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ABSTRACT: We report here the composition optimization
of Zn,Fe; ,O, hollow nanospheres for enhancing microwave
attenuation. Zn Fe;_,O, hollow nanospheres were synthesized
through a simple solvothermal process. The maximum
magnetization moment of 91.9 emu/g can be obtained at x
= 0.6. The composite filled with Zn,¢Fe,,0, exhibited the
bandwidth of 3.21-8.33 GHz for RL < —10 dB and a
maximum relative bandwidth (W, ,,) of 88.6% at optimized
thickness £, = 0.34 cm. The enhancement should be attributed
to the enhanced permeability resonance at high frequency.
This optimized hollow material is very promising to be used as
a mass efficient and broadband microwave attenuation
material.
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ith the rapid development and extensive utilization of

mobile electronic devices, the electromagnetic interfer-
ence (EMI) has become a problem in recent years affecting the
living and working environment. To reduce the influence of
EMI to certain locations, unwanted electromagnetic waves
should be shielded. The electromagnetic wave attenuation
(EMA) materials with the capability of shielding desired
electromagnetic signals are particularly interesting to this
purpose. To date, the most popular EMA materials include
carbon-based materials,"* magnetic metals,>™> ferrites,®” and
conducting polymers and foams.*” Among these EMA
materials, the ferrites have the relative better permittivity and
permeability properties, which result in the better impedance
matching and thus the broad bandwidth. During the past
decade, spinel ferrite nanoparticles have attracted intensive
attention because they exhibit some distinct magnetic proper-
ties compared to bulk counterparts and this allowed further
fine-tuning of the EMA material characteristics.''"  For
examples, Fe;O, nanoparticle composites synthesized by a
simple hydrothermal method exhibited a maximum reflection
loss of —21.2 dB at 8.16 GHz'?> NiFe,O, nanoparticles
synthesized by the polyacrylamide gel method and this ferrite
showed a maximum reflection loss of —13 dB at 11.5 GHz with
a —10 dB bandwidth over the frequency range of 10.3—13
GHz." It should be noticed that these ferrites have to be filled
into the EMA composites with a high content to achieve a high
reflection loss and a wide —10 dB bandwidth. It lowers the
overall mass efficiency of EMA composite and restricts the use
of ferrite nanoparticles in practical applications. One rational
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way to overcome this shortcoming is to lower the density of
these materials by making them hollow and/or porous. The low
density forms enable them to be filled into the EMA composite
with a higher mass efficiency. To date, the studies of hollow/
porous ferrite particles for the application in microwave
attenuation were very limited. Recently, it has been reported
that the synthesis of hollow magnetite nanospheres and using
them as fillers to prepare the EMA composites.'* The results
showed the good refection loss (RL) value at certain frequency
range, but the bandwidth with the RL value < —10 dB is still
very narrow. According to the Landau-Lifshitz—Gilbert (LLG)
equation,"® the key material parameters which determine the
dynamic magnetic properties of the soft ferromagnetic materials
are the magnetic anisotropy and saturation magnetization.
Therefore, in orderto achieve better microwave properties, the
higher saturation magnetization value (M) is necessary. In
addition, because of the coexistence of Fe** and Fe’' ions in
magnetite, the electron transfer between these two ions would
increase the permittivity value and result in the poor impedance
match.'® Therefore, here we demonstrate a strategy to improve
the EMA properties for the hollow magnetite by partly
substitution of Fe atoms with Zn atoms. The x value of
Zn,Fe; O, was optimized to achieve the best performance. The
attenuation performance shows the enhanced microwave
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attenuation and a wide bandwidth (RL < —10 dB) as compare
to pure magnetite. It is expected that this Zn Fe; ,O, hollow
nanosphere can be used as a mass efficient EM attenuation filler
for a wide GHz range.

Figure 1 shows representative SEM and TEM images of as-
synthesized Zn,Fe; ,O, (here x = 0.6). It shows that as-
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Figure 1. (a) Low-magnification and (b) high-magnification SEM
images of the Zn Fe;_ O, hollow nanospheres (x = 0.6). The inset of a
is particle size distribution and the inset of b is a TEM image of a
Zn,Fe;_,0, hollow nanosphere (x = 0.6).

synthesized Zn,Fe; O, is spherical with an average diameter of
400 nm. The inset in Figure la shows the histogram of the
particle size distribution. The SEM and TEM images of as-
synthesized Zn,Fe; O, (here x = 0, 0.2, 0.4, and 0.8) are
shown in Figure S1 in the Supporting Information. It shows
that the morphology and particle size remained unchanged as
the composition varies. Figure 1b shows a broken sphere. It
indicates that the spheres are hollow interior and the wall
thickness is around 100 nm. The hollow structure is further
confirmed by TEM (shown in the inset of Figure 1b). The
intensive contrast between the black margin and the bright
center of the particles confirms the existence of hollow
structures in the resulting spheres. More detailed information
on the synthesized Zn,Fe; O, hollow spheres were also
investigated through the high-resolution TEM (HRTEM)
analysis which is shown in the Supporting Information (Figure
S2). All the prepared hollow Fe;O, nanospheres with different
amounts of Zn doping can be confirmed to the cubic-structured
spinel phase (JCPDS No. 85—1436) through the XRD analysis
(Figure S3 in the Supporting Information). The actual ratios of
Zn to Fe of as-prepared Zn,Fe; ,O, nanospheres were
determined by EDS (shown in Figure S4 in the Supporting

Infomration). The composition of each sample was obtained by
averaging at least six measurements in different areas and under
different magnifications. The result confirmed that the ratios of
Zn and Fe are maintained as the feeding ratios of Zn and Fe
precursors. Figure S5 in the Supporting Information shows the
Raman spectra of Zn Fe;_ O, samples with x = 0 and 0.6 at
room temperature and the recorded range is from 200 to 800
cm™. In this region, the cubic AB,O, spinel structure shows
five active Raman modes (A;; + E+3Ty). It is generally
accepted that the modes above 600 cm ™' can be assigned to the
A, symmetry, which is related to motions of O in tetrahedral
AO4 groups.'” For the x = 0 sample, the single peak at ~690
cm™"' should be due to the corresponding oxygen vibrations
against iron. For the x = 0.6 sample, the split A;, mode
indicates the coexistence of two AO, groups, A being either Zn
or Fe. According to the previous study,'® the Raman mode
peaking at ~650 cm™' is attributed to the oxygen breathing
vibrations against zinc. Thus, it is clear that the zinc ion have
been incorporated into the spinel ferrite.

Figure 2a and b shows the magnetization hysteresis curves of
Zn,Fe; O, spheres at room temperature and the Saturation
magnetization (M,) and Coercivity (H,) values as a function of
Zn substitution amounts (x), respectively. It is clearly shown
that both M, and H_ are strongly dependent on the doping
amounts of Zn ion (x). With increasing Zn content from x = 0
to 0.6, the M, value increases from 84.5 to 91.9 emu/g and
when the Zn content further increases to x = 0.8, the M, value
sharply decreases to 77.7, which is even lower than the
prepared Fe;O, samples without Zn doping. The initial increase
in M with increasing Zn content may be attributed to the
cation distribution among A and B-sites in the spinel structure.
For spinel ferrite, the origin of net moment in a unit formula is
from the arithmetic difference between the magnetic moments
at A-sites (upward) and at B-sites (downward)." Because the
nonmagnetic Zn>* ion which preferentially occupies A-site™
will replace the magnetic Fe** ions in A-site. The increase in the
net magnetization between A- and B-sites (up to x = 0.6)
results in the increased M, value. The decrease in M for x > 0.6
may be associated with a change for the dominant super-
exchange interaction from A—O-B (exchange interaction
between the magnetic moments at the A and B sites) to B—
O—B (exchange interaction between the magnetic moments at
B sites). At a certain critical doping level (x = 0.6 in this case),
the B—O—B superexchange interaction becomes dominant and
it is well-known that in spinel ferrites, the A—O—B exchange
interaction is much stronger than the B—O—B and the A—O—A
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Figure 2. (a) Hysteresis loops of Zn Fe;_,O, hollow nanospheres measured at room temperature. (b) Dependences of Saturation magnetization

(M,) and Coercivity (H,) on the Zn substitution content (x).

21912

dx.doi.org/10.1021/am5075612 | ACS Appl. Mater. Interfaces 2014, 6, 21911-21915



ACS Applied Materials & Interfaces

(a) 20
18
16

(c) 0
)
Z
(7]
(7]
o
-
S
= -304
g ——3mm
% ——3.5mm
4mm
& -40+ 4.5mm
S5mm
-50 T T T T

2 4 6 8
Frequency (GHz)

10

o
oA
(7]
(7]
[+
-
s
= -304 ) i
g ——3mm I
= ——3.5mm V
4mm |
m - N d
40 4.5mm i
5mm
'50 T T T T

(b) 5

E\ 4+ ! w'(x=0.6)

;: g W(x=0)

@ 34

E

3 5

o %

3 29 Y, W(x=0)
2 .

g b
o 14 '

2 4 6 8
Frequency (GHz)

10

Figure 3. (a, b) Complex permittivity and permeability curves of the silicon resin composites filled with 35 vol % of hollow magnetite and
Zn,Fe, ,0, nanospheres and (c, d) the calculated reflection loss (RL) for these two composites.

interactions,”’ thus the change from A—O-B to B—O-B
superexchange interactions will cause the rapidly decrease in
the total magnetic moment. Meanwhile, the H_ value decreases
slightly with increasing Zn>* content up to x = 0.6, whereas it
gives a sharp decrease with further increasing the Zn>" content
to 0.8. The decrease in H, should be attributed to the weakened
A—O-B superexchange interaction when the Zn®* doping
amount is below x = 0.6. And the sharply decrease after the
doping amount of x = 0.6 is also due to the change from A—
O-B to B—O—B superexchange interaction.

According to the Globus equation y; o (M2D/ (K,)Y?), the
higher saturation magnetization (M), larger grain size (D), and
lower magnetocrystalline anisotropy constant (K;) may
contribute a higher complex permeability. On the basis of the
static magnetic results, Zn,Fe; O, spheres with x = 0 and 0.6
(highest M value) were chosen as the filler to mix with silicon
resin for microwave measurement. The acquired electro-
magnetic parameters (¢, €”, p', and y”) of as-measured
samples in the frequency range of 0.05 to10 GHz are shown in
Figure 3a, b. For both of composites, the relative permittivity
(&', €") are almost constant in the whole frequency range. The
€' and €” values of the x = 0 composites are around 12.3 and
0.0S, respectively. And a slightly decrease in the &’ value can be
found for the composites with the Zn doping amount of x =
0.6. This slightly decrease can be understood by the reduction
the amount of Fe** ions after the substitution of Zn>' ions
according to the expressed chemical composition of
Zn** Fe*ty_gFe¥ g 0Fe’'y 1_x)02_4.22 In that way, the
electron transfer between Fe’* and Fe** can be depressed,
which results in the lower permittivity value. The permeability
spectra in Figure 3b show the obviously different trends for
these two kinds of composites. For the x = 0 composites, a
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single resonance peak can be observed. The y’ value decreases
sharply when the frequency is above 1 GHz. Meanwhile, the p”
starts to increase, then reaches a maximum value of 1.21 at 3.05
GHz and finally decreases slowly to almost 0.5 at 10 GHz. For
the x = 0.6 composites, two obviously resonance peaks exist in
the measured frequency range. Two peaks of the imaginary part
of permeability appear at 0.75 and 3.18 GHz and the maximum
u” value is about 1.43, which is higher than x = 0 composites.
The mechanism for the appearance of these two resonance
peaks after Zn doping could not be well understood at this
moment. Possible e?lanations are as follows: According to the
Srivastava’s theory,” the permeability spectrum is related to
domain structures. The resonance peak at low frequency (<1
GHz) should attribute to the domain wall resonance. The
resonance peak at high frequency (>1 GHz) should attribute to
the nature resonance. Due to a higher magnetocrystalline
anisotropy (K;) for Fe;O, (x = 0) samples, the domain wall
resonance may be restrained. However, after Zn doping, the
magnetocrystalline anisotropy (K;) will be decreased, which
may recover the appearance of domain wall resonance. Further
investigations need to be done to confirm this possible
mechanism in future.

Figure 3¢, d shows the calculated dependence of reflection
loss (RL) on frequency with various thickness t for the silicon
resin composites with 65 wt % Fe;O, (x = 0) and Zn, sFe, ,0,
(x = 0.6) hollow spheres, respectively. It is clearly shown that at
the same thickness, the Zng4Fe,,0, composites have lower
reflection loss and broader bandwidth for RL < —10 dB as
compared to the pure Fe;O, composites. Another important
parameter is the frequency band of EM attenuation composites.
In general, percentage bandwidth, W, is defined as (f,, — fiow)/
fo X 100% where f,, and fi,,, are the frequency upper and lower
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Figure 4. (a) Dependence of percentage bandwidth W, on thickness  for composites with hollow magnetite and Zn ¢Fe, 40, nanospheres as fillers
and (b, c) the predicted RL-f curves at optimum thickness for Zn,Fe,_,O, hollow spheres with (b) x = 0 and (c) 0.6.

limits of the bandwidth for a give reflection loss (such as RL <
—10 dB) and f, is the center frequency for the bandwidth.**
Figure 4a shows the dependence of the percentage bandwidth
W, for RL < —10 dB on the thickness ¢, which is obtained from
the corresponding RL—f curve. For both of composites, with
increasing the thickness ¢ from 0.1 to 0.8 cm, W, rapidly
increase at first to reach the maximum and then slowly
decreases. Commonly, the maximum W, is marked with W), ...
and the corresponding thickness is known as the optimum
thickness. Figure 4b, c show the RL—f curves at to for these two
kinds of composites. For x = 0 composites, the frequency band
for RL < —10 dB is from 4.51 to 8.66 GHz and W, ,,,, is about
63.1% at the optimum thickness of £, = 0.30 cm. But for x = 0.6
composites, the band for RL < —10 dB is from 3.21 to 8.33
GHz and a maximum relative bandwidth W, .., of 88.6% is
achieved at ¢, = 0.34 cm. The W, ,,, for the x = 0.6 composites
is expanded by 25.5%, as compared to the x = 0 composites.
Meanwhile, the x = 0.6 composites also show the enhanced RL
value of —18 dB, which is lower than —12 dB for the x = 0
composites. It is well-known that two key factors that
determine the RL values and the bandwidth: (1) the incident
microwave that can transmit into the materials with minimum
reflection and (2) the materials that can effectively attenuate
the microwave transmitted into the composites.To allow the
incident microwave transmit into the materials instead of
reflecting back to the space, the material should have an
impedance matching with that of free space, i.e., the material
should have close values of permittivity and permeability. To
achieve effective attenuation, the high magnetic/dielectric loss
is required.'®*® In our case, the decrease in complex
permittivity and the increase in complex permeability lead to
the closer values of the two and thus a better impedance
matching. The increased magnetic loss results in a better
attenuation. Thus, the enhanced RL and broader bandwidth
should be attributed to the increased complex permeability and
decreased complex permittivity for the Zn-doped Fe;O,
samples. Therefore, Zn Fe;_ O, hollow spheres obtained in
this work are attractive candidates for lightweight and
broadband microwave attenuation materials.

In summary, we optimized the composition of Zn,Fe; O,
hollow spheres for enhancing electromagnetic wave attenu-
ation. With increasing the Zn amount from x = 0 to x = 0.8, the
M value increases at first and then dramatically decreases, the
maximum value of 91.9 emu/g can be obtained at Zn content
of x = 0.6. As compared to the Fe;O, samples without ZnO
doping, the composites filled with Zn content of x = 0.6
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samples shows the enhanced reflection loss and broader
bandwidth for RL < —10 dB. The bandwidth for RL < —10
dB can cover from 3.21 to 8.33 GHz and a maximum relative
bandwidth (Wp,max) of 88.6% is achieved at optimal thickness #,
= 0.34 cm. It is expected that this optimized hollow materials
can be used as a mass efficient and broadband microwave
attenuation materials.
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Experimental details, SEM and TEM images of the Zn Fe; O,
hollow nanospheres, SAED pattern and HRTEM image of the
Zn,Fe, O, (x = 0.6) hollow nanospheres, XRD patterns of
obtained hollow magnetite nanospheres with different Zn
substitution, EDS spectra and measured compositions of the
Zn,Fe,;_, O, hollow nanospheres, and Raman spectra of the
Zn,Fe,;_, O, hollow nanospheres. This material is available free
of charge via the Internet at http://pubs.acs.org/.
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