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Abstract The core—nanoshell composite materials with
magnetic fly-ash hollow cenosphere as core and nano
SmFeO; as shell were synthesized by high-energy ball
milling method. The magnetic fly-ash hollow cenosphere,
samarium nitrate, and iron nitrate were used as raw mate-
rials. The synthesis and growth kinetics of the composite
materials were investigated using the thermogravimetry
and differential thermal analysis (TG-DTA) at different
heating rates. The results show that the precursor of the
composite materials decomposes in three steps. The
apparent activation energy of each stage was calculated
using the Doyle-Ozawa and Kissinger methods. The
reaction order, frequency factor, and rate equations were
also determined. The activation energy of the nano crys-
tallite growth is calculated to be 16.12 kJ mol ™" according
to kinetics theory of nano crystallite growth. It can be
inferred that the crystallite grows primarily by means of an
interfacial reaction during the thermal treatment. The
magnetic properties and microwave absorbing properties of
samples were analyzed by the vibrating sample magne-
tometer analysis and vector network analyzer. The results
indicated that the exchange coupling interaction happens
between ferrite of magnetic fly-ash hollow cenosphere and
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nanosized ferrite coating, which cause outstanding mag-
netic properties. In the frequency between 1 MHz and
1 GHz, the absorbing effectiveness of the composite
absorbers can achieve —32 dB. The magnetic properties of
the composite material are better than those of single
phase. So it is consistent with requirements of the micro-
wave absorbing material at the low-frequency absorption.
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Introduction

The core—nanoshell composite materials have a broad
application prospect because of its surface effect. However,
the high specific surface area makes it become a kind of
metastable material. The mean free energy of the material
per unit volume has increased with the decrease of the grain
size, which leads to the reducing of the thermal stability of
the material. For a type of new materials, the thermal sta-
bility will influence their application. In recent years, some
researches have been done, for example, the synthesis
kinetics of nano In,O5 [1], the grain growth kinetics of
FeNiAlGaPBSiC amorphous alloy [2], preparation and
thermal analysis of the bacterial cellulose/polyurethane
nanocomposites [3], and thermal stability of several poly-
aniline/rare earth oxide composites [4]. But the kinetics of
core—nanoshell composite materials with magnetic fly-ash
hollow cenosphere (MFHC) as core are rarely studied.

The MFHC is a by-product of thermal power plant. This
is turning waste into treasure for the application of ceno-
sphere. When a coal-burning boiler works, the majority of

@ Springer



906

R. Che et al.

iron minerals in the coal form Fe,O3, Fe;O, with the car-
bon, carbon monoxide acting. They combine with the new
silicon, aluminum, and calcium cenosphere material. The
density is 3.1-42gcm >, and pile density is
1.9-1.8 g cm . It belongs to the strong magnetic mineral,
the mean grain size <75 pm [5]. Application of MFHC
relates to various fields such as physical, chemical,
mechanical, electrical insulation and other aspects because
of its special performance. Its most notable features are
high intensity, low density, anti-erode, and good stability.
It can be modified to become the high-performance
microwave absorbing materials.

The processes of synthesis—drying and baking are
needed in the preparation of the composite nanomaterials
by high-energy ball milling method. Different condensed
matter structures have decisive influences on the material
performance, so the nucleation and crystal growth process
of the material will affect the microstructure and perfor-
mance. Therefore, it has very remarkable significance that
the related kinetics parameters and grain nucleation growth
behavior of the composite nanomaterials are analyzed,
which can guide the material synthesis.

In this article, the core—nanoshell composite materials
were synthesized by high-energy ball milling method, in
which MFHC is core and nano SmFeQOj; is shell. The
synthesis and growth kinetics of the composite nanomate-
rial were investigated by the thermogravimetry and dif-
ferential thermal analysis (TG-DTA) at different heating
rates. The apparent activation energy of each stage was
calculated using the Doyle—Ozawa and Kissinger methods;
the reaction order, frequency factor, and rate equations
were also determined. The composite nanomaterials have a
strong magnetic property, and then they can be used as
magnetic absorbing agent.

Materials and methods
Pretreatment of MFHC

MFHC came from the fly-ash hollow cenospheres of
thermal power plant. MFHC was screened under 5000 and
7000 head, and then classification has been carried out for
each magnetic particle size. The magnetic fields were 0.05,
0.098, and 0.2 T (Tesla).

MFHC was soaked in CH,Cl, for 10 min to remove its
surface organic residues. Then ultrasonic cleaning tech-
nology was used with NaOH solution (0.5 mol L™") for
30 min, which solved the problem of corrosion during
removing impurities and greasy dirt with acid or alkali
liquor. Meanwhile it removed the left liquid in crevices of
cenosphere, which increased the surface activity of the
particles, broke the unity between the particles, and
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Fig. 1 Transmission electron microscope (TEM) images of MFHC
a before pretreatment and b after pretreatment

improved the quality of coating processes. The transmis-
sion electron microscope (TEM) images of MFHC before
and after pretreatment are shown in Fig. 1.

Synthesis

The core—nanoshell composite materials were prepared
through high-energy ball milling at room temperature,
using analytical grade Fe(NO3)3;-9H,O, Sm,03;, MFHC,
and additive as starting chemicals. First, stoichiometric
amount starting chemicals were mixed and put into the ball
mill with 300 revolutions per minute for 30 min at room
temperature to get a kind of viscid substance. The pre-
cursor was got after the viscid substance was dried at
110 °C for 2 h. Finally, the samples were calcined at
450 °C for 1 h, and then at 700 °C for 3 h. The final
product was core—nanoshell composite powder.

Characterization

The thermal analysis was carried out by thermogravimetry
and differential thermal analysis (TG-DTA, STA409CD,
Netzsch, Germany) with a heating rate of 10 °C min~" in
the air. (Temperature ranges was 20-900 °C).

The crystal structure of sample was examined by X-ray
diffractometer (XRD, Smartlab, Rigaku Corporation,
Japan) with Cu-Ka radiation. The width at half-peak of the
diffraction crystal surface is measured precisely, and then
the grain size of the sample is calculated according to the

Sherrer equation:
D = KA/(Bcosh) (1)
where D is the grain size (nm), K is the Sherrer constant, f3

is the physical width value of the diffraction peak, and 6 is
the diffraction angle.
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Fig. 2 The XRD pattern of SmFeO;

The microstructure was observed by scanning electron
microscope (SEM, JSM-7401F, JEOL Ltd., Japan) and
transmission electron microscope (TEM, JEM-2100, JEOL
Ltd., Japan).

The magnetic property analysis was conducted by
vibrating sample magnetometer (VSM, VersalLab, Quan-
tum Design, USA), and the microwave absorbing property
was analyzed by vector network analyzer (VNA, ZVA40,
Rohde & Schwarz, Germany).

Results and discussion
The thermal decomposition of the precursor

The XRD analysis of the precursor calcined (Fig. 2) shows
that the product is pure-phase SmFeQOj3, because all of the
detectable peaks are indexed as the SmFeOs; with ortho-
rhombic crystal system [6] as shown in the standard data
(JCPDS: 00-039-1490). No diffraction peaks of other impu-
rities are observed. The average crystallite sizes of SmFeO3
samples are calculated using Sherrer equation to be 28 nm. It
shows that the coating layer materials are in nanoscale.

The TG-DTA curves (Fig. 3) of the precursor decom-
position are measured under different heating rates.
According to the DTA curves, the decomposition processes
of the precursor can be divided into three stages, during the
temperature range of 70-130, 130-240, and 240-380 °C,
respectively. As seen from TG curves, the mass losses of
sample under different heating rates are under the same
temperature approximately.

The apparent activation energy in the synthesis process
of the nanomaterial is calculated by Doyle-Ozawa [7] and
Kissinger [8] method. It shows that the diagram of log f
versus 1/T is made in a certain conversion () (Fig. 4), the

apparent activation energy can be calculated through the
linear slope —0.4567E/R. The temperature of every con-
version at different heating rates for the three peaks is
given (Table 1), and the conversion (2) is acquired through
the diagram according to the measured quality change data
in the TG test.

The activation energies and the correlation coefficients
(Table 2) of the three peaks in different reaction degrees
are calculated via each linear slope in Fig. 4. The average
apparent activation energies of the three peaks are:
6.849301, 8.140784, and 15.42184 kJ molfl, respectively.
The diagram of log (f/T=,) versus 1/T,, is made according
to the Kissinger method and the activation energy is cal-
culated through the slope —E/2.303R. Figure 4 is drawn on
the base of the data in Table 3.

The activation energies and the correlation coefficients
(Table 3) of the three peaks are calculated via each linear slope
in Fig. 5. The energies are 5.305, 6.153, and 16.44 kJ mol_l,
respectively.

The contrast of the activation energies obtained by two
different methods (Table 4) shows that the two results
calculated are close [9] and the biggest discrepancy is
2.93 kJ mol™!, which shows that the method is accurate
[10]. The average apparent activation energies for the
precursor decomposition process of the three peaks are
5.76, 6.95, and 16.88 kJ mol ™"

The reaction mechanism is further determined after
calculating the kinetic parameters using non-isothermal
process. Satanva [11] believes that the non-isothermal
process can be regarded as an isothermal process, assuming
that it is in an infinitely small time interval. According to
the Arrhenius formula and Tables 3 and 4, the rate equa-
tions of the three peaks, respectively, are:

First peak: do =4241 %1073 6_5760'60/RT(1 .
dt

(2)
Second peak: % = 2.187 x 1073 0948.20RT (| _ ;1331
(3)
Third peak: ‘;—‘: =0.588 x 1073 ¢~ 16885.27/RT (1 _ ;y1.010
(4)

The characterization of composite nanomaterials

The comparison chart of MFHC, nano SmFeOs, and com-
posite nanomaterials is displayed in Fig. 6. It shows that
there is the same XRD curve when composite nanomaterials
are compared with nano SmFeOs;, but the intensity is dif-
ferent. This indicates that the MFHC is completely packaged
by the nano SmFeOj;. The core-nanoshell composite mate-
rials doped with Sm were prepared successfully.
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Table 1 Temperatures of each peak at various conversions and different heating rates
o/ % BIK min~!
15/K min~' 17/K min~" 19/K min~! 21/K min~"
1 11 111 1 11 111 1 II 111 1 11 111
5 69.45 132.05 239.36 70.76 135.45 247.21 72.81 137.27 251.92 74.21 138.65 256.91
15 75.90 140.38 255.79 77.81 142.57 262.21 79.18 144.24 266.99 80.59 145.79 271.63
25 82.27 146.64 269.43 84.23 150.11 275.58 85.74 151.56 279.54 87.07 153.94 284.49
35 89.24 152.78 280.90 90.51 156.47 284.73 91.33 158.69 291.22 92.13 161.71 296.43
45 93.89 159.55 292.67 94.87 163.85 298.89 95.87 166.59 302.88 96.77 169.02 307.96
55 98.75 167.12 304.03 99.59 170.96 310.08 100.31 173.18 314.16 101.43 176.03 319.62
65 103.84 174.10 315.11 104.76 178.65 320.38 105.55 181.65 325.05 106.65 184.92 330.11
75 108.21 187.41 325.25 109.77 193.95 330.56 112.09 197.01 335.15 113.14 201.36 340.21
85 114.68 205.17 336.0 116.32 210.97 342.80 118.96 216.32 346.72 121.09 220.60 353.21
95 122.15 222.29 352.65 123.43 230.24 362.16 124.93 233.69 368.09 126.27 239.17 375.51
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Table 2 Activation energies and linear related coefficients of each peak at different degrees

/% E/KT mol ™" y E/KT mol ™! r E/KT mol ™" y

5 2.776916 0.99518 7.453291 0.99916 9.3715 0.99485
15 3.494902 0.99846 10.09386 0.99889 11.7177 0.99864
25 3.974045 0.99837 8.359511 0.99004 13.7435 0.99776
35 7.598927 0.99673 7.498438 0.99692 13.75551 0.99255
45 8.339486 0.99962 7.549593 0.99416 15.93222 0.99772
55 10.04834 0.99186 8.920574 0.99617 16.87121 0.99793
65 10.56936 0.99555 7.987047 0.99752 18.56296 0.9995
75 6.253613 0.99274 7.286719 0.99123 19.82034 0.99945
85 5.576952 0.99370 7.748568 0.99925 18.80799 0.99521
95 9.860473 0.99828 8.510245 0.99007 15.63549 0.99724
Average 6.849301 0.99605 8.140784 0.99534 15.42184 0.99709

Table 3 Peak maximum temperature (7,,.), peak shape index (J), reaction order (n), frequency factor (A), and active energy (E) at different

heating rates

B/°C min~'  Peak number

I Il I

Tmax/°C 1 n A x 10°  Tp/°C I n Ax 100 To/°C I n A x 10°
15 100.85 093 1.2151 4.016 147.96 167 1.628 1.15 32496 0.6 09759 0.52
17 10029 092 1.2085 4.018 15202 098 1247 2.14 32677 085 1.1616 0.49
19 103.93 091 12019  4.307 15139 077 1109 271 334.02 058 09595 0.63
21 103.50 1.18  1.3687  4.625 155.56 113 1339 235 33783 0.56  0.9429 0.70
Average 0.98 1.2486  4.241 113 1331 218 0.65 1.010035 0.58

E = 5.3051 kJ mol ™! E = 6.153 kJ mol™! E = 16.44 kJ mol ™!

r = 0.9872 r = 0.9803 R = 0.9997

Figure 7 is the XRD pattern of SmFeO; samples cal-
cined at different temperatures. Figure 7 shows that the
nano SmFeO; is prepared successfully as a face-centered
orthorhombic. The crystallization of SmFeO; is imperfect
at 600 °C, it shows that the lower temperature is not con-
ducive to the formation of crystals. The crystallization is
very well at 700 and 800 °C, they both have similar curves,
but the particle diameters are different. The particle size
becomes larger as the temperature rises. There are mis-
cellaneous peaks except SmFeO; at 900 °C, this indicates
that some other phase transitions have occurred.

In the synthesis process of the nanocrystalline SmFeO3,
temperature control is the key in order to limit the particle
size and retain a perfect crystal form and excellent per-
formance. 700 °C is suitable as tempering temperature
based on XRD results. The MFHC coated is calcined at
450 °C for 1 h, and then at 700 °C for 3 h. Figure 8a, b
shows the SEM images of MFHC before and after being
coated. Figure 8b shows that the nanocrystalline SmFeO5
is coated on the surface of MFHC. Coating layer is
formed preferably, in which integrity and particle size

distribution are more even. However, the high-temperature
calcining promotes agglomeration of nanocrystalline grain
and causes particles of the coating layer to become larger
in SEM.

The result of XRD above shows that the size of nano-
crystalline grain SmFeOj; is 28 nm. The reason for the
difference between XRD and SEM is that XRD only
reflects the grain size, that is, the particle size is reflected
by XRD only when the grain is particle. A particle is
composed of several grains because agglomeration occurs
in the sample measured in this thesis. So, the size shown
between XRD and SEM has differences.

The influence of different calcination temperatures on the
grain size is researched using the XRD data of different
calcination temperatures, and then the diagram of the rela-
tionship between In D and 1/T is displayed in Fig. 9. The
activation energy of the nano crystallite growth has been
calculated via the straight slope —E/R as 16.12 kJ mol . It
can be inferred that the crystallite growth mechanism is
diffusion mechanism and it is an interfacial reaction because
the activation energy is lower.
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Table 4 Activation energies obtained by two different methods

Method The first The second The third
thermal peak thermal peak thermal peak
E/kY mol ™! E/KJ mol ™! E/KJ mol™'
Doyle-Ozawa 6.84 8.14 15.42
Kissinger 4.67 5.75 18.35
Average 5.76 6.95 16.88
c Core—nanoshell

composite materials

FeSmO
A ,Jh . mLmi 13’»%

Intensity/a.u.

Magnetic fly—ash
hollow cenosphere

20 40 60 80 100
26/°

Fig. 6 The comparison XRD pattern of samples
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Fig. 7 The XRD pattern of SmFeO; samples calcined at different
temperatures

The magnetic properties of the core—nanoshell
composite materials

Figure 10 shows the hysteresis loop curve of MFHC,
SmFeO3;, and the composite nano-absorbents. Figure 10a
shows that the MFHCs themselves have some magnetism;
in view of their low density, low cost, and the character-
istics of changing waste into treasure, its surface modifi-
cation can be done with a coating material doped with rare
earth element.
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Fig. 8 The SEM image of
cenospheres. a Before being
coated and b After being coated
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Fig. 9 Relationship between In D and 1/T for nanocrystal SmFeO;
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Fig. 10 Hysteresis loop curves of samples. a Hysteresis loop curve of
cenosphere, b hysteresis loop curve of SmFeOj3, and ¢ hysteresis loop
curve of core—nanoshell composite materials

Figure 10b shows that SmFeOj; has a strong magnetism.
The magnetic variation of the perovskite material SmFeO3
comes from the magnetic moment of the rare earth and iron
element. It reveals the interaction mechanism of the spin—

lattice coupling in the process of magnetical ordering from
the microscope. The lattice structure will have a significant
change with the increase of the degree of magnetic order,
since the spin—lattice coupling is stronger in the perovskite
material SmFeO;. Conversely, the ideal perovskite type of
oxide crystal structure ABOj is usually distorted, and there
is the tolerance factor ¢. It will help to promote the ferro-
magnetic phase transition, causing the enlargement of
ferromagnetic coupling, if A, B-site substitution causes a
significant change in the lattice structure (that is, the ¢ value
becomes larger). These will improve the magnetic prop-
erties of materials.

Figure 10c is a smooth hysteresis loop. It shows that the
saturation magnetization, residual magnetization, and coer-
civity of the composite nano-absorbents have increased
exponentially compared with cenosphere and SmFeOs;,
while the energy product also increases greatly, so it is more
suitable for permanent magnet materials. So, it can be
considered that the exchange coupling happens between
ferrites of MFHC and SmFeO;. Grain exchange coupling
interaction can prevent their directions of magnetic moment
from changing along the easy magnetization when two
neighboring grains contact directly [12, 13]. So, the mag-
netic moment at the interface changes continuously from
one grain direction of easy magnetization to another grain
direction of easy magnetization. The magnetic moment
along the direction of the external magnetic field will
increase when the magnetic moment arranges from chaotic
to parallel, and the remanence increasing effect will be
produced. The ferrites of MFHC and SmFeO; array get
closer because MFHC is coated by solid-phase method. It
leads to the magnetic moment orientation array from one
SmFeO; nanoparticle magnetic moment direction of easy
magnetization to another SmFeO; nanoparticle through
ferrites of MFHC. The exchange coupling interaction
improves magnetic properties of the composite nano-ab-
sorbents. Therefore, the composite nano-absorbents are of
both low density and high magnetic characteristics, and they
could be expected to replace the single-phase magnetic
material.
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Table 5 Serial number of samples

Sample serial number Absorbent name

Sample 1 Magnetic fly-ash hollow cenosphere
Sample 2 FeSmO;
Sample 3 Magnetic fly-ash hollow cenosphere
(had not been pretreated)+FeSmO;
Sample 4 Magnetic fly-ash hollow cenosphere
(had been pretreated)+FeSmO;
0
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Fig. 11 Relationship of absorbing effectiveness and frequency on
samples

Microwave absorbing properties of the core—nanoshell
composite particles

Table 5 is the sample serial number. The relationship of
absorbing effectiveness and frequency on samples has been
shown in Fig. 11. It shows that the absorbing effectiveness of
samples has a difference at the same frequency because the
component and structure of absorbent is different. Material
composition and structure will greatly affect the performance.

The absorbing effectiveness of the single material has
some changes with frequency rise, but that of the com-
posite particles has obvious changes. Microwave absorbing
properties of the core—nanoshell composite particles are
much stronger than the single material, which possibly
implies the existence of exchange coupling action between
ferrite of cenosphere and SmFeO3 nanoparticles.

Two kinds of mechanisms could be proposed to explain
the stronger microwave absorbing properties for the core—
nanoshell composite particles [5]. The first mechanism is that
the exchange coupling could exist between SmFeO; and
ferrite of MFHC. The range of effective exchange coupling is
equal to the thickness of magnetic domain wall (about
10 nm). When grain size is nano-level, the effect of rema-
nence increase is notable, so the magnetic loss can be

@ Springer

increased, and it is better to improve absorbing properties.
The second mechanism is the dipole polarization. The nano-
composite is such a perfect system, because the polarized
cores can play the role of dipoles, especially at low-fre-
quency, as demonstrated in the SmFeO; nanoparticles which
have coated MFHC. Considering the nanoparticles on core—
shell type microstructure, it is reasonable that the dipole
polarization is dominant at | MHz and 1 GHz frequency and
the weak space charge polarization mainly works at higher
frequencies. Sample 3 had not been pretreated, so it contains
more impurities and the coating is uneven. Its microwave
absorbing properties is poorer than sample 4.

Conclusions

(1) The core—nanoshell composite materials with MFHC
as core and nano SmFeOs as shell were synthesized by
high-energy ball milling method. The average reaction
activation energies of the three peaks were calculated,
respectively, as 6.07, 7.14, and 15.93 kJ mol ™! using
Doyle-Ozawa and Kissinger method. The rate equa-
tions calculated through the Kissinger method are:

d
First peak :d—‘: — 4241 x 1073
e—5760.60/RT(1 _ a)1.248 5)

d
Second peak :di: —2.187 x 1073
8—6948.20/RT(1 _ oc)l‘33l (6)

Third peak :% =0.588 x 1073
e—16885.27/RT(1 _ OC)10101 (7)

(2) The nanocrystalline SmFeO3 was obtained from the
precursor after preheating at 450 °C for 1 h and then
annealing at 700 °C for 3 h; it is crystallized com-
pletely and the particle is uniform. The nanocrystal
SmFeOj; has very low grain growth activation energy
of only 16.12 kJ mol ™",

(3) The magnetic properties and microwave absorbing
properties of samples were analyzed. The results
indicated that the exchange coupling interaction hap-
pens between ferrite of MFHC and the coating of
nanosized perovskite doped with Sm, which causes
outstanding magnetic properties. In the frequency
between 1 MHz and 1 GHz, the absorbing effectiveness
of the core—nanoshell composite materials can achieve
—32 dB. The magnetic properties of the composite
material are better than those of single-phase, so it is
consistent with requirements of the microwave absorb-
ing material at low-frequency absorption.
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