Journal of

Materials Chemistry C

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

2013 | Pages 1-100

Journal of

Materials Chemistry C

d electronic devices

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsmv

ROYAL SOCIETY .
OF CHEMISTRY www.rsc.org/materialsC


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1ot q1rnal Name

o

2

S

25

3

=3

3

&

40

Journal of Materials Chemistry C

Cite this: DOI: 10.1039/c0xx00000x

WWW.I'SC.Org/XXXXXX

absorption properties

Renlong Ji, Chuanbao Cao,* Zhuo Chen, Huazhang Zhai and Ju Bai

Co,Fe; O, (x=0-1) spheres are synthesized via solvothermal reaction using ethylene glycol (EG) as
solvent. They are characterized and the results show that the prepared spheres are mainly 300-500 nm in
diameter and constituted by small grains. For the EG solution containing stoichiometric ingredients
(atomic ratio of Co?":Fe**=1:2), the obtained spheres are CogoFe, 04 at 200°C (sphere A) and
Cog74Fe12604 (sphere B) at 300°C, whose crystallite is 23 nm and 30 nm in size respectively. VSM
measurements reveal improved properties with sphere B. The variation of complex permittivity and
permeability for different composite (75% mass ratio of spheres) has been studied as a function of
frequency. The calculated reflectivity indicates that the composite containing sphere A displays better
microwave absorption capability. The minimum reflection loss reaches -41.089 dB at 12.08 GHz and the
matching thickness is 2 mm. Dielectric loss contributes even more than magnetic loss in the frequency
range of 3 -14 GHz. The synergistic effect of dual losses makes the submicrosphere a promising
absorbent in X and Ku bands. The composite consisting of spheres B is inferior in dielectric property
owing to the ferrous ions migration from octahedral to tetrahedral sites and big crystallites lacking
defects. After calcination treatment of the spheres at 700°C, the dielectric loss turns out to be little due to
the disappeared Fe*'— Fe®* pairs in adjacent octahedral sites and loss of defects. Variation of cobalt ratio
in spheres can change the resonance frequency and crystallinity of the spheres, and ultimately the
minimum reflection loss and corresponding frequency band. The microwave absorption properties of
mixed magnetite and cobalt ferrite spheres are influenced by the cationic stoichiometry and crystalline
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1 Introduction

Microwave absorptive materials have been widely used in
military stealth technique and civilian electromagnetic wave
(EMW) protection. They are dielectric, conductive, magnetic
monophasic material or a composite of them.'™ The practical
application claims for relevant characteristics such as high
strength, wide band, small thickness and lightweight.® Magnetic
metals and ferrites play a leading role in this research area. On
account of the corrosion susceptibility of metals, ferrites are the
promising candidates as microwave absorbers due to their
excellent chemical stability. They can be classified into three
categories which are spinels, garnets and hexaferrites. The
garnets are gyromagnetic materials and can be used in microwave
isolator, phase shifter, circulator etc, which require least magnetic
and dielectric losses.” Hexagonal ferrites have high saturation
magnetization and large anisotropy field which result in high
resonance frequency as microwave absorbents.®* Cobalt ferrite is
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a kind of spinel structure material with moderate saturation
magnetization but fairly high magnetocrystalline anisotropy (less
than hexaferrites’), and large magnetostrictive coefficient owing
to the introduction of cobalt atoms.'®'' The material has been
widely used as magnetic and magneto-optical recording
medium.'? Magnetite and maghemite have been studied a lot as
soft magnetic spinels and microwave absorbents.>'*'> However,
the microwave attenuation mechanism of cobalt ferrite are not
fully understood. P.C. Fannin et al. have reported microwave
absorbent properties of nanosized cobalt ferrite powders prepared
by coprecipitation and subjected to different thermal treatments. '
Asghari Magsood et al. have reported Ni(;—CopFe,04 (0.0<x
<00.5) nanoferrites synthesized by the same route.'® Wuyou Fu et
al. have fabricated hollow glass microspheres coated with cobalt
ferrite.!” As a ferrimagnetic material, stoichiometric cobalt ferrite
coprecipitated in a strong alkaline shows excellent magnetic
property but not good dielectric property. The absorbing
performance of cobalt ferrite mainly depends on the magnetic
loss. Its dielectric loss is almost negligible.'"® We know that the
microwave attenuation performance of absorbents is determined
by the combination of dual losses. Either loss contributes partially
to the whole. The synergistic effect is the product instead of sum
of them. Some reports in the literature remedy this drawback
through compounding cobalt ferrite with other materials.'*** In
fact, its dielectric property can be tuned by the preparation
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methodology. It is evidenced in this paper that dielectric loss of
cobalt ferrite fabricated under proper condition is even more than
magnetic loss in a specific frequency range. The minimum
reflection loss calculated in decibel units is lower than all the
reported value about this material.

Magnetite, whose usual formula representation is
[Fe* |[Fe*'Fe** 1,04, has high conductivity (half-metal)
because of a rapid electron hopping between octahedral ferrous
and ferric ions.” Maghemite, which has the oxidized structure of
[Fe* lFe**ss 0 1s]oqOs, is an insulator.”® Magnetite has been
proved to exhibit excellent microwave absorption properties on
the basis of large dielectric loss aside from magnetic loss.**
Simultaneously, magnetite has low magnetocrystalline anisotropy
energy and resonance frequency. Substitution partial ferrous ions
with cobaltous ions can increase both of them and by changing
the amount of cobalt atoms, we can even tailor its absorption
band. The mixed spinels of magnetite and cobalt ferrite, or called
as non-stoichiometric cobalt ferrite, can be obtained facilely in
one pot by solvothermal method using ethylene glycol as solvent
and sodium acetate as a weak base. Ethylene glycol, whose
boiling point is 197 °C, can reduce ferric ions to ferrous ions at a
certain temperature.

Solvothermal synthesis method is a low temperature and
efficient technique to obtain nanomaterials and the grains can
self-assemble into submicrospheres. The wavelength of
microwave is in centimeter magnitude. The microwave can easily
bypass small obstacle such as nanometer grains, which is the
familiar diffraction phenomenon. When the grains gather into
spherical balls, they act like “blackbody ” greatly enhancing
absorption of incident electromagnetic radiation, regardless of
frequency or angle of incidence.!” Also, the crystal structure and
size, ingredients and cations distribution together with special
geometrical morphology can be modulated by varying the
preparation condition and calcination process, and thus changes
the microwave absorption capability. From this point of view, the
method has demonstrated its superiority over other techniques
such as coprecipitation,'®'*"electrochemical,>*® hydrothermal,’
combustion®® and mechanical alloying.?’ Stoichiometric cobalt
ferrite has high electrical resistivity, low eddy current and
dielectric loss in microwave range. Mixed spinels can not be
simply taken as a magnetic absorbent at microwave frequencies
and the dielectric loss is comparable with magnetic loss. Thereby
the present work is aimed to research into the intrinsic microwave
absorption property of non-stoichiometric cobalt ferrite spheres.

2 Experimental
Synthesis method

Cobalt ferrite microsphere were prepared by solvothermal
technique reported in reference [30]. Briefly, the synthesis
procedure is described as follows: stoichiometric amount of
FeCl;-6H,0 (1.35 g, 5 mmol) and CoCl,-6H,0 (0.6 g, 2.5 mmol)
was dissolved in ethylene glycol (40 mL) to form a clear solution,
followed by addition of anhydrous sodium acetate (3.6 g) and
polyethylene glycol 6000 (2.0 g). The mixture was stirred
vigorously for 30 min and then sealed in a Teflon-lined stainless-
steel autoclave (50 mL capacity). The autoclave was maintained
at 200 °C in air oven for 24 hour. Another stainless-steel high
pressure autoclave without Teflon liner (100ml capacity)
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containing 80 ml solution was kept under 300 °C in its heating

o apparatus with the same duration of time. Then, the autoclaves

were cooled down to room temperature naturally. The black
products were washed repeatedly with water. They were
preserved in ethanol finally for TEM test or dried at 80 °C over
24 hours in air for characterization. The products are denoted by
sample A (200 °C) and B (300 °C). Also, sample A was post-
treated with calcination at 700 °C for two hours in ambient
atmosphere. It is designated as sample C. To investigate the effect
of cobalt ratio on the microwave properties, the cobalt to iron
atomic ratio in the original ethylene glycol solution was changed
from the stoichiometric 1:2 to 1:1, 1:4 and 0 during the next
series of experiments. The synthesis temperature was maintained
at 200 °C for 24 h. Composites containing magnetic material (75
wt.%) and paraffin wax were mixed uniformly and pressed into
toroidal-shaped samples with an outer diameter of 7.00 mm and
an inner diameter of 3.04 mm for the measurement of
electromagnetic parameters.

Characterization and property measurements

Morphology and composition of samples were characterized by
scanning electron microscopy (FESEM, HITACHI S-4800) with
an energy-dispersive X-ray spectrometer (EDS) and Transmission
electron microscopy (HITACHI H-8100). The Crystallographic
analysis and crystallite size of samples were examined by X-ray
diffraction (XRD, X' Pert Pro MPD, Cu K, radiation, A = 1.54056
A) operating at a scan rate of 2 °/min. Chemical states of
elements and cation locations were investigated by X-ray
photoelectron spectroscopy (XPS, PHI Quantera II XPS Scanning
Microprobe) with Al Ka radiation (1486.6 eV). The powder
spheres were demagnetized before entering into the high vacuum
chamber. Magnetic properties were studied by a vibrating sample
magnetometer (VSM, Lakeshore 7407, USA) under maximum
magnetic field of 1.0 T at room temperature. Scattering
parameters (S, Sy;) were recorded on an Anritsu 37269D vector
network analyzer in the frequency range of 2 -18 GHz. Relative
complex permittivity (g,) and permeability (1) were obtained
from Nicolson-Ross-Weir method.

3 Results and discussion

Crystal structure and morphology

Fig.1 shows the X-ray diffraction pattern of the samples. For
sample A and B, which are synthesized at 200°C and 300°C
respectively, all the peaks in the pattern can be indexed as cubic
spinel Co,Fe; 0,4, wherein x stands for cobalt content and can
vary from zero to one. The crystallite size of the samples is
extracted from the Debye-Scherrer equation d = 0.89A/Bcos0,
where d is the average size of the crystallites, A is the wavelength
of the X-ray source, 1.5406 A, B is the full width half maximum
(FWHM) of the definite diffraction peak in radians, and 0 is
Bragg angle of the corresponding XRD peak. From the peak data
corresponding to (311) plane, the crystallite size of 23 nm
(sample A) and 30 nm (sample B) are obtained. It seems
reasonable that high-temperature synthesis results in big
crystallites. When sample A was calcined at 700°C for two hours,
new peaks emerge and they are attributed to the second phase a-
Fe,0; (JCPDS No. 33-0664). The morphology of samples was
analyzed by FESEM as shown in Fig.2. The micrographs indicate

15 that they are 300-500 nm spheres in dimension and composed of
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small primary particles. The particles are packed tightly as an
outcome of the attractive magnetic force and instinctive nature to
reduce surface energy by aggregation.”*. Also, Fig.2 (c) and (d)
illustrate that spheres B are somewhat smaller and made up of
bigger crystallites than A. After calcination, the crystallites in
sphere C grow up into bigger one too. The TEM image in Fig.3
corroborates the results again and the inset SAED proves that the
spheres A are polycrystalline or composed of small grains.

3

Magnetic and dielectric properties of spheres

10 Fig.4 shows the magnetic hysteresis loops measured under a
maximum applied field of 1T Oe at room temperature. The
saturation magnetization, retention magnetization and coercivity
of spheres A are 69.944 emu/g, 29.460 emu/g and 833.810e¢
respectively; for B, they are 77.425 emu/g, 38.365 emu/g and

15 1194.60e. Spheres B exhibit better magnetic properties than A,
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Fig.1 XRD patterns of Co,Fe;.,O4 samples synthesized at 200°C

, 300°C and 200°C post-calcined at 700°C for two hours.
L ) '

20

Fig.2 FESEM images of CoFe;_,O4 spheres synthesized by
solvothermal method at different temperatures: (a) and (b),
sphere A, CogoFe; 04, 200°C; (b) and (c), sphere B,

Cog.74Fe52604, 300°C; (e) and (f), sphere C, sphere A post-
»s treated with calcinations at 700°C for two hours.

B

Fig.3 TEM and SAED images of Co,¢Fe, 0, spheres (sphere
A).
30
as is expected for the higher synthesis temperature and bigger
crystallites. Calcined spheres A (spheres C) exhibit the highest
coercivity of 1540.30e and the lowest magnetization and
retentivity, which are 45.928 emu/g and 25.663 emu/g,
3s respectively. The results can be understood for the reason that
hematite shows bad magnetic property. The compositional
analysis of the samples is determined by EDS quantification as
shown in Table.1. In stoichiometic cobalt ferrite crystal, atomic
ratio of oxygen should be 57.14% and this element approximates
40 the value in both spheres. Cobalt element, which should be
14.3%, is actually 12.86% (sphere A) and 10.55% (sphere B). So
there is an iron element surplus, although in the original solution
the ratio of cobalt to iron atoms is 1:2. The iron atoms in the
spheres contain mixed valence due to the reduction effect of
45 ethylene glycol.:‘0 The reduction effect is enhanced at a higher
temperature of 300°C. So, there are more Fe?* ions in sphere B
(Tablel and Figure S2). More ferrous ions mean less cobaltous
ions. The reason is that the total of them should be nearly half of
the ferric ions or one fourth of the oxygen atoms to reach charge
so balance. The molecular formula of sphere A and B can be
decided as (CoggFep )Fe,0, and (Cog74Feg26)Fe,0, separately
and the cations in parenthese are both bivalent. The redefined
molecular formula is derived from calibrating the oxygen atom
number to be four and the cobalt atom according to the EDS
ss value (less than 1). So, the iron atom number obtained from EDS
is slightly changed.

——200°
60| ——300°
——200” and calcined at 700°

Magnetization(emu/g)

L
5000 10000

Field (Oe)

Fig.4 Magnetization hysteresis loops of different Co,Fe; O,
spheres synthesized by solvothermal method at 200°C (sphere A),

o 300°C (sphere B) and 200°C with post-calcination at 700°C for
two hours (sphere C).

Fig.5 (a) presents the frequency dispersion of complex
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permittivity (e=¢’-je”) of composites containing 75% (weight
ratio) spheres and paraffin wax. As far as composite A and B are

concerned, the monotonically descending trend of the real part of

dielectric permittivity with frequency is evident. In particular,
most of the decrease occurs between 2 GHz and 9 GHz. The
imaginary part of composite A is higher than B in the frequency
range from 2 GHz to 10 GHz. Despite that, in the frequency
range of 10-18 GHz, the &” spectra of both composites are
similar. When spheres A were calcined at 700°C for two hours

(sphere C), the real part of permittivity shows an low value of

four. The dielectric constant of paraffin wax is 2.1-2.5, so the

actual dielectric constant of spheres C is much lower than as-
prepared. Also, the imaginary part of permittivity is near zero
indicating little dielectric loss. The real part represents the energy

15 stored during the dielectric polarization whereas the imaginary

one is correlated with the energy spent to align dipole moments
according to the oscillating electrical field. For microwave
absorption purpose, dielectric material should exhibit the highest
possible value of €” at the operational frequency. According to

20 the analysis, the dielectric property of spheres A is the best for

microwave attenuation and spheres C is the worst.

Table 1 the weight ratio and atomic ratio of elements (Co:Fe:O) in different cobalt ferrite spheres revealed by the EDS spectra in Figure
S1. The redefined molecular formula and the cobalt to iron atomic ratio in EG solution are also shown in the first and the second column

respectively.
Co:Fe in . . . . .
Redefined solution Co in sphere Fe in sphere O in sphere Nominal Co:Fe:O in sphere
molecular fo'rmula . Weight | Atomic | Weight | Atomic | Weight | Atomic
(synthesis Atomic ; . : . : . . .
temperature) ratio ratio ratio ratio ratio ratio ratio Atomic ratio
P (20 T ) T N 7 W 0 M B 20 W I 1)
COF6204 .
(2000C) 1:1 27.89 15.83 44.65 26.75 27.46 57.42 C01_11F61_8704_02
(spggfégiezzl(%tc) 1:2 22.60 12.86 50.22 30.16 27.18 56.98 CopoFe; 110500
CO%;B%?,ZC-ZJO“ 1:4 18.34 10.39 54.28 3246 | 2738 57.15 Coy73Fe; 704
F6304
(200°C) 0 0 0 65.55 35.28 34.45 64.72 Fey 470453
(sfh(?r?ge?égf‘c) 1:2 18.38 10.55 55.09 33.37 26.53 56.09 Co74Fe,3405.07
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Fig.5 Permittivity (a) and permeability (b) of composites

30 containing different CoFe; 04 spheres (75% weight ratio) and

paraffin wax.

Fig.5 (b) shows the complex permeability (u=p’-ju”) as a
function of frequency. According to Snoek’ limit,*' the real part

35 of the permeability p’ decreases with increased frequency and the
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a
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imaginary part of the permeability p” goes through a broad
resonance and decreases afterwards.' Their values are high within
megahertz frequency but low in gigahertz frequency range. The
value of W’ is the highest with composite B and the lowest with C,
which coincides with the static magnetic properties. When
magnetic loss is concerned, cobalt ferrite attenuates EMW by the
mechanism of magnetic hysteresis loss, domain-wall resonance,
and electron spin resonance. Considering the grain size in our
spheres and microwave frequencies, only the latter two
resonances take effect. There exists a peak around 2.5 GHz in
both real and imaginary part of permeability spectra. This can be
attributed to domain wall resonance.*? The resonance frequency,
which is sensitive to the grain size, is the lowest with composite
A (2.5 GHz) and the highest with C (8.8 GHz). For composite B,
the resonance frequency is a little higher than A (2.6 GHz).
Another broad peak appears at 14.5-17GHz with composite A
and B, and around 9.5 GHz with C. The peak may be ascribed to
spin rotational resonance, which is composition and structure
sensitive.*>>* The resonance frequency f is proportional to the
anisotropy field H, and can be expressed by the equation f =
yYHa/27, where g is the gyromagnetic ratio and H, is the crystal
anisotropy field.”**? H, can be described as Hy= 2K/poMs, where
K is crystalline anisotropy constant and K = 2.7x10° J/m® for
cobalt ferrite.** Cobalt ferrite possesses the highest anisotropy
constant and moderate Mg value in cubic spinel ferrites. The spin
rotational resonance should appear at a high frequency of 34.7
GHz. Actually our spheres are the mixture of cobalt ferrite and
magnetite. The calculated resonance frequency is not accurate
using the value of bulk material. There also exist some other

4 | Journal Name, [year], [vol], 00—00
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small peaks and the spectra fluctuate. In comparison with
composite B, A has a higher value of pu” in the 2-15 GHz range
and almost the same value in the 15-18 GHz range. The results
prove again Janis’ assertation that low density cobalt ferrite

s grains have a higher imaginary part of permeability.'" He also
concluded that both the real and imaginary part of permittivity are
higher for high density grains. This is not true with our samples.
The reason lies partly in the morphology difference between the
submicron spheres and the separate grains of ca. 45 nm. The

10 spherical structure composed of grains behaves like a “black
hole” to a certain degree when EMW transmits into it."”

microwave absorption properties of spheres

When used as an absorbent of radar EMW at centimeter
wavelength (2-18 GHz), the composite layer is located between

15 free space and metal plate. The input impendence Z;, of the
absorbent can be expressed by ®

. j2md
Zin = ZO\/z:r tanh [%\/srur]

where Z, is wave impedance of free space (376.7 Q), €, and , are
respectively the relative complex permittivity and permeability of

20 the composite medium, A is EMW wavelength in free space, and
d is thickness of composite layer. The reflection loss of the
composite can be calculated by the formula

Zin —Zo

ZintZo

R.L.= 20log
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Fig.6 Reflection loss of composites containing Co.Fe; Oy
spheres (75% weight ratio) fabricated at: (a) 200°C, sphere A, (b)

30 300°C, sphere B and (c¢) 200°C and then calcined at 700°C, sphere
C, and paraffin wax with various thickness.

Fig. 6 shows the reflection loss computed from the complex
permittivity and permeability of the composites which contain
different spheres (75% mass ratio) and paraffin wax. For
35 composite A in 1.5 mm thickness, the minimum reflection loss of
-31.330 dB occurs at 17.04 GHz and the frequency bandwidth of
less than -20 dB (99% absorbed) is between 16 GHz and an upper
limit exceeding 18 GHz. At the thickness of 2 mm, the magnitude
of absorbing peak reaches -41.089 dB at 12.08 GHz with 1.36
40 GHz bandwidth (less than -20 dB). For a 1.5 mm thick layer of
composite B, the minimum RL value of -22.906 dB appears at
15.6 GHz and the reflectivity of less than -20 dB is over the range
of 14.8 - 16.16 GHz. Increasing the thickness results in the shift
of absorption band to lower frequency field. For composite C,
45 microwave attenuation is mainly caused by magnetic loss and the
reflection value is greater than -7 dB. The three attenuation peaks
correspond to the p” frequency dependence profile and do not
move with absorber thickness. The results indicate that spheres A
dissipate the microwave energy more efficiently than the others.
so  To achieve better results in microwave absorption, the
impedance matching between free space and the composite
material should be fulfilled, i.e. Z;, = Z,. The requirement can be
fulfilled when the complex permittivity matches the complex
permeability at a particular frequency for a certain
ss thickness.'*'®3> The real parts of them may be much different.
So, the applicable solution is to increase both the imaginary parts
of complex permittivity and permeability. The reflection loss
formula indicates that when the real part of normalized input
impedance Z;,/Z, approach unity and the imaginary part of Z;,/Z,
e is close to zero, large reflection loss can be obtained. Table 2
shows the relative input impedance Z;,/Z, for different samples
when their reflection loss is the minimum. For composite A,
when the real part reaches the value 1, the imaginary part is very
low and the calculated reflection loss turns out to be much low.
s For composite B, when the real part approaches 1, the imaginary
part is a little high. The former increases with frequency and the
latter decreases until the optimal parameters are reached, but the
calculated loss is higher than composite A. Composite C is
similar with composite B in this respect. However, the
70 discrepancy towards ideal Z;/Z, is even bigger and the loss is
doubtlessly the highest one.

This journal is © The Royal Society of Chemistry [year]
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Table.2 calculated relative input impendance and the matching
parameters of the three composites when the reflection loss is the
minimum.

sphere/minimum loss

Zm/ZO
/frequency/thickness

A,-41.089dB, 12.08GHz, 1.01780092626113+0.0000258425611579741j

2mm
B’_lziﬁ(r)r?dB, 15.6GHz, 1.15405770955897+0.00534003050567181j
szﬁfnZSdB, 8.88GHz, 2.78055460454623+0.118730169950067]

XPS determination of cation sites and discussion

The spheres are further investigated by X-ray photoelectron
spectroscopy (XPS), which can identify and quantify elemental
composition and the chemical states of the detected elements,
even their local environments. The Cls binding energy of the
minor hydrocarbon contaminants in the vacuum is taken as 284.6
eV. ¥ To eliminate the charging effect, all binding energies have
been corrected with reference to it. Fig.7 (a) illustrates a broad
scan XPS spectrum (from 0 to 1100 eV) of different spheres
which confirming again the elements of iron, cobalt and oxygen,
similarly to EDS analysis. Furthermore, detailed 2p spectra of
iron and cobalt elements in different spheres are shown in Fig.7
(b) and (c). The peak heights are different as a result of scattering
effect created by the strength discrepancy of intrinsic magnetic
field. Their spectral envelopes are composed of two main peaks
corresponding to 2ps;, and 2p;, contributions. In Fig.7 (b), a
shake-up satellite is observed between Fe2ps, and Fe2p;,, peak in
spheres C spectrum and spheres A and B have no satellites
between them. The satellite is indicative of existing a-Fe,05.%8
Spheres C contain only ferric ion and the others comprise both
ferric and ferrous ions. On account of higher binding energy of
ferric than ferrous ion, a chemical shift can be discerned
comparing Fe2p;/, peak in spheres C spectrum with A. We do not
deconvolute the high spin Fe2p spectra through multiplet splitting
patterns because the binding energy complexity associated with
overlapping subspectra of ferric and ferrous ions. It is hard to
discriminate them qualitatively, much less determine their
location. Fig.7 (c) shows that the Co2p;, and Co2p,, main
binding energies are observed at 781.5 = 0.1 eV and 797.3 + 0.1
eV, respectively with their corresponding satellites.** The Co2ps,
satellite confirms the cobaltous ion, excluding the possibility of
trivalence state.**' As can be seen from Fig.7 (d) - (f), by using
least squares routine following subtraction of the Shirley
background, The envelope can be split into three components
with respective fixed binding energy, namely the octahedral site
location of cobalt ions at 780.6 eV, the tetrahedral site at 782 eV
and the satellite at 786 eV. In 2p"? spectrum, the binding energy
of cobaltous ion in tetrahedral site is reported 1.1 eV higher than
octahedral site.*” In our case, the binding energy shift in 2p>?
spectrum is 1.4 eV, similarly with reference [43]. Closer
examination of peak intensities in the three spectra does indicate
that the cobalt ions move from octahedral to tetrahedral sites. The
quantitive analysis based on relative peak areas show that 47.5%
cobalt ions locate in octahedral site in sphere A, 23% in sphere B
and 18% in sphere C. Thus the ferric ions migrate in the opposite
direction at a higher synthesis or calcination temperature.** Also,
ion exchange between ferrous and ferric ions happens in the same

way in spheres A and B because the cobaltous ions and the
ferrous ions have the same valence and nearly the same ionic
radii, which are 0.72 A and 0.74 A respectively in octahedral
coordination. Contrastively, it is smaller with ferric ion (0.645
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Fig.7 XPS spectra of (a) broad scan of different Co.Fe; Oy
spheres; (b) and (c) slow scan of Co and Fe elements; (d) - (f)

s Co 2p*?. Spectra of spheres A, B and C are fitted by Xpspeak41
software with a Shirley background subtraction and 80%/20%
Lorentizian/Gaussian peak shape.

Cobalt ferrite and magnetite have inverse spinel structure with

10 Fe*" ions equally distributed in tetrahedral interstitial sites (A site)
and octahedral interstitial sites (B site), and Co>" or Fe?" ions in B
sites. There are 8 A sites and 16 B sites occupied by metal cations
in addition to 32 oxygen atoms in a cubic unit cell. Its geometry
is shown in Fig.8. The dielectric and magnetic properties are
15 correlated to the distribution of the transition metal ions among
the cationic sites.*® In general, the complex permittivity in ferrites
is attributed to four types of polarization (interfacial, dipolar,
ionic and electronic).'? At gigahertz frequencies, only the third
and fourth polarizations prevail. In sphere A, which is composed
20 of small grains, most of Co*" and Fe?* ions occupy the octahedral
sites,**The distance between the cations in adjacent B sites equals
\2a/4 (0.2967 nm, a is the lattice parameter from CoFe,Oy,
a=0.8392nm, JCPDS 22-1086), which is smaller than the A-A site
distance v/3a/4 (0.3634 nm) and the A-B site distancev11a/8
25 (0.3479 nm).*** Also, the degree of covalency for B site cations
is known to be lower than that of A site cations.*”*® Electron
transfer is easy between Fe'" and Fe’' in adjacent octahedral
sites. The electrical conductivity and polarizability of mixed
ferrites are greatly enhanced.”® The larger the number of Fe*" <>
3 Fe®" ion pairs, the higher would be the dielectric constant, 44

w
&

75

In sphere B, some Co*" and Fe*" ions enter into the tetrahedral
site due to higher synthesis temperature. The ferric and ferrous
ions are partly separated. Yet sphere B still has more ferrous ions
in octahedral sites. So there is another affective factor, the
crystallinity of the sphere. Well-crystallized sphere are composed
of big crystallites which has few defects, such as surface dangling
bonds, oxygen and metal interstitials and vacancies, resulting in
small imaginary permittivity value. Even the slightest chemical
and physical change may have a dramatic effect on the dielectric
properties. So, the real and imaginary parts of dielectric
permittivity are lower for spheres B in comparison with A. At a
higher frequency of 9-10 GHz, the ionic polarization cannot
follow the variational electric field. The real and imaginary part
of permittivity change inversely. The complex permittivity
dispersions of spheres A and B show a fair resemblance beyond
this frequency due to contribution mainly from electronic
polarization. In spheres C, all the Fe*" ions are oxidized to Fe*"
and give rise to new material a-Fe,0;. Co®" ions locate mostly in
thermodynamically unstable tetrahedral sites and Fe*' ions in
octahedral sites.* The cation migration does render cobalt ferrite
crystal towards normal spinel structure. However, there exist no
Fe*" « Fe*" ion pairs and very few defects. The real part of
dielectric permittivity is low and the imaginary part is near zero.
In cubic ferrite spinels, the ferrimagnetic order originates from
the super exchange interaction between the metal ions in the
tetrahedral and octahedral sublattices. The magnetic moment of
Co**, Fe*" and Fe*" ion is 3 pg, 4 pg and 5 pg respectively (ug
herein is the Bohr magneton). Spheres B display better static
magnetic properties than A as a result of two contradicting factor.
One is the bigger crystallite size (multidomain) leading to a
decline of the saturation magnetization. However, Fe’" and Co**
location changes from octahedral to tetrahedral sites cause the
higher moment value per formula unit, which is the cancellation
result of two sublattices. Obviously, the second factor takes a
leading role. In another point of view, sphere A and B can be
taken as a mixture of cobalt ferrite and magnetite and the latter
displays higher saturation magnetization value than the former in
bulk material. Spheres B have more Fe*' ions and thus more
magnetite ratio than A. As for spheres C, paramagnetic hematite
makes the overall magnetic property worse although the cobalt
ferrite portion may improve its own magnetic property after
calcination.

Fig.8 Tetrahedral (in blue) interstitial positions (A site) and
octahedral ( in yellow-green) interstitial positions (B site) in a
crystal unit cell of cobalt ferrite.

This journal is © The Royal Society of Chemistry [year]
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In order to investigate the contribution of different microwave

Rl i — . T T R attentuation mechanism in composite A, the dielectric and
oal :A::an . ff“““““““mwf 1 magnetic dissipation factors (tan.SE = €”’/e’, tan dy = u”/H’) are
L A 20 calculated separately and shown in Fig. 9. Both the dielectric and

03 S B e i magnetic losses contribute somewhat to the microwave

w0 W RN s absorption. Dielectric loss factor is higher than magnet.lc loss in
S oz} s Ea“"” e the frequency range of 3 - 14 GHz. The total loss factor is large in
b LS the frequency range of 10 -18 GHz. Consequently, sphere A
0.1¢ : 25 shows better microwave absorption property in the second half of

X and Ku bands.'"** The matching thickness is low (1.5 - 2 mm).

005 4 6 8§ 10 12 14 16 18

The magnetocrystalline anisotropy constant of magnetite is
much lower than cobalt ferrite, which contains additional element
Fig.9 Frequency dependence of dielectric dissipation factor tan 5z, ~ cobalt. Sequentially the spin rotational resonance frequency is
magnetic dissipation factor tan 8y, and tan 8 + tan 8y of 3 reducgd. We can gd]ust 'th? band .Of minimum absorptlon by
composite A. changing cobalt ferrite ratio in the mixed ferrites. During the next

experiments, the cobalt to iron atomic ratio in the original
ethylene glycol solution were changed from the stoichiometric
1:2 to 1:1, 1:4 and 0. The EDS analysis shows that the fabricated
spheres are CoFe,0,, Cog;3Fe;,;04, and Fe;O4 respectively
(Table 1 and Figure S1), and Co, 3Fe, 704 contains more cobalt
ratio in spheres than in solution, indicating that the ferrous ions
reduced from ferric ions by EG are not sufficient. XRD and
FESEM characterization in Figure S3-S5 shows that all the
spheres are ferrites. The sphere is better crystallized for low
cobalt ratio, and magnetite is the best one. The crystallites are
calculated to be 16nm, 25nm and 39nm in size respectively. VSM
measurements show that the mass magnetization value is
T o o s s increased with decreased cobalt ratio and the coercivity field first
Frequency (GHz) ss increase and then decrease with descending cobalt ratio. The
complex permittivity and permeability are shown in Figure S6.

Magnetite, just as formerly described, display the highest real

0 Fr—— ] permittivity value because a lot of Fe?'«<s Fe*' pairs exist. Its
SW value (6-8) is lower than sphere A (9-12) because of the low
so pressure moulding in this batch of toroidal-shaped samples. Due

or N to similar reason, we find that sphere Co,73Fe;,,04 display
4 higher imaginary permittivity value than the others but is inferior
1] to sphere B (Cog4Fe;2604). For CoFe,O, sphere, there are no
} peaks in the dispersion curve of imaginary permittivity due to the
ss lack of Fe**<> Fe®" pairs. The magnetite sphere should exhibit
300 1 high imaginary permittivity value but actually does not because
T of high crystallinity. Interestingly, it exhibits high real and
Frequency (GHz) imaginary permeability value in the low frequency range because

of spin rotational resonance. The reflection loss for composite
containing nearly stiochiometric cobalt ferrite spheres (75% mass
ratio) is shown in Fig.10 (a) and the microwave absorption
property is not good. For Cog73Fe;,,04 composite, the lowest
reflection loss is -30 dB at 17.84 GHz and the frequency range
below -20 dB is calculated to be 0.96 GHz (Fig.10 (b)). For
magnetite composite shown in Fig.10 (c), the lowest reflection
loss is -38.773 dB at 4 GHz and the reflection loss below -20 dB
is in the range of 3.68 - 4.4 GHz. Both of the minimum loss
values are obtained when the composite thickness is 5.5mm.
I S A Though the properties are not good enough, we can prove the
Frequency (GHz) 70 hypothesis mentioned at the beginning of this section. The ratio

of cobalt in the ferrite not only affects the resonance frequency,

Fig.10 Reflection loss of composites containing Co,Fe;.,O4 but also change the crystallinity of the spheres, or defects, and
10 spheres (CoFe;04, (a), Cog73Fe; 2704, (b), and Fe;0,, (c), which ultimately the dielectric and magnetic property are tuned together
are all fabricated at 200°C for 24h, 75% weight ratio) and paraffin with the microwave absorption properties. Comparatively,
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wax with various thickness. s magnetite spheres (40% volume fraction in paraffin wax) in
reference [24] exhibit excellent performance (-45.2 dB) at 4.67

. . . . 14 .
Comparison of magnetic and dielectric loss contributions and GHZ and the r.nat.chlr%g thlckness Isa little low (4 mm). * Besides,
15 microwave absorption properties of spheres with different their sphere distribution is in a wide range of 200 nm — Ium. The
cobalt ratio magnetite spheres can be used in microwave absorption of C and

so the first half of X bands. There are other reports [13,15] about
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uniform magnetite spheres of 300 nm. The magnetic loss factor is
much bigger in the range of 2 -10 GHz and 16 -18 GHz.
However, the dielectric loss factor is small and the EMW
absorption capability is thus limited. Comparing with all the
CoFe; 04 spheres, sphere A features superb absorbing
performance, high frequency of absorbing band, and thin
thickness as a result of the synergistic effect of both losses. Its
property is correlated closely with the proper value of cobalt ratio
(0.9) in mixed spinels.

4 Conclusions

Co,Fe;_ Oy spheres, mixed spinels of magnetite and cobalt ferrite,
are synthesized in EG solution of stoichiometic cations at varied
temperature  (200°C, 300°C) and under post-treatment of
calcination at 700 °C. Comparison between 200 °C (CoggFe, 04)
and 300 °C (Cog74Fe;2604) synthesis reveals that at a higher
temperature: more ferric ions are reduced to ferrous ions and
some of the ferrous ions migrate from octahedral to tetrahedral
sites; the grains are bigger and the defects are greatly reduced; the
dielectric and microwave absorption properties get worse.
However, the static magnetic parameters, such as saturation
magnetization, retentivity and coercivity, are larger with 300 °C
synthesized spheres. After calcination, hematite emerges as a
result of cobalt deficiency and oxidization of ferrous ions. The
spheres display the highest coercivity and the lowest saturation
magnetization. The dielectric loss is little as a result of
disappeared Fe’«> Fe*" pairs and a decrease in defects. This
work also researches into the ingredient of cobalt on the
minimum reflection loss value of spheres and corresponding
frequency band, offering an alternative way to tailor the
microwave absorption properties of magnetite by introduction of
cobalt ions without altering the spinel structure. Most noteworthy
is, the cobalt ratio in mixed spinels can change the crystallinity of
the spheres and the dielectric properties. Among the spheres, the
CogoFe, 104 sphere exhibits the best microwave absorption
performance. More contribution of dielectric loss can be
appreciated than magnetic loss in the 3 - 14 GHz range. The
product derived from dual losses enable the non-stoichiometric
cobalt ferrite a promising microwave absorptive material in X
and Ku bands. The work explores the relationship of the sphere
fabrication condition, ingredients and structure towards its
microwave absorption property.
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Number of ferrous and ferric pairs in adjacent octahedral sites determines the real part of
permittivity.

Cobal ratio in mixed spinels determines the crystallinity or number of defects, and ultimately the
imaginary part of permittivity.

At higher synthesis or calcination temperature, some cobaltous and ferrous atoms migrate from
octahedral to tetrahedral sites.
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