols band in the
core-shell structure is the result of a locally modified O state in bridging with graphitic carbon
at the surface (possibly forming a Ni-O-C bond).””””® The second most intense band at 531.9 eV
is primarily originating from the C=O bonds in the interfacial region between NiO and graphitic
carbon.”® Partial contributions are possibly from residual oxygen containing groups such as —
COOH or -OH bonded with the surface C atoms. Wu et al reported such band at 531.5 eV in
Fe@Fe,0;-graphene hybrid composites.*® The weak band at 533.9 eV is assigned to C-OH

bonds possibly from the undesired oxygen species on the surface of the graphitic carbon coated
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Ni/NiO nanoparticles.®"** Similarly in Fig. 7c, the deconvoluted Cls band reveals three
components, the main component lying at 285.1 eV, the second component at 287.6 eV (i.e., 2.5
eV higher to the main peak), and the third component at 289.2 eV (i.e., 4.1 eV higher to the main
peak), indicating the complex chemical environment in the surface carbon layer of the Ni/NiO
nanoparticles. The intense and broad deconvoluted band at 285.1 eV is attributed to the sp’
hybridized graphitic carbon bonded to NiO and carbon with defects.**® This defect peak is
generally observed with an energy difference of 0.2-1.5 eV relative to the reported value of sp’
(284.3 ¢V)* hybridized graphitic carbon and quite often mistakenly considered as C-C (sp’)
bond. The C-C (sp’) band is reported at 285.1 eV in nano-diamond films and amorphous
carbon.® In correlation with the observed Raman spectra, we conclude that the observed shift
(0.8 eV) in the sp’ hybridized graphitic carbon is possibly originating from the enhanced
graphene domain edges and other defects formed while bonding with the NiO layer.*” The two
weak bands located at 287.6 eV and 289.2 eV correspond to C=0O and —-COOH groups,
respectively.*®* As mentioned before, the C=0 bond is formed in the interfacial region between
NiO and graphitic carbon. The appearance of -COOH group is indicating the adsorption of

oxygen species on the surface of the graphitic carbon coated Ni/NiO nanoparticles.

Fig. 7d shows the deconvoluted Ni 3p band with a doublet structure at 68.02 eV and 73.4 eV.
The intense and broad deconvoluted peak at 68.02 eV is attributed to the Ni*" state of Ni0.”*"!
The weaker peak at 73.4 eV is ascribed to NiOs3,”""* possibly originating from a Ni*’—Ni**
transition at the interfacial layer between NiO and graphitic carbon. In fact, this peak is revealing
the active interfacing between the two layers near the particle surface. As mentioned before, the
presence of Ni,O; was also determined by XANES in the samples derived at 400°C. However,
no signature of Ni,O3 was found in the XRD data.

A model structure of a Ni/NiO core/shell nanoparticle with a surface layer of graphitic
carbon is proposed in Fig. 7e based on the observed XPS and Raman bands in selected atoms
primarily from the surface regions. While the top layer contains mostly neutral carbon atoms in
the graphitic structure, part of the carbon atoms in the bottom layer chemically bond to the O
species from the NiO layer in forming a cross-linked structure. As inferred from the XRD and
Raman results, the dimension of the Ni core, and the thickness of the NiO and graphitic carbon

shells get changed with the change in heat treatment temperature. The samples prepared at 600°C
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have a larger Ni core and thinner NiO and carbon shell layers in comparison to the samples

derived at lower temperatures.

Magnetic behavior

To investigate the role of the typical microstructure on the magnetic properties of the derived
samples, magnetization measurements of the graphitic carbon coated Ni/NiO core/shell
nanoparticles were carried out in 20-300 K temperature range. Fig. 8 shows the room
temperature magnetic hysteresis curves (M-H) of the graphitic carbon coated Ni/NiO core/shell
nanoparticles derived after heating the precursor powders at selected temperatures. The magnetic
parameters derived from the hysteresis loops are given in Table 1. As can be observed, the
saturation magnetization (Ms) and remanence (M) in the derived samples increased with the
increase in heat treatment temperature in the 400-600°C range, which can be definitely attributed
to the increase in Ni content (decrease in NiO content) with the increase in heat treatment
temperature in the above temperature range in consistence with the XRD results (Fig. 1). Apart
from the increase in Ni content, higher heat treatment temperature enhances the crystallinity and
the particle size of the Ni/NiO composite structure collectively favoring the increase in
magnetization.” This type of behavior is entirely consistent with the standard thermodynamic
model of particle growth in a system in such a way that differences in the magnetic parameters
are associated with changes in the particle size.”* Canting ferromagnetism at the surface of tiny
pristine NiO nanoparticles originating from the surface spin disorder in the AFM layer will get
diminished with the increase in particle size.””® However, in the present case, the NiO layer
becomes thinner with the increase in the heat treatment temperature, ultimately favoring the
canting ferromagnetism effect in the samples derived at higher temperatures. In all the samples,
the magnetization shows a rapid increase at low fields, followed by a moderate non-linear
increase and then a high field linear behavior. Similar type of behavior in the M-H curve of
Ni/NiO nanoparticles were reported by Kar et al’, and Roy et al.** As given in Table 1, the My in

293 which is

the derived samples is much lower than that of bulk pristine Ni (Mg = 55 emu/g),
essentially due to two primary reasons. First, magnetic nanoparticles are expected to exhibit
reduced magnetization due to the large percentage of surface spins, with disordered magnetic

orientation.”” Second, in the present samples the surface interfacing with the AFM NiO layer and
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the presence of the outer graphitic carbon layer are also significantly responsible for the decrease
in Ms. Further reasons include electron exchange between core and surface atoms which may
quench the moment."” The existence of the NiO layer rules out possible proximity effects
between ferromagnetic Ni and carbon.”® Such effects were proposed to explain ferromagnetism
in carbon.””'® In contrast, the coercivity (H¢) values in all the samples are much higher
compared to the reported Hc in bulk Ni (~100 Oe),'® which is primarily because of the typical

Ni/NiO core/shell nanostructure.'®!

The Hc values gradually increased in the samples (a-c), and
then decreased in the sample (d), derived at 600°C. While the increase in Mg with the increase in
particle size was primarily due to the increase in Ni core size and crystallinity, the observed
variation in H¢ can be explained on the basis of domain structure, critical diameter, strains,
magneto crystalline anisotropy and shape anisotropy of the crystals.*>” Interaction between the
surface spins affect the surface anisotropy, leading to an increase in effective anisotropy.'®*'%*
Further contribution to the enhancement in H¢ is from the surface layer of graphitic carbon on
the Ni/NiO core/shell nanostructure, which reorders the NiO surface spin to share a magnetic
hardening of ideal Ni single domains of surface controlled shape anisotropy. Similar
observations were reported by Singh et al'® in carbon encapsulated nickel nanotubules. The
squareness ratio, S is a well known indicator of domain structure in FM materials and is defined
as the ratio of My and M, ie.,, S = Mp/Ms. If S takes a value close to 0.5, it implies that the
sample is having single magnetic domains.**"'% As given in Table 1, the S-values gradually
increased in the samples with the increase in heat treatment temperature, and reaches a value of
0.45 in the samples derived at 500°C. The S-value reduced to 0.39 (along with a reduction in the
H¢) on further increasing the processing temperature to 600°C. The bit smaller S-value in
comparison to an ideal single domain value of 0.5 in the randomly oriented single FM Ni
domains (in the samples derived at 500°C) suggests that the FM core particles are interacting via

an AFM NiO phase supported by the graphitic carbon layer on the surface. The surface layer of

graphitic carbon is playing an important role in determining the resultant magnetic properties.

To obtain qualitative information on the superparamagnetic effects and the blocking
temperature (7p) of the graphitic carbon coated Ni/NiO core/shell nanoparticles, the zero-field-
cooled (ZFC) and field-cooled (FC) magnetization of the samples were recorded. Fig. 9 shows
the magnetization vs. temperature (M-T) behavior of the graphitic carbon coated Ni/NiO samples
processed at (a) 500°C and (b) 600°C under ZFC and FC conditions from 80 K to 300 K at an
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applied field of 500 Oe. The ZFC magnetization curves were obtained after the samples had been
cooled to 80 K in absence of any external magnetic field from room temperature and then
measured in presence of the field by increasing the temperature while the FC curves were

obtained during cooling from room temperature in presence of the field.

As expected, both samples (Figs. 9a-b) exhibit irreversibility behavior, displaying hysteresis
and remanence across the entire temperature range. The irreversibility behavior in the given
temperature range confirms the existence of magnetically frustrated spin disorder system or
clustered spin glassy system.***''% The shape of the ZFC branches of both samples are quite
similar. The ZFC magnetization curves monotonically increases with increasing temperature
while no significant change is observed in both FC curves as temperature decreases from 300 K
to 80 K. During FC, as the temperature drops, the individual magnetic moments associated with
each particle go from a totally disordered state, cancelling each other out over the entire
specimen sample, to being aligned in a common direction (parallel to the field). For ZFC
measurements, the magnetic nanoparticles were cooled to low temp with no applied field, ending
up with low magnetization, since all the macrospins remain in random alignment. As we begin to
heat up the sample, we approach the 7, which is the temperature for which there is sufficient
thermal energy to overcome the energy barrier between parallel and antiparallel alignment of the
macrospin with respect to the anisotropy axis. So when the increasing temperature reaches the
T, we see an abrupt but continuous increase of the magnetization. For an assortment of particle
sizes (nanoparticles with uniaxial magnetic anisotropy - single domain "Stoner-Wohlfarth"
particles), this abrupt change is smoothed out. So, as temperature increases, more and more
particles go from blocked to superparamagnetic and are able to align with the small external
applied field. As the temperature is further increased, the random fluctuations from thermal
energy begin to dominate and the macrospins become randomly oriented once again, producing
the 1/T exponential decrease of the magnetization that we see at higher temperatures.

Superparamagnetic T} is generally associated with the maxima observed in ZEC curve.'”

In the present samples, a complete irreversibility in the ZFC and FC curves can be seen right
from the starting temperature of 300 K. This pertinent irreversibility in the ZFC/FC curves of
Ni/NiO samples is indicative of some phase remaining blocked beyond the room temperature
(300 K)."'° Thus, we conclude that the T of the Ni cores of these bi-phase samples is above 300
K. Mathematically, 75 can be defined as, T = kV/25kp for single domain particles (where, & is
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the magnetic anisotropy constant, V' the average volume of the ferromagnetic particles and kz the
Boltzmann constant).'' For Ni, k=5 x 10" erg/cm’, which gives a value of 34 nm as the critical

size of Ni nanoparticles to remain ferromagnetic at 300 K. ot

In the present case, the
crystallite size of the Ni core is found to be 21 nm (samples derived at 500°C) and 31 nm (in
samples derived at 600°C), which are shorter than the critical value and show an extended
blocked regime above 300 K. The relatively flat nature of the FC curves indicates strong inter
particle dipolar interactions which seem likely from the particle’s close proximity to one another
as evident from the SEM and TEM images.””>>"'"? Additionally, such behavior is possibly
arising from the presence of superparamagnetic particles together with non-negligible fraction of
nanoparticles still being in a blocked magnetic state at room temperature. This can happen due to
several reasons such as broad size distribution, particle agglomeration or strong interparticle

dipolar magnetic interactions.'®"'"?

The AFM NiO on the surface of the particles can be
responsible for pinning the magnetization of the FM Ni core (also Ep effect) and as a
consequence the ZFC-FC plot can show non-overlapping behavior with competition between
long range and short range order magnetization.*>>"**"'' The coupling established at Ni and NiO
interface provides a platform to enhance the magnetic stability of FM/AFM systems with

increased 7.

MR measurements were carried out on compact pellets of the derived Ni/NiO core/shell type
nanoparticles. Fig. 10 shows the resistance change versus magnetic field measured at room
temperature (290 K) of such a pellet comprising Ni/NiO nanoparticles derived at 600°C. The FM
core/AFM shell type nanoparticles with an intrinsic coating of graphitic carbon show large
negative MR, of the order of 10%. To the best of our knowledge, such a high value of MR at
room temperature in Ni was not reported before. Pol et a/ 17 reported similar type of negative
MR, of the order of 10% at 4 K in Ni nanospheres encapsulated in a fullerene like carbon.

Bizyaev et al*’

reported anisotropic MR in Ni nanowires, typically of the order of 1%. Typical
negative MR values of 0.2-0.5% at 5 K were reported by Bianco et a/*’ in Ni nanocrystallites

dispersed in NiO matrix.

A compact structure of the graphitic carbon coated Ni/NiO core/shell nanoparticles is
analogous to an immobile ferro-fluid, which, in a simple way of saying, consists of tiny magnetic
particles dispersed in an immobile liquid. In such structure, grain boundaries, separation between

ferromagnetic particles or domains, and the intermediate phase (here, the shell structure of NiO
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and the graphitic carbon) frame the basic parameters, which govern the magnetotransport
properties according to size, morphology (renders shape anisotropy and in-turn affects the
magnetic or MR properties) and orientation of the FM composite particles on the surrounding in
a texture structure. The origin of MR in such specific examples is associated with the spin
dependent tunneling of electrons between the FM particles through an insulating boundary or the
surface barrier layer in an integral part of the FM particles of such a specific microstructure. In

agreement with literature,'?' '+

we conclude that in the present samples, the native surface
layer of NiO and graphitic carbon in part of the Ni nanoparticles of a core-shell structure is
acting as the tunneling barrier layer between such Ni nanoparticles in a hard compacted pellet.
Possibly, the NiO and graphitic carbon interbridges the FM Ni particles in a specific conjugated
electronic structure. When an external magnetic field is applied, it modulates the intergranular
flow of spin-polarized Ni (3d”) electrons tunneling over moderate field, leading to promoted MR

properties.

The spin dependent tunneling, which is dominant at low temperatures, renders effectively an
increasing value of MR over low temperatures. At high temperatures, a possible suppression of
the MR value encounters mainly due to (i) the suppression of spin dependent contribution of the
conductance and (ii) the increase of the spin independent conduction due to a higher order
inelastic hopping of the electrons through the localized states in the self-confined barrier
layer."" 7 That is, besides the elastic process of the spin dependent intergranular tunneling, the
imperfections in the grain boundary barriers support a possible hopping conductance
channel."'*""” Therefore, to maintain an effectively large MR value at high temperatures, one
needs to control over the spin independent conduction by minimizing the imperfections in the

grain boundaries, engineering the grain size, shape, orientation, and surface structure.

Conclusions

Core/shell structured nanoparticles of Ni/NiO encapsulated in graphitic carbon were synthesized
by a sol-gel type chemical method via a metal ion-polymer complex precursor. The core/shell
structure in the derived samples can be customized by controlling the heat treatment temperature
of the precursor powders. Structural analysis with XRD, XANES and EXAFS confirmed that the
Ni content in the nanoparticles increases with the increase in heat treatment temperature with a

gradual decay of the NiO phase. Both NiO and Ni phases in the particles have stable fcc crystal
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structure with Fm-3m space group. Microstructural analysis with FESEM revealed marigold
flower like morphology formed by loose clustering of the spherical Ni/NiO nanoparticles.
HRTEM micrographs clearly revealed the core/shell structure in the nanoparticles. The magnetic
properties of the derived samples can be conveniently tailored by tuning the particle
microstructure for a wide range of pertinent applications. The Mg values in the derived
nanoparticles are in the range of 0.72-22.11 emu/g, much lower compared to bulk Ni value. This
is primarily due to the nanosize effect along with the contributory effects from the secondary
phases of AFM NiO and graphitic carbon. The 75 of the FM Ni core in the derived samples is
above 300 K, largely due to the exchange interaction at the interface between FM Ni and AFM
NiO components. The surface functionalized Ni/NiO nanoparticles show a large negative MR at
room temperature, viz., -10% in the samples derived at 600°C. The in situ formation of the
graphitic carbon layer on the Ni/NiO core/shell nanoparticles renders a specific conjugated
electronic structure interbridging the FM Ni cores, which supports efficient spin dependent

tunneling even at room temperature.
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Figure captions

Fig. 1. X-ray diffraction in the derived graphitic carbon coated Ni/NiO core/shell nanoparticles
after a heat treatment of the Ni*"-PVA-sucrose polymer precursor powders at (a) 400°C, (b)
450°C, (c) 500°C, and (d) 600°C, respectively for 2 h in ambient air.

Fig. 2. (a) Normalized XANES spectra of the derived graphitic carbon coated Ni/NiO samples
along with Ni and NiO standards. Experimental XANES data (scatter points) and linear
combination fitting curves (solid line) for the samples treated at (b) 500°C and (c) 600°C along

with their standards.

Fig. 3. EXAFS signal y (k) weighted by k from the derived graphitic carbon coated Ni/NiO
samples along with Ni and NiO standards. (b) Fourier transformed EXAFS spectra of the
samples along with Ni and NiO standards at Ni K-edge (scatter points) and the theoretical fits
(solid lines). The individual curves are vertically shifted by 0.3 A,

Fig. 4. FESEM images of graphitic carbon coated Ni/NiO core/shell nanoparticles derived after a
heat treatment of the precursor powders at (a) 500°C and (b) 600°C for 2 h in ambient air. (c)
EDX spectrum of the Ni/NiO nanoparticles obtained at 500°C.

Fig. 5. HRTEM images of graphitic carbon coated Ni/NiO core/shell nanoparticles obtained after
a heat treatment of the precursor powders at (a) 400°C and (b) 500°C for 2 h in ambient air. The
magnified image in the inset shows the finer details of the core/shell architecture. (¢) Further
magnification reveals the crystalline planes in the highly dispersed particles (derived at 500°C).
(d) SAED pattern of the samples treated at 500°C.

Fig. 6. Raman spectra of the derived graphitic carbon coated Ni/NiO core/shell nanoparticles
after heating the Ni**-PVA-sucrose polymer precursor powders at (i) 400°C, (ii) 500°C, and (iii)
600°C for 2 h in ambient air. The peaks corresponding to the graphitic structure induced G-band

and the defect induced D-band appear in the vicinities of 1590 cm™ and 1350 cm™, respectively.
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Fig. 7. (a) XPS spectrum of graphitic carbon coated Ni/NiO core/shell nanoparticles derived at
400°C. Deconvoluted spectra showing the splitting of (b) 1s O-band and (c¢) 1s C-band with finer
details. The deconvoluted spectrum (b) reveals a triplet Ols band in O*~ bridging to C-atoms of a
distinct surface layer and O* of NiO. The surface interface shares the prominent band. Similarly,
after deconvolution, the XPS spectrum (d) reveals the details of 3ps,; Ni-band. (¢) A schematic

representation of the graphitic carbon coated Ni/NiO core/shell nanostructure.

Fig. 8. Room temperature magnetic hysteresis curves (M-H) of graphitic carbon coated Ni/NiO
core/shell nanoparticles derived after a heat treatment of the precursor powders at (a) 400°C, (b)

450°C, (c) 500°C, and (d) 600°C for 2 h in ambient air.

Fig. 9. Low temperature magnetic hysteresis (M-T) curves of graphitic carbon coated Ni/NiO
core/shell nanoparticles derived after a heat treatment of the precursor powders at (a) 500°C and

(b) 600°C for 2 h in ambient air.

Fig. 10. Room temperature magnetoresistance in a compact pellet of Ni/NiO core/shell
nanoparticles derived at 600°C. The inset figure shows a model conjugated electronic structure

interbridging the FM Ni cores, which supports efficient spin dependent tunneling.
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Table captions
Table 1: Structural and magnetic properties of the derived Ni/NiO core/shell nanoparticles.

Table 2: Structural parameters of the derived Ni/NiO nanoparticles obtained from EXAFS
analysis.
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Table 1.
Final Lattice constant Lattice Density Average Vxrp Magnetic properties References
composition a (nm) volume V) p crystallite o
(heat (x 107 nm®) (g/cc) size (at.%)
treatment
temp.) d (nm)
. . . . . . . . . . Mg My Hc R
NiO Ni NiO Ni NiO Ni NiO | Ni [ NiO Ni (emu/g) | (emu/g) (0¢)
Ni/NiO "
(400°C) 0.4196  0.3540 73.87 44.66 6.7186  8.7929 5 4 912 8.8 0.72 0.12 340.12  0.16  Present worl
Ni/NiO "
450°C) 0.4198  0.3543 7398 4447 6.7090 8.6799 11 19 81 19 3.37 1.47 428.77  0.43  Present worl
NUNIO 04100 03540 73.56 4466 67475 87929 16 21 633 36 079 486 44186 04 K
(500°C) . .35 73.5 X 7475 7 . 7 10.7 . 1. .45 Present worl
Ni/NiO
(600°C) 0.4192  0.3538  73.66 4428 6.7379  8.8069 18 31 528 472 22.11 8.71 394.88 039  Present work
. JCPDS(card
Bulk NiO 0.4177 - 72.87 - 6.8109 - - - - - - - - - £9-7130)
JCPDS (card
Bulk Ni - 0.3523 - 43.76 - 8.9110 - - - - 55 2.7 100 - 87-0712), [2],

[93], [100]
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Table 2.
Paths Parameters Bulk Samples derived after heat treating at
values** 400°C 450°C | 500°C 600°C

Ni-O R (A) 2.09 2.01 2.04 2.04 2.05
N 6.0 6.0 4.7 3.1 3.0
o” (x107) - 3.0 1.0 1.0 1.8
Ni-Ni R (A) 2.95 2.89 2.95 2.95 2.95
(NiO) N 12.0 12 11.3 7.6 6.8
o%(x107) - 9.9 7.2 7.5 7.6
Ni-Ni R (A) 2.49 - - 2.50 251
(Ni metal) N 12.0 - - 3.0 2.9
c%(x107) - - - 5.6 8.0

**Reference [62]
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