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a b s t r a c t

We have reported a comprehensive study of the structural, magnetic and electrical properties of Ni
(core)/NiO (shell) particles, synthesized by control oxidation of ball milled nanocrystalline (nc-) Ni
particles in air. A reaction of Ni + (1/2)O2 → NiO is suspected to occur in the oxidation reaction at the
temperature range of 300–800 ◦C. The phases of the Ni/NiO particles are composed of fcc-Ni and fcc-NiO.
The phase compositions of the Ni/NiO particles change with annealing temperature. The Ni/NiO particles
eywords:
xidation
echanical alloy

hermal
agnetic properties

have a core–shell monomorphic flower-like microstructure with an average diameter of 20–80 nm. The
size reduction and oxidation of the nc-Ni particles leads to a change in microstructure and thermal stabil-
ity compared to bulk Ni. Thermogravimetric and differential scanning calorimetery analysis are applied
to determine the thermal behavior of composites. The initial oxidation of nc-Ni particles is observed to
occur around 325 ◦C (near Curie temperature). Anomalous magnetic and electric behavior is observed at

nc-N
room temperature for the

. Introduction

Studies on nanometer-sized metal/metal-oxide particles
nanoparticles) have progressed rapidly over the past decade
1–5]. Ni and/or NiO are receiving increased attention for not only
heir interesting chemical characteristic, such as catalysts, fuel
ell electrodes, gas sensors and supercapacitors/battery hybrids
ut also for their magnetic properties since NiO is antiferromag-
etic and Ni is ferromagnetic [1–10]. In addition, metal–ceramic
aterials are also interesting since they typically exhibit enhanced
echanical properties [6]. The frequently encountered obstacle

uring the preparation of nanoscale metal particles is the sponta-
eous production of oxides due to very high surface to volume ratio
f the particles. As a result, metal particles are being encapsulated
ithin a spontaneous surface oxide (SSO) layer, which is known as
‘core–shell’ structure [7,8]. For example, in many solar absorbing

oatings, the presence of a dielectric/insulating shell at least part
f the metallic core severely delays the oxidation and appears
o be the main reason for their high stability [9]. In addition to
his, when ferromagnetic (FM) particles are embedded in a metal,

emi-conducting or insulator matrix, the matrix is expected to
ntroduce an extra degree of freedom that can be used to tune
he properties of the embedded particles or the composite as a
hole [10]. It is an irrefutable fact that a passivating oxide layer on
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FM particle plays a crucial role in magnetic properties. However,
one major disadvantage is that the oxide coating close to the
transition metallic core (e.g., Fe, Co, Ni) weakens in the exchange
interactions of the surface atoms with the surrounding ones
thereby modifying the magnetism and other related properties
to an appreciable extent [8]. Apart from the oxide layer, the
magnetization of nanocrystalline ferromagnets is also reported
to be highly sensitive to oxygen contamination. A rough estimate
shows that every oxygen atom destroys the contribution of one
Ni atom to ferromagnetism and leads to a strong decrease of
magnetization. The SSO layer and absorbed oxygen in magnetic
nanoscale particles thus itself justifies an in-depth study. There-
fore, there have also been studies on transition metal–transition
metal oxide systems (Ni–NiO, Fe–FeO and Co–CoO) where the
magnetic, optical and electrical transport characteristics can be
tailored by changing the relative dimensions of the core and shell
in the particles [11–17]. They are in the size range of 20–200 nm.
Thus, it is important to understand and compare the intrinsic
physical properties of Ni/NiO with those of nanocrystalline Ni. The
oxidation of Ni particles (Ni + (1/2)O2 → NiO) is a reaction with
highly important and technological significance [18,19].

More profoundly at the nanometer scale, metal particles are
typically covered by passivated films to protect them from further
oxidation, the composition and thickness of these layers play sig-

nificant roles in the oxidation process. The characterization and
elemental analysis of these oxide layers, however, are apparently
neglected in most of the studies, which might be one primary
reason for the different results reported. In order to advance under-
standing of oxidation behavior at the nanometer scale, this study

dx.doi.org/10.1016/j.jallcom.2010.12.077
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ill focus on an experimental investigation of complete oxidation
f nickel particles based on the isoconversion method. Mechan-
cal milling is a well-known technique, largely used in a wide
ange of processes [20]. In mechanical treatments carried out by
all-milling, powder particles are subjected to a severe plastic
eformation due to the repetitive compressive loads arising from
he impacts between the balls and the powder. For example, the
xtension of the solid solubility limits, the production of inter-
etallic compounds with crystallite sizes at the nanometer scale,

r the synthesis of novel crystalline and amorphous materials has
een reported. An alternative to nanostructured thin-film approach

s the utilization of magnetic particles embedded in an antiferro-
agnetic (AFM) matrix [6]. Such core–shell composites have the

dded benefits of: (i) lower resistivity (controlled by the interpar-
icle distance), and hence, reduced eddy-current losses, and (ii)
he ability to tailor the magnetic properties of the composite sys-
em by control of the physical properties (such as the size, shape,
rientation, and volume fraction) of the particles.

This paper presents the results of an investigation into the
ynthesis of nanoparticulate Ni by mechanical processing and
imultaneous oxidation behavior at 300–800 ◦C. The role of the
iO shell thickness on the thermal stability of nanocrystalline Ni

s also discussed. We contribute it to the microstructural effect
nduced by the control oxidation. Further, the room temperature

agnetic and electrical resistivity behavior on these particles has
een investigated.

. Experimental details

Ball milling technique has been adopted to synthesize nc-Ni particles with sizes
own to average diameter of 30 nm from the as-purchased (AP) Ni powders. The
P-nickel particles are about spherical with a wide size distribution between 5 and
0 �m (99.9%, Alfa Aesar). The ball milling technique helps in forming nc-Ni by
educing the particle size. The AP-Ni particles have been mechanically milled in a
igh-energy planetary ball milling (RETSCH PM-200) by introducing a centrifugal

orce. Milling has been performed in toluene using tungsten carbide (WC) milling
edium. The diameter of each ball is 10 mm. The ball to powder ratio is main-

ained at 10:1 and the milling is done at 300 rpm for 60 h. This is the first attempt in
hich Ni powders are made in liquid medium (toluene) instead of Argon, where the

oluene acts as a coolant and reduces the surface (contamination) oxidation. Subse-
uently, the milled powders are subjected to isothermal annealing in air at various
emperatures between 300 and 800 ◦C for 1 h to form a spontaneous surface oxide
ayer of NiO, which encapsulates the Ni particles as they have been prepared under
mbient atmosphere. The relative change in mass (�M/M) at room temperature
s measured after annealing of the ball milled Ni sample at different temperatures
sing a highly sensitive (±1 �g) digital balance (CP 225D-SARTORIOUS). The struc-
ure and phase of the as-milled and annealed samples have been studied by high
esolution X-ray diffraction (XRD) using Pan-analytical X’pert Pro-XRD system (PW
040), with filtered Cu K�1 radiation of wavelength � = 0.15406 nm. The crystallite
ize and microstrain of as-milled and annealed powders are estimated by applying

illiamson–Hall method [21,22],

cos � = 2ε sin � + K�

D
(1)

here ˇ is the full-width at half-maximum of the diffraction peak, � is the Bragg

ngle, � is the wavelength of the X-ray, D is the crystallite size and ε is the inter-
al microstrain produced during milling. Thermogravimetric (TG) and differential
canning calorimeter (DSC) measurements have been performed by heating as-
illed and air-annealed Ni samples over a range of 30–800 ◦C at a heating rate

f 10 K/min under air using TG/DSC–Perkin Elmer instruments. The particle size,
orphology and chemical compositions are evaluated by a transmission electron

able 1
esults of microstructure in as-milled nc-Ni and annealed Ni/NiO particles revealed from

Sample As-milled 300 ◦C 400 ◦C

Ni Ni NiO Ni NiO

Crystallite size (nm) 31 33 7 47 15
Micro strain% 0.103 0.09 0.9 0.07 0.22
Weight% 100 97 3 71 29
V/106 pm3 43.81 43.78 73.43 43.75 72.82
Rp (profifile)/% 2.46 2.61 2.27
Rwp (wt. proffile)/% 1.93 1.85 1.87
Fig. 1. X-ray diffraction patterns of the as-milled and annealed of nc-Ni powder at
300, 400, 500, 600, 700 and 800 ◦C in air for 1 h, along with the Rietveld fits. The
profiles calculated from the fitting procedure are displayed as a continuous line
while the symbols (©) are the experimental points.

microscope (TEM) with an acceleration voltage of 200 kV (JEOL, JEM-2100) and
energy-dispersive X-ray spectrometer (EDS). The magnetization data as a function
of applied fields up to 8 kOe is recorded using vibrating sample magnetometery
(VSM). The room temperature electrical resistivity measurements are carried out
using standard four probe DC resistivity (for smaller resistance value) method and
two probe DC resistivity (for higher resistance value) method.

3. Results and discussion

Fig. 1 shows the XRD spectra of as-milled nc-Ni sample and of the
air-annealed Ni/NiO samples. The patterns of as-milled and 300 ◦C
air-annealed samples are characteristic of the pure face centered
cubic (fcc)-Ni phase. In the XRD spectra of the 400 ◦C sample shows
growth in fcc-NiO phase along with the decrease in the Ni peak
intensity. In XRD patterns no other impurities are found but it is also
confirmed from EDS analysis. In EDS analysis some carbon/tungsten
is found which is derived from the mechanical abrasion of the
WC vial and balls. Characterization of microstructure of these
nanocomposites is carried out employing Rietveld’s analysis. In the
present study, the most suitable pseudo-Voigt analytical function
[23] is adopted for fitting of the experimental profiles. The XRD pat-
terns have been analyzed using Rietveld analysis (Fig. 1), providing
the volume averaged crystallite size, microstrain and weight frac-
tion of the detected phases. The principal results are summarized in
Table 1. For all the Rietveld analyses, the R-weighted pattern (Rwp),
this is a useful indicator of the goodness of the fit. It is close to 10%,
indicating a rather high reliability of the results. The as-milled Ni

is without any formation of NiO, it means that only fcc-Ni with a
crystallite size of 26 nm is obtained, even microstrain is increased
from 0.023% to 0.103% in compare to AP-Ni. This much microstrain
is released when annealing of nc-Ni is done at different tempera-
tures. When the Ni is completely transformed to NiO then strain

Rietveld’s and Williamson–Hall X-ray powder diffraction line profile.

500 ◦C 600 ◦C 700 ◦C 800 ◦C

Ni NiO Ni NiO Ni NiO NiO

74 31 97 46 113 61 65
0.04 0.1 0.03 0.07 0.02 0.05 0.05

36 64 13 87 4 96 100
43.73 72.82 43.76 72.89 3.78 72.91 72.92

3.40 2.70 2.49 2.38
2.42 1.87 1.83 1.80
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ig. 2. Dependence of the lattice parameters of NiO and Ni on annealing tempera-
ure. The lines are guides to the eye.

s also decreased with a crystallite size of 65 nm for NiO. It means
hat the increase in annealing temperature, the weight fraction of
ore part (Ni) is diminished, and the thicker shell part (NiO) hence
eight fraction of NiO is increased. The change in lattice parame-

er also shows an interesting result which is shown in Fig. 2. It is
bserved from Fig. 2 that the lattice parameter starts to decrease as
he annealing temperature increases for both Ni and NiO but there
s an optimum value of the lattice parameter at 500 ◦C. After that
he lattice parameter starts to increase once again with the increase
n annealing temperature for both Ni and NiO.

It is known as the Curie temperature (TC) of Ni is 354.6 ◦C [24,25].
o find out precisely at what temperature it happens, the thermal
volution of the phase is studied for both DSC and TG techniques in
he presence of air. Fig. 3(a) and (b) shows DSC and TG profiles of the
s-milled nc-Ni and annealed Ni/NiO samples. A sharp exothermic
eak at 334 ◦C has been observed for as-milled sample. However,
broad exothermic peak at 334 ◦C has been observed in case of

he 400 and 500 ◦C annealed samples. Further at higher temper-
ture annealed (800 ◦C) samples, that peak has been disappeared.
he broad exothermic peak for 400 and 500 ◦C annealed Ni/NiO
amples are probably due to the crystallization of any amorphous
pecies present in the surface layers. The sharp exothermic peak
t 334 ◦C for as-milled sample shows the release of strain energy
nd the transformation to NiO phase. The mass loss% and TC varia-
ions with annealing temperature is shown in the inset of Fig. 3(b)
nd this clearly shows an increase in TC with the annealing tem-
erature. In the case of mass loss%, it is observed that initially mass

oss% is increasing but as the annealing temperature is increasing
ass loss% is decreasing because of dissolved oxygen in it. The

G curve shows a steep rise with a 20% weight increase in the
s-milled at 334 ◦C, confirming further production of oxide layer
bove TC. The increase in mass loss% is further increased to 23%
or 400 ◦C annealed Ni/NiO sample because the dissolved surface
xygen atoms are removed at 470 ◦C thus it increase the intake of
ore oxygen atoms to create more thicker oxide shell over Ni core.

or high temperature annealed Ni/NiO samples, increase in mass
oss% is less because of the existence of thicker oxide shell over Ni
ore and the peak variation also occur due to the passivated oxygen
ayer in its surface. The coexistence of Ni and NiO in these oxidized
amples has been observed in XRD and TEM and afterward it is
onfirmed by the magnetization measurements. For as-milled nc-
i sample, the onset of ferromagnetism is observed below a TC of
34 ◦C, which is almost compared as bulk Ni. There is an increase in

C has been observed for the annealed Ni/NiO samples. It is believed
hat strains due to the Ni and NiO lattice constant arise at the inter-
ace. For an ultra thin oxide layer (NiO shell) over the Ni (Core), the
train is more significant which is perceived for 400 ◦C annealed
Fig. 3. (a) DSC and (b) TG profile of as-milled (nc-Ni), 500 and 700 ◦C (Ni/NiO)
annealed (Ni/NiO) samples. The variation in mass loss% and TC with annealing tem-
perature is shown in the inset (b).

Ni/NiO sample. In many cases, interface strain in thin NiO layers
leads to a suppression of TC [26], however, the increase of TC found
in the annealed Ni/NiO samples suggests instead that the strain is
less directional, and acts more like hydrostatic pressure, known to
increase TC in bulk Ni [27].

Fig. 4(a) shows a bright field TEM image of the as-milled Ni sam-
ple with selected area electron diffraction (SAED) pattern (inset).
SAED pattern of as-milled nc-Ni [inset of Fig. 4(a)] consists of four
rings with spots from (1 1 1), (2 0 0), (2 2 0) and (3 1 1) reflections of
fcc-Ni in accordance to the XRD pattern. The nc-Ni particles have
a spherical shape with an average diameter of 20 nm. Fig. 3(b–d)
presents the TEM images of 400, 500 and 700 ◦C annealed Ni/NiO
samples, which clearly shows the crystalline nature of core (Ni)
and a shell (NiO). The particles show a monomorphic and uni-
form core–shell structure with flower-like shape. The particle sizes
of Ni/NiO particles are found in the range from 50 to 200 nm.
In Fig. 3(c) the SAED pattern of 400 ◦C annealed does not show
nanocrystalline behavior due to grain growth at higher tempera-
ture annealing. This microstructure results are further supported
by the magnetic and electrical resistivity data discussed in the fol-
lowing section.

The magnetic behavior of as-milled nc-Ni and annealed Ni/NiO

samples has been assessed through magnetization data taken at
room temperature. Fig. 5 shows the variation of magnetization
(M) as a function of applied field (H) for the as-milled nc-Ni and
annealed Ni/NiO samples. M–H curves for the as-milled nc-Ni
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Fig. 4. TEM images of (a) as-milled (nc-Ni), (b) 400 ◦C, (c) 500 ◦C and (d

amples yield the saturation magnetization (MS), remanent mag-
etization (Mr), and coercivity (HC) of 46.7 emu/g, 12.6 emu/g, and

15 Oe, respectively. The MS-value of as-milled nc-Ni is still lower
han bulk-Ni value (55.0 emu/g) due to the nanosize effect. The 600
nd 700 ◦C annealed Ni/NiO samples presume low magnetization,
hich does not saturate up to the field used here, in predominance

ig. 5. M–H curves measured at room temperature for as-milled (nc-Ni) and
nnealed (Ni/NiO) samples with fit of Eq. (2). Inset shows the M–H curves at low
elds.
C annealed (Ni/NiO) powders samples with SAED pattern in the insets.

of the NiO in accordance to the XRD pattern. At low fields, the
magnetization increases rapidly followed by a moderate nonlin-
ear value, and then a high-field linear behavior. This behavior of
the samples is suggesting the coexistence of a FM phase (Ni) and
an AFM/PM (NiO) phase. The M–H curves are fitted to the following
equation comprising of FM and AFM/PM part suggested by Stearns
and Cheng [28]

M(H) = 2MS

�
tan−1

[
H ± HC

HC
tan

(
�S

2

)]
+ �H (2)

The first term is the usual function customarily used to fit FM hys-
teresis curves while the second term accounts for the AFM/PM
component with � as the magnetic susceptibility. The quantities
MS and HC give respectively the saturation magnetization of the

FM component and coercivity of the hysteresis loop. ‘S’ is known as
‘squareness’ of the FM loop and is defined as the ratio of remnant
magnetization to saturation magnetization of the FM component
i.e., S = Mr/MS. Reasonably good fits to the magnetization curves
have been obtained for all samples which are shown in Fig. 5. Table 2

Table 2
Parameters extracted from fitting Eq. (2) of M–H data for as-milled nc-Ni and
annealed Ni/NiO samples.

Sample Phase MS (emu/g) HC (Oe) S (Mr/MS) � (emu/g Oe)

As-milled Ni 46.7 115 0.27 2.4 × 10−4

300 ◦C Ni–NiO 42.8 130 0.34 2.2 × 10−4

400 ◦C Ni–NiO 39.3 170 0.41 1.7 × 10−4

500 ◦C Ni–NiO 24.2 117 0.22 1.3 × 10−4

600 ◦C Ni–NiO 9.7 87 0.13 1.0 × 10−4

700 ◦C Ni–NiO 3.8 47 0.08 4.0 × 10−4

800 ◦C Ni–NiO 0.15 28 0.05 2.0 × 10−4
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ig. 6. The saturation magnetization and resistivity dependence of Ni and NiO on
nnealing temperature with NiO weight%. Inset shows the Ni and NiO weight% with
nnealing temperature.

ompares the magnitude of S, HC, MS and � for as-milled nc-Ni and
nnealed Ni/NiO samples as obtained from the fits. For example,
he FM and PM parts so obtained for 300, 400 and 500 ◦C annealed
i/NiO are given in Table 2, with S = 0.34, 0.41 and 0.22, respec-

ively. The smaller S-values relative comparison to an ideal value
.5 in randomly oriented ideal single ferromagnetic domains sug-
ests that FM Ni (core) particles are interacting via an AFM phase
f the SSO layer (NiO). The analysis confers that the surface layer is
laying an important role in determining the final magnetic prop-
rties. The enhancement in HC value at intermediate temperatures
400 ◦C) is compared with as-milled nc-Ni, indicates the existence
f a Ni–NiO core–shell structure, which is in agreement with the
tructural data. The decrease in magnetization on annealing in air
Fig. 6b) point out the increased content of NiO in samples (see
nset Fig. 6). In addition to the production of core–shell structure
n exchange bias effect in the interface of the Ni/NiO layer would
e interesting which is reported in some earlier reports [1,5].

Electrical resistivity provides strong evidence for the charge and
rbital ordering transition when the sample enters to an insulat-
ng state on charge ordering. Often the charge ordering transition
s reflected as a change in slope in the resistive plot. In the present
nvestigation, particularly electrical resistivity (�) as a function of
nnealing temperature is shown in Fig. 6 for as-milled nc-Ni and
nnealed Ni–NiO pellet samples. The as-milled nc-Ni sample shows
typical metallic behavior with higher � values (5.43 �	 cm) com-
ared to bulk Ni (6.85 �	 cm). When the nc-Ni sample is annealed
bove 400 ◦C, the � values (28.6 �	 cm) increase quite significantly,
ndicating the formation of thicker surface NiO layer that can result
n a combination of metallic and insulating behavior. The magnetic
nd electrical properties are consistent the Ni and NiO weight% with
nnealing temperature (inset of Fig. 6).

. Conclusions
In summary, we have studied the microstructural, magnetic
nd electrical properties of nc-Ni particles after annealing under
ir with temperatures up to 800 ◦C. Nanosized Ni particles have
een synthesized using ball milling technique. The XRD patterns of

[
[
[
[
[
[

mpounds 509 (2011) 3582–3586

Ni/NiO particles have been indexed as fcc crystal structure. The XRD
pattern showed an interesting feature that Ni peak intensities are
decreased with an increasing of NiO peaks, while annealing tem-
perature is near Curie temperature of nc-Ni. TEM studies of Ni/NiO
particles show a monomorphic and uniform core–shell structure
with flower-like shapes are formed by control oxidation of nc-Ni
in the temperature range of 300–800 ◦C. The particle size of Ni/NiO
particles are found in the range from 50 nm to 200 nm. From the
magnetic study, it is observed that the magnetization values are
decreasing as the annealing temperature is increasing and it is
due to an increase in the fraction of AFM phase of NiO. The abso-
lute resistivity increases as temperature of annealing increases and
this is due to an increase in the fraction of insulating phase made
of NiO. This study helps one to understand the influence of oxi-
dation on the microstructure and enhanced properties of nc-Ni
particles.
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