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1. Introduction

Magnetic nanoparticles are used in a variety of applications,
for example, catalysis, biomedicine, optoelectronics, magnetic

recording media, magnetic fluids, and rechargeable batter-

ies.[1–3] Such nanoparticles are useful in areas such as the sepa-
ration of catalysts, nuclear waste, biochemical products, and

biological entities such as cells.[1, 4] For example, an advantage
of magnetic nanoparticles is the facile recovery of nanocata-

lysts in a liquid-phase reaction by an external magnet com-
pared to conventional methods of filtration and centrifugation.

Iron and cobalt metallic magnetic nanoparticles have been

less studied than their oxides and alloys.[5–11] The major reason

for this is that these nanoparticles are pyrophoric and, hence,
are difficult to synthesize. Cobalt nanoparticles have been pro-

posed as a cheaper alternative to the much more expensive

metal platinum for catalysis.[12, 13]

Fe/CaO nanocomposite materials have been used for the

separation and immobilization treatment of dry soil contami-
nated by radioactive cesium.[14] Calcium oxide is catalytically

active, and the magnetic iron component is used to separate
the catalyst magnetically so that it can be recycled. Iron nano-
particles have higher magnetic moments than iron oxides, and

this makes them more useful in applications such as magnetic
separation and targeted drug delivery, for which a magnetic
force is applied by an external magnetic field gradient to ma-
nipulate the particles.[7] For such applications, superparamag-

netic nanoparticles are often embedded in a matrix to form a
core–shell structure that can be functionalized by a biologically

active entity.
Both Fe and Co nanoparticles can be physically blended

with Nd-Fe-B hard magnetic nanoparticles to form exchange
coupled hard–soft magnets exhibiting a giant energy prod-
uct.[15] The addition of Fe (or Co) can significantly improve the

magnetic properties due to enhanced interdiffusion across the
Nd-Fe-B/Fe (or Nd-Fe-B/Co) interfaces, which increases inter-

phase exchange coupling.

If magnetic nanoparticles are dispersed in a solution and
subjected to an alternating magnetic field (AMF), they can con-

vert electromagnetic energy into heat. This property of mag-
netic nanoparticles can be used for several applications, includ-

ing biomedicine,[16, 17] smart windows, and other applications
for which local heating is advantageous.[18] Hence, magnetic
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nanoparticles that exhibit high heating efficiency at a reasona-
ble frequency and a low alternating magnetic field strength

are of high interest.
The synthesis of stable magnetic nanoparticles by a cost-ef-

fective route is a current challenge. Various techniques have
been attempted to prepare metal nanoparticles, including

high-temperature thermal decomposition, vapor-phase con-
densation, and hydrogen reduction.[1, 7] Metal carbonyl pyrolysis
has been used to produce Fe and Co nanoparticles.[19, 20] How-

ever, high-temperature reactions, multistep processes, toxic
chemicals, hazardous starting materials (such as hydrogen),
and the extensive labor needed resulting in high costs are all
limitations of these techniques.

The reduction of iron/cobalt oxides to iron/cobalt nanoparti-
cles is not commonly performed, as it is difficult to solubilize

these oxides in solvents; therefore, they cannot be easily re-

duced to their zero-valent state.[7] The industrial process to
form Fe particles involves the precipitation of iron hydroxide

and dehydration of the hydroxide to form iron oxide, followed
by reduction by hydrogen gas to form the desired iron parti-

cles. In our present method, which is a dry and “green” mecha-
nochemical processing technique, there is no need to solubi-

lize the oxides in a solvent.[21] This technique can be used to

reduce iron and cobalt to their zero-valent state by calcium
rather than by hydrogen.

Mechanochemistry has been used since the very early histo-
ry of humankind.[22] The introduction of fire by hitting two

flints is one of the oldest, most beautiful, and basic examples
of mechanochemistry. Ball milling with the use of mechanical

energy to initiate reactions has been used to develop a wide

range of materials, including oxides, compounds, alloys, func-
tional materials, and core–shell materials.[23, 24] Metallic nanopar-

ticles, oxide nanoparticles, and nanocomposites produced by
mechanochemical processing are summarized in Table 1.

Recently, the mechanochemical approach has been used to
synthesize catalysts,[35, 36] magnets,[21, 37, 38] g-graphyne,[39] metal

iodates,[40] CuFeS2 particles,[41] nickel–vanadium carbide,[42] and
molybdenum–vanadium carbide nanocomposite powders.[43]

We report the synthesis of Fe and Co nanoparticles as well
as their nanocomposites with CaO by mechanochemical proc-

essing. We used commonly occurring, inexpensive metal
oxides as starting materials rather than the usual metal salts or

metal acetylacetonate/carbonyl complexes.[26, 44–46] This mecha-

nochemical technique to prepare metal nanoparticles by using
easily available oxides and no toxic solvents is novel and scala-
ble. Another advantage is that it can be used to recycle the
oxidized nanoparticles back to metal nanoparticles without the
need for chemical solvents or multistep processes.

2. Results and Discussion

2.1. Structural Analysis

The XRD pattern of the Fe/CaO nanocomposite shows diffrac-
tion peaks associated with the a-Fe and CaO phases, which in-

dicates that Fe2O3 is reduced to Fe and that Ca is oxidized to
CaO (Figure 1 a). The mass fraction of these phases, calculated

by Rietveld refinement, shows that the Fe/CaO nanocomposite
exhibits a major phase of CaO (85.5 %) and a minor phase of
a-Fe (14.5 %). Zamboni et al. reported that such Fe/CaO com-
posite powders can be used for CO2 absorption and tar remov-
al in biomass gasification.[47] The a-Fe phase possesses lattice

parameters of a = 2.86905(5) a, V = 23.6165(7) a3, and Z = 2
and the Im3̄m space group. The CaO phase has lattice parame-

ters of a = 4.81703(5) a, V = 111.7736(6) a3, and Z = 4 and the

Fm3̄m space group. The XRD patterns of the nanoparticles ob-
tained after removal of CaO from the Fe/CaO nanocomposite

by methanol and ammonium chloride reveal a-Fe diffraction

Table 1. Summary of mechanochemical reactions of metal nanoparticles, oxide nanoparticles and nanocomposites.

Nanoparticles/nanocomposite Mechanochemical reaction Ref.
Metal nanoparticles

iron FeCl3 + 3 Na!Fe + 3 NaCl [25]
cobalt CoCl2 + 2 Na!Co + 2 NaCl [25]
copper CuCl2 + 2 Na!Cu + 2 NaCl [25]
nickel CuCl2 + 2 Na!Cu + 2 NaCl [25, 26]

Oxide nanoparticles

aluminum oxide 2 AlCl3 + CaO!Al2O3 + 3 CaCl2 [27]
zirconium oxide ZrCl4 + 2 CaO!ZrO2 + 2 CaCl2 [28]
zinc oxide ZnCl2 + Na2CO3 + 6 NaCl!ZnO + 8 NaCl + -

CO2

[29]

gadolinium oxide GdCl3 + 3 NaOH!Gd2O3 + 3 NaCl + 1.5 H2O [25]
iron oxide 2 FeCl3 + 3 Ca(OH)2!Fe2O3 + 3 CaCl2 + 3 H2O [25]
iron oxide 3 Na2CO3 + 2 FeCl3·6 H2O!6 NaCl + -

Fe2O3·6 H2O + 3 CO2

[30]

Metal–metal oxide nanocomposite

iron–copper oxide 4 CuO + 3 Fe!Fe3O4 + 4 Cu [31]
iron–alumina 3 Fe3O4 + 8 Al!9 Fe + 4 Al2O3 [32, 33]
iron–zinc oxide Fe3O4 + 4 Zn!3 Fe + 4 ZnO [32, 34]
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peaks (Figure 1 b). a-Fe has lattice parameters of a =

2.86427(2) a, V = 23.4986(5) a3, and Z = 2 and the Im3̄m space

group. The small change in the unit-cell parameters after re-
moval of CaO may be associated with a change in surface

energy.[48] The average crystallite size (D) was estimated from

the Scherrer formula [Eq. (1)]:

D ¼ 0:9 l

ðB cos qÞ ð1Þ

in which l is the wavelength of the X-rays and B is the correct-
ed full width at half maximum (FWHM) of the diffraction peak

taking silicon as the standard.[49, 50] The average crystalline size
of the Fe powders is 33 nm.

Figure 2 a shows that the XRD pattern of the Co/CaO nano-
composite matches the standard diffraction patterns of Co and
CaO, which indicates that CoO is completely reduced to Co

and that Ca is oxidized to CaO. Rietveld refinement shows that
the Co/CaO nanocomposite exhibits a major phase of CaO
(79.2 %) and a minor phase of Co (20.8 %). Co has lattice pa-
rameters of a = 3.54855(5) a, V = 44.6842(9) a3, and Z = 4 and
the Fm3̄m space group. CaO has lattice parameters of a =

4.81634(2) a, V = 111.7254(7) a3, and Z = 4 and the Fm3̄m space
group. The XRD patterns of the powder, after removal of CaO

from Co/CaO, show diffraction peaks associated with Co (Fig-

ure 2 b). Co has lattice parameters of a = 3.54050(7) a, V =

44.3809(6) a3, and Z = 4 and the Fm3̄m space group. The unit-

cell volume for cobalt is slightly less than that for cobalt in the
Co/CaO composite, as in the case of iron. The average crystal-

line size of the Co nanoparticles, calculated by the Scherrer for-
mula, is 22 nm.

Figure 3 shows the TEM images, selected area electron dif-
fraction (SAED) patterns, and histograms of the particle-size

distribution for Fe and Co nanoparticles. Nanoparticles with an
equiaxed shape are observed in both the Fe and Co nanoparti-

cles. The size distribution of the iron nanoparticles is in the
range of 7 to 90 nm, with an average size of 29 nm (inset of

Figure 4 a), whereas the size distribution of the cobalt nanopar-

ticles is in the range of 5 to 50 nm, with an average size of
18 nm. The SAED patterns of the Fe (Figure 3 a2) and Co (Fig-

ure 3 b2) samples are consistent with the XRD results. Any proc-
essing parameters, such as the size of the milling media or

milling time, that influence the grain size within the particles
may also have an effect on the particle size.[51, 52] The SAED pat-

terns in both (Fe and Co nanoparticles) cases exhibit rings with
bright spots, which confirm the polycrystalline nature of nano-
particles. We indexed the SAED pattern and found that Fe and

Co exhibit body centered cubic (BCC) and face centered cubic
(FCC) crystal structures; these structures are consistent with

the obtained structures from XRD.
After milling, the black powder was collected in an argon

glovebox and was pressed into a pellet by using a hydraulic

press to minimize exposure of the powder to air. This pellet
was heat treated in a tube furnace at 850 8C for 90 min under

high vacuum (&10@5 Torr; 10 Torr = 1.3 kPa). The heat-treated
samples could then be handled in air. Heat treatment may be

the reason that our particles are larger than what was achieved
earlier, as those particles were not annealed.

Figure 1. Rietveld refinement of the powder X-ray diffraction patterns of
a) the Fe/CaO nanocomposite and b) Fe nanoparticles. The observed counts
and calculated patterns are indicated by black and red dashed lines, respec-
tively. The bottom blue trace indicates the difference between the observed
and calculated values.

Figure 2. Rietveld refinement of the powder X-ray diffraction patterns of
a) the Co/CaO nanocomposite and b) Co nanoparticles. The observed counts
and calculated patterns are indicated by black and red dashed line, respec-
tively. The bottom blue trace indicates the difference between the observed
and calculated values.
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The synthesis of tin-oxide nanoparticles by mechanochemi-

cal reaction of SnCl2 and Na2CO3 with NaCl as a diluent and
subsequent thermal treatment resulted in SnO2 nanocrystallites

with an average crystal size in the size range of 25 to 40 nm.[53]

The particle sizes of mechanochemical products can vary over
a large range.[21, 25, 26, 37, 52, 54]

2.2. Room-Temperature Magnetic Properties

Figure 4 a shows the room-temperature magnetic hysteresis
loops of the Fe/CaO nanocomposite and the Fe powders.

The saturation magnetization (MS) of the Fe/CaO nanocom-
posite was found to be 34 emu g@1. Rietveld refinement re-
vealed that this sample contained CaO as the major phase.

The MS value of our Fe nanoparticles measured at room tem-
perature was found to be 219 emu g@1, which confirmed the

metallic character of the Fe nanoparticles, as the MS of iron
oxides can reach a maximum value of 84 emu g@1. Enhanced

spin disorder at the particle surfaces is common in magnetic

nanoparticles, and therefore, the surface atoms experience ani-
sotropy due to the broken symmetry of their surroundings,

called Neel surface anisotropy.[55, 56] Therefore, the fact that the
MS value of our nanoparticles is lower than that of the bulk

counterpart can be attributed to the broken symmetry at the
particle surfaces.

The coercivity values of the Fe/CaO nanocomposite and Fe
powders were found to be 144 and 152 Oe, respectively. Fig-

ure 4 b shows the magnetic hysteresis loops of the Co/CaO
nanocomposite and Co powders at room temperature. All sam-

ples displayed typical ferromagnetic characteristics. The MS

values of the Co/CaO nanocomposite and Co powders were
found to be 42 and 102 emu g@1, respectively. The MS value of
the cobalt nanoparticles was lower than that of bulk cobalt

(162 emu g@1). The coercivity values of the Co/CaO nanocom-
posite and Co nanoparticles were found to be 269 and 294 Oe,
respectively.

The MS and coercivity (HC) of the cobalt nanoparticles varies
with the particle size in a nonlinear fashion and depends on

the synthesis route, heat treatment parameters, precursors, sol-
vents used, and so on. Domain walls appear if the size of the

particles increases above a critical size, and the particles

become multidomain with mobile domain walls. The critical
size depends on the anisotropy energy, exchange interaction,

and saturation magnetization. Kahani et al. prepared cobalt
nanoparticles through the intermolecular reaction of cobalt

complexes[57] and found that the MS was in the range of 68 to
135 emu g@1, depending on the conversion of the cobalt com-

Figure 3. Bright-field transmission electron micrographs of a) Fe nanoparti-
cles and b) Co nanoparticles ; the insets show the histograms of the average
particle-size distributions. a1, b1) High-resolution transmission electron micro-
graphs and a1, b2) SAED of the corresponding Fe and Co nanoparticles,
respectively.

Figure 4. Magnetization versus magnetic field hysteresis loop measured at
room temperature for a) the Fe/CaO nanocomposite (red) and Fe nanoparti-
cles (blue) and b) the Co/Cao nanocomposite (red) and Co nanoparticles
(blue).
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plexes and other reaction parameters. The EDX results (Fig-
ure S1 and Table S1) show the presence of Ca(O) in the Co

nanoparticle sample, which may be another reason for the re-
duced value of the saturation magnetization.

2.3. High-Temperature Magnetic Properties

Figure 5 shows the temperature dependence of magnetization
[M(T)] of the Fe nanoparticles under a field of 0.1 T. The Curie

temperature (TC) of the Fe nanoparticles was found to be
923 K, as determined by the point of intersection of the two

tangents around the inflection point of the M(T) curve. The TC

of our Fe nanoparticles is 120 K less than that of the bulk Fe
counterpart. This reduction in the TC may be associated with

the reduced coordination number of the surface atoms of the
nanoparticles, which can lead to a difference in cohesive
energy between the surface atoms and bulk atoms.[58] It was

previously observed experimentally and theoretically that the
TC values of Fe, Ni, and Co nanoparticles were less than those

of the bulk counterparts.[58–60] We measured the temperature
dependence of magnetization [M(T)] of the Co nanoparticles

(inset of Figure 5). The TC of the Co nanoparticles was greater
than 1273 K, as there was no transition up to this temperature.

This finding suggests that the sample is pure cobalt nanoparti-
cles, as cobalt-based alloys or oxides have TC values less than
1273 K.

2.4. Low-Temperature Magnetic Properties

Figure 6 shows the zero-field-cooling (ZFC) and field-cooling

(FC) magnetization curves for the iron and cobalt nanoparticles

as a function of temperature. In the ZFC measurements, the
nanoparticles were cooled from 400 to 10 K in the absence of

an applied magnetic field. After reaching 10 K, the magnetiza-
tion was determined as a function of increasing temperature

under an external magnetic field. For the FC measurements,
the nanoparticles were cooled from 400 to 10 K under an ap-

plied magnetic field of 100 Oe. Subsequently, the magnetiza-

tion was recorded with increasing temperature, from 10 to
400 K. After cooling to 10 K, without an applied field, the mag-

netic moments were randomly oriented. At low temperatures,
an applied magnetic field forces the reorientation of the mo-

ments of the individual particles along the applied magnetic
field.[61] Therefore, the ZFC magnetization increases with in-

creasing temperature and reaches a maximum at a tempera-

ture denoted as Tmax.
The Tmax of the iron nanoparticles at an applied magnetic

field of 100 Oe was found to be 79:4 K. The ZFC and FC mag-
netizations merge at the temperature of irreversibility (Tir),

which is related to the blocking temperature for the larger par-
ticles in the sample.[62] The Tir values for the iron and cobalt
nanoparticles at an applied magnetic field of 100 Oe were

found to about 280 and +400 K, respectively. For both materi-
als, the Tir value was larger than the temperature at which the

magnetization became a maximum (Tmax). This behavior of the
ZFC–FC curves indicates strong dipole–dipole interactions

among the particles due to particle aggregation and to the
polydispersity of the particles.[63]

To determine the mean spin freezing/blocking temperature
(TF/B), the derivative of the difference in the magnetization
values of the ZFC and FC curves with respect to temperature,

that is, @d(DM)/dT (inset of Figure 6 a, b) was measured, for
which DM = MFC@MZFC. The curve displays a log-normal block-

ing temperature distribution function. The values of the mean
blocking temperature (TF/B) and the standard deviations in

ln (TF/B) were found to be 29 and 163 K and 0.5 and 0.4 for the

Fe and Co nanoparticles, respectively. The anisotropy of the Fe
and Co nanoparticles was calculated by using Equation (2):[64]

Hc ¼
2 K
MS

ð2Þ

Figure 5. Magnetization as a function of temperature [M(T)] for iron nano-
particles at m0H = 0.1 T. Inset shows the M(T) of cobalt nanoparticles at
m0H = 0.1 T.

Figure 6. Zero-field-cooling and field-cooling (ZFC-FC) magnetization curves
for a) Fe nanoparticles and b) Co nanoparticles at an applied magnetic field
of 100 Oe. The insets show the derivatives of the differences of the magneti-
zation of the ZFC and FC curves versus temperature.
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in which K is the magnetic anisotropy and was found to be
2.9 V 103 J m@3 for the Fe nanoparticles and 3.0 V 103 J m@3 for

the Co nanoparticles. The calculated anisotropy values for our
nanoparticles are lower than those of the corresponding bulk

values, as the magnetic anisotropy (K) depends on the particle
size, shape, microstructure, interparticle interactions, and intra-

particle interactions or dipole–dipole interactions. Yang et al.

reported TB = 92 K for 7 nm cobalt nanoparticles deposited on
a pyrolytic graphite substrate.[65] The higher value of TB for our

cobalt nanoparticles is due the larger particle size, as TB is a
function of the particle volume.

2.5. Heating Efficiency under Alternating Magnetic Field

In an alternating magnetic field (AMF), bare magnetic particles
or magnetic particles suspended in a suitable liquid carrier

medium absorb energy from the AMF and convert this energy
into heat by relaxation losses or eddy current losses. These

losses can be quantified by the specific loss in power (SLP) by
using the following relationship [Eq. (3)]:

SLP ¼ csolventmsolvent

mnanoparticles

dT
dt

. -
ð3Þ

in which csolvent is the specific heat capacity of the solvent,

msolvent is the total mass of the sample, mnanoparticles is the mass
of nanoparticles in the solvent, and dT/dt is the slope of the

heating curve.[66, 67]

First, the Fe and Co nanoparticles were subjected to an AMF.

It was found that the SLP was higher for the Fe nanoparticles
than for the Co nanoparticles. The SLP of the Fe nanoparticles

was found to be 25 W g@1, whereas the SLP for the Co nano-
particles was 7 W g@1. Hence, Fe nanoparticles were chosen for

additional AMF studies.

The SLP of Fe nanoparticles dispersed in different solvents
was investigated (Figure 8 a). All of the samples were prepared

by using 0.2 % (v/v) Fe nanoparticles in the solvent. It was ob-
served that Fe nanoparticles in ethylene glycol (EG) and light

mineral oil (LMO) showed less heating than nanoparticles in
oleic acid (OA). After 240 s, the maximum temperatures of the

iron nanoparticles in EG, LMO, and OA were 69, 75, and 98 8C,
respectively. The inset of Figure 7 a shows the SLP for the Fe

nanoparticles in these three solvents. As the SLP depends on
the initial slope of the temperature versus time curve, the per-
formance of oleic acid was the highest among these solvents.
A SLP value of 47 W g@1 was observed for the Fe nanoparticles
dispersed in OA. The SLP of CoFe2O4 nanoparticles at a fre-

quency of 763 kHz and a field strength of 3 kA m@1 was
0.25 W g@1.[68] Bekovic and Hamler reported a SLP value of

0.5 W g@1 at a frequency of 185 kHz and a field strength of

2.3 kA m@1 for g-Fe2O3 dispersed in mineral oil.[66] Other groups
reported higher SLP values reaching 1000 W g@1 for iron-oxide

nanoparticles, but the field strength was high (&24 kA m@1).[69]

Therefore, exact comparison of the experimental SLP values

with those found in the literature is difficult, as it depends on
several factors, including particle concentration, solvent type,

applied frequency, and field strength, but in general, our iron

nanoparticles showed promising SLP at low frequency and low
field.

As the Fe nanoparticles in OA showed a maximum SLP, the
effect of particle concentration on SLP was investigated by

using OA as the solvent. Three concentrations were prepared,
that is, 0.1, 0.2, and 0.3 % (v/v). As expected, with an increase

in the Fe nanoparticle concentration, the maximum tempera-

ture attained under the AMF also increased (Figure 7 b). After
240 s, it was observed that the 0.2 % (v/v) sample and the

0.3 % (v/v) sample reached the same maximum temperature of
about 98 8C. Interestingly, it was observed that the 0.2 % (v/v)

sample exhibited higher SLP than the 0.1 and 0.3 % (v/v) sam-
ples (inset of Figure 7 b). The initial slope was higher in the

0.3 % (v/v) sample, but the mass of Fe nanoparticles was also

higher in this sample; hence, the resultant SLP was less than
that of the 0.2 % (v/v) sample but higher than that of the 0.1 %

(v/v) sample. Particle concentration plays a crucial role in tailor-
ing the heating efficiency. An increase in the concentration

corresponds to a decrease in the mean interparticle separation
and gives rise to a notable increase in the dipolar interparticle

Figure 7. a) Temperature rise of iron nanoparticles dispersed in solvents of
oleic acid, ethylene glycol, and mineral oil as a function of time under an AC
magnetic field. The inset shows the change in SLP with type of solvent.
b) Temperature rise of iron nanoparticles dispersed in oleic acid as a function
of time under an AC magnetic field with concentrations of 0.1, 0.2, and
0.3 % (v/v). The inset shows the change in SLP with nanoparticle concentra-
tion in oleic acid.
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interactions. The role that dipolar interactions might have in
SLP is not completely understood at present,[70] but recent ex-

perimental studies suggest either an increase or decrease in
SLP with interactions.[71] There are many factors that influence

the heating ability of nanoparticles in suspensions, for exam-
ple, specific heat of the solvent and particle dipole interac-

tions.[72, 73] The particle–particle separation can be affected by
the strain induced on the nanoparticle surface due to the sol-
vent.[74] The resultant SLP comes out to be a combination of all
such factors.

The size of the magnetic nanoparticles and the viscosity of
the medium fluid play important roles in heat generation. For
small-sized nanoparticles, heat generation occurs through two
main relaxation mechanisms:[75] 1) the Neel relaxation mecha-
nism, which is due to a change in the magnetic moment of

the nanoparticles with an external magnetic field in a finite

time; 2) the Brownian relaxation mechanism, which occurs due
to rotation of the entire particle in the magnetic field. Neel re-

laxation and Brownian relaxation dominate for small- and
large-sized nanoparticles, respectively. The size distribution of

our nanoparticles is broad, and therefore, heat generation may
occur through either mechanism. The Brownian relaxation

time is directly proportional to the viscosity of the fluid

medium, as nanoparticles take a longer time to rotate physical-
ly in highly viscous fluids. The viscosity of the medium fluids is

at a maximum in oleic acid (OA) and at a minimum in light
mineral oil (LMO). Hence, the possibility that the Neel relaxa-

tion mechanism occurs may be higher in OA than in LMO or
ethylene glycol (EG).

3. Conclusions

Iron and cobalt nanoparticles were synthesized by mechano-

chemical processing of a mixture of the corresponding oxides

and Ca, followed by removal of the byproduct. The magnetic
properties of these nanoparticles were measured with and

without CaO. The Curie temperatures of the Fe and Co nano-
particles were found to be 923 and +1273 K, respectively. The

mean blocking temperatures for the Fe and Co nanoparticles
were found to be 29 and 163 K, respectively. The iron nanopar-

ticles were fount to exhibit promising heating ability with a
specific loss in power of 47 W g@1 at a low frequency and field
strength. This mechanochemical method can be readily ex-

tended to the synthesis of other magnetic and nonmagnetic
nanoparticles.

Experimental Section

Commercially available Fe2O3 (99.9 %, Sigma Aldrich) and CoO
(99.9 %, Alfa Aesar) powders and Ca granules (99.9 %, Sigma Al-
drich) were used without further treatment. Prior to synthesis, CaO
powder (99.9 % Sigma Aldrich), which served as a dispersant, was
heated at 1000 8C for 10 h to remove moisture.

For the iron samples, the quantity of precursors was determined
by the following equation [Eq. (4)]:

Fe2O3 þ 3 Ca! 2 Feþ 3 CaO ð4Þ

A 50 wt % excess amount of Ca granules above the stoichiometric
amount was added to ensure full reduction. 40 % CaO was added
as a dispersant to reduce the reduction rate. In our recent study of
NdFeCoB magnetic nanoparticles, we studied the effect of disper-
sant (CaO) ranging from 0 to 75 % and the kinetics of mechano-
chemical synthesis.[21, 37] We observed that adding CaO was helpful
to control the reaction and resulted in better magnetic properties
than samples without CaO. Most of the previous studies also in-
cluded the corresponding dispersing agent to control the self-sus-
taining reaction. Adding CaO was helpful to control the self-sus-
taining reaction and also to make it easy to remove the powder
from the walls of the milling bowls. Another reason to add CaO
was to prepare an appropriate mass fraction of metal to CaO (Fe/
Cao and Co/CaO) for catalyst applications.[76] Fe2O3 and CaO pow-
ders were mixed in a mortar by hand grinding before loading into
a milling vial. The powder of mixed Fe2O3 and CaO along with Ca
granules were sealed in a tungsten carbide milling vial in a glove-
box filled with Ar gas (H2O and O2 levels less than 10 ppm).

For the cobalt samples, the quantity of precursors was determined
by the following equation [Eq. (5)]:

CoOþ Ca! Coþ CaO ð5Þ

Again, a 50 wt % excess amount of Ca granules was added. The
mixed powder of CoO and CaO and Ca granules were sealed in a
tungsten carbide milling vial in an argon glovebox. The reaction
Fe2O3 + 3 Ca!2 Fe + 3 CaO has an enthalpy of reaction (DH) value
of @1081 kJ. The reaction CoO + Ca!Co + CaO has a DH value of
@342 kJ. Such large values for enthalpy change can significantly in-
crease the local temperature.[26]

The experimental parameters for mechanochemical synthesis of
iron and cobalt nanoparticles were identical. Ball-to-powder ratio,
milling speed, milling time, milling atmosphere, and heat treat-
ment conditions were the same for both cases. The milling process
was conducted in a Fritch Pulverisette-7 planetary ball mill at a
milling speed of 500 rpm for 6 h, with a ball-to-powder ratio of
14:1. After milling, the black powder was collected in an argon glo-
vebox and pressed into a pellet by using a hydraulic press to mini-
mize exposure of the powder to air. This pellet was heat treated in
a tube furnace at 850 8C for 90 min under high vacuum
(&10@5 Torr). The heat-treated sample could then be handled in
air. The sample was subsequently washed with NH4Cl dissolved in
methanol for 30 min to remove CaO, which was followed by
vacuum drying. The reaction for removal of Cao from the Fe/CaO
nanocomposite may be [Eq. (6)]:

2 NH4Clþ Feþ CaOþ CH3OH

! Feþ CaCl2 þ 2 NH3 þ CH3OHþ H2O
ð6Þ

A schematic of the process, from precursors to product, is shown
in Figure 8.

X-ray diffraction data for all samples were collected by using a
Bruker D8 X-ray diffractometer (CuKa radiation; wavelength =
0.154 nm) and were analyzed by using Rietveld refinement via the
Topas 4.1 program. Rietveld refinement was performed by assum-
ing that the samples did not contain an amorphous phase. To de-
termine the particle size and morphology, transmission electron
microscopy (TEM) was performed with a JEOL 2010 TEM with an
operating voltage of 200 kV. Samples were prepared by ultrasoni-
cally dispersing a small quantity of powder in ethanol, followed by
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placing a drop of the suspension on a holey carbon-coated copper
grid. The sample was then dried overnight in air. Elemental map-
ping analysis was performed by scanning electron microscopy
(SEM, JEOL 6360) with an energy-dispersive X-ray spectrometer
(EDX) operating at 15 kV. The magnetic properties were measured
by a Lakeshore 7407 vibrating sample magnetometer (VSM) for
magnetic fields up to 15 kOe. The zero-field-cooled (ZFC) and field-
cooled (FC) magnetization curves were measured in the tempera-
ture range of 10 to 400 K at an applied magnetic field of 100 Oe
by using a physical properties measurement system (EverCool-II,
Quantum Design, USA) equipped with a vibrating sample magne-
tometer attachment. The ZFC measurements were performed by
applying a magnetic field of 100 Oe after the sample was cooled in
zero field. FC curves were obtained after cooling the sample in an
applied field of 100 Oe. To determining the efficiency of heating
these nanoparticles, an alternating magnetic field of strength
4 kA m@1 and frequency of 375 kHz was employed.

Magnetic nanoparticles suspended in solvent contained in a glass
bottle were placed inside a water-cooled five-loop copper induc-
tion coil energized by an AC generator (Inductelec, UK) with an op-
erating frequency of 375 kHz and a field strength of 4 kA m@1. The
frequency could not be changed in our system. Moreover, for hy-
perthermia applications, good heating efficiency at low frequency
is advisable.[77] Usually, with increasing frequency, the specific loss
in power (SLP) increases in a linear manner if the applied field con-
stant is kept constant.
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