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ABSTRACT

The phase transition process of the MnO, phase with increases in Co?* doping can be described by the Ouroboros symbol. The
undoped sample is pure 6-MnO, with nanosheets structures. Then a small amount of Co®* ions changes the final products and
generates a-MnO. nanofibres in the 6-MnO. matrix. The products become pure a-MnO, with an appropriate amount of Co added.
However, when the Co amount continues to increase, the amount of a-MnO; decreases in the products and turns back to form pure
8-MnO: in the end. Analysing the electromagnetic absorption performance, the relationship between the properties and the proportion
of 8-MnOx/a-MnO; in the powders adjusted by Co®" doping has been explored, and the composites of 6-/a-MnO, show better
absorption ability than the single-phase samples. As a result, the optimal reflection loss (RL) is —54.8 dB, and the effective absorption
bandwidth can cover the Ku band at a thickness of 2.2 mm and the X band at a thickness of 3.1 mm with 50 wt.% filler loading ratios.

This research might shed new light on the improvement of novel microwave absorption materials.
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1 Introduction

Due to the advantages of having a low cost and being nontoxic,
along with flexible crystalline phases and morphologies and
great physical and chemical properties, manganese dioxide
(MnO:) has been studied for energy storage systems, catalysis,
sorption treatment and microwave absorption [1-4]. There are
some studies on the relationship between the morphologies
of MnO; and absorption performance. MnO, nanofibres with
smaller diameters have preferable absorption capability, and
special structures, such as hollow microspheres and hollow
urchinlike nanostructures, can improve the microwave absorp-
tion properties to some degree [5-7]. However, there are few
studies on how the phase structure of MnO; affects its wave
absorption performance. It is very important to clarify the
structure-activity relationship between the phase structure and
its wave absorbing performance for the design of material
structure and optimization of wave absorbing performance.
Doping has proven to be an effective strategy to improve the
absorbing performance through permanent dipolar polarization
and doping magnetic ions, which can enhance the magnetic
properties of samples [8—12]. Cobalt (Co), a kind of magnetic
transitional metal element, is usually studied as a doping atom
for metal oxides, such as NiO, Fe;Os, Fe:03, ZnO, and Mn;Os,
and Co doping can influence the structural, magnetic and
optical properties of the samples [13—19]. It has been confirmed
that the introduction of Co can broaden the microwave
absorption bandwidths of cryptomelane (a-MnO:), and its

maximum reflection loss (RL) can reach —40 dB, with a thickness
of 2.5 mm [20]. Co-doped Mn;Os reached a maximum RL of
—24.0 dB at 4.8 GHz with a thickness of 4 mm [21]. In our
previous research, Co doping effectively enhanced the absorption
performance of a-MnO:; [22]. However, these studies focused on
the influence of lattice distortion after doping but did not refer
to phase transition. From many reports, -MnO: is not a stable
phase. Ya Chen et al. [23] discovered spiny-fibre morphology
in Co-doped MnOQ.. Liu et al. [24] studied MnO; as a catalyst
which induced partly transformation of §-MnO: to a-MnO; in
the reaction. The phase transition is a complex process, and
the relationship between phase transition and performance is
a deserving field of research [25, 26].

In this paper, accurate regulation of MnO; phase crystallinity
was realized by controlling Co content. The mechanism of
phase crystallinity has been systematically studied, and the
absorption performance of Co-doped MnO: with varying
phases is investigated for 2—-18 GHz. This study makes up for
the gap in cation-caused phase transitions of MnO..

2 Experimental section

2.1 Synthesis of Co-doped MnO:

All samples were synthesized by the hydrothermal method.
The synthesis procedure can be described as follows. First,
KMnO; (36 mmol) was added to 100 mL distilled water with
stirring until it dissolved completely. Then, the MnSO4-H,O
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(6 mmol) and CoSO+7H,O (x mmol) were added into distilled
water (25 mL). Then, the KMnO solution was dropped into
the mixed solution over a period of 30 min under continuous
magnetic stirring. The homogeneous solution was transferred
into a Teflon-lined stainless-steel autoclave and reacted at 180 °C
for 24 h. Then, the obtained product was rinsed with distilled
water several times to remove the undesired soluble ions, and
the precipitate was dried at 110 °C for 24 h. The samples were
marked as Cx, where x represented the Co millimolar weight.

2.2 Characterization

The crystal structures of the as-made powders were determined
by X-ray powder diffraction (XRD, EMPYREAN) analysis with
Cu Ka radiation. The morphology, shape and size of the samples
were tested with field emission scanning electron microscopy
(SEM, SUPRA55) and transmission electron microscopy (TEM,
TECNALI). The surface oxide states of the samples were measured
by X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
250XI). The existence of elements in the samples was confirmed
by X-ray fluorescence spectrometry (XRF, SHIMADZU). The
relative complex permittivity versus frequency was determined
by coaxial refection/transmission using an Aglient 8722ES
vector network analyser in the frequency range of 2-18 GHz. A
sample containing 50 wt.% of the obtained products was
pressed into a toroidal-shaped mould with an outer diameter
of 7 mm, an inner diameter of 3 mm, and a thickness of 2 mm
for microwave measurement, with paraffin wax used as the
binder. The electrical conductivity of the samples was tested
by an RTS-9 model four-point probe.

3 Results and discussion

A series of experiments were carried out to determine the
phase transition mechanism when varying the content of Co**
added into the reaction solutions. In the SEM pattern (Fig. 1(a)),
the undoped sample (C0) showed cabbage-like microspheres,
which were assembled by MnO: nanosheets. The diameter of
the microspheres was approximately 600 nm, and the average
thickness of the nanosheets was approximately 15 nm. In the
TEM image (Fig. S1 in the Electronic Supplementary Material
(ESM)), the microspheres linked with each other to form
irregular structures. The lattice fringes 0.35 and 0.24 nm
corresponded to the interplanar spacing of (006) and (012) of
8-MnO:, respectively [27]. Combining the FFT analyses and
the XRD pattern (Fig. 1(b)), CO can be assigned to the hexagonal
8-MnO: (JCPDS No. 86-0666). When Co*" was added to the
reaction solution, nanofibres appeared in the samples C2 (Fig. S2
in the ESM) and C4 (Fig. 1(b)), while XRD patterns could not
capture the changes, it still indicated a 8 phase with no impurity
peaks. To identify the phase of the nanofibres, TEM was
performed. In the TEM images of C4 (Fig. 3), the nanofibres
had rough edges. The diameters of the nanofibres ranged from
20 to 50 nm, and several fibres tended to grow as bundles to
reduce the surface energy. The corresponding FFT showed a
single-crystal diffraction pattern and confirmed the results
that the phase of the nanofibres was completely different from
that of the nanosheets. The lattice fringes 0.48 and 0.27 nm
of the nanofibres corresponded to the (200) and (101) planes
of a-MnO, respectively [28]. According to the XRD patterns,
a-MnO: in C2 and C4 were not detected, because the con-
centration of a-MnQ. was below the detection limit of the
instrument.

As Co increased, the content of nanowires continued to
increase, and the shapes of the nanosheets tended to collapse
and the a-MnO: was detected by XRD (Fig. 2, C6). When the
doping content was increased to 8.5 mmol, the morphologies
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Figure 1 The SEM images of (a) CO0, (b) C4, (c) C6, (d) C8.5, (e) C15,
and (f) C20.

Intensity (a.u.)

260 (°)
Figure 2 The XRD patterns of the undoped and Co-doped MnOs..

were pure nanowires. The diameters of the nanowires were
approximately 60 nm, which were thicker than the nanofibers
(~ 20 nm) in previous samples. The nanowires were several
micrometres in length and several of them assembled as
bundles. The nanowires twisted with each other and formed
trapping centres. The XRD pattern of C8.5 was assigned to
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Figure 3  (a) The regular TEM image of C4. (b) HRTEM image of nanosheet in C4. (c) HRTEM image of nanofibres in C4 and the corresponding FFT.

a-MnO: phase (JCPDS No. 41-0141) [29]. With increasing
Co® content, the number of nanowire structures decreased
and the nanosheets no longer assembled as spheres but had a
looser structure. According to the XRD results, C10 and C15
were still the mixture of the a and § phases. When the doping
content reached 20 mmol, rose-flower-like microspheres were
assembled by a number of independent petal-nanosheets.
From the XRD results, the peaks matched well with §-MnO.
with no extra peaks, and the intensities of the main peaks
became stronger than C0, which indicated that C20 was pure
0-MnO: with good crystallization. The crystalline phase was
transformed by changing the Co doping content.

When the doping content was larger than 8 mmol (x > 8),
the microspheres composed of nanosheets were not assembled
to be as compact as those in Cx (x < 8), which was due to the
high ionic strength in the solutions. There was a different
self-assembly mechanism in the two different conditions.
Particles in low ionic strength solution realigned themselves
and would not be fixed until they reached a low free energy
state [30, 31]. In the course of the experiment, when more
than 8.5 mmol CoSO: was added, the colour of the solution
after the reaction was orange, which indicated that there was
an amount of Co* ions in the solution. Therefore, in high
Co®" solutions, the nanosheets were fixed in the initial stage so
that the microspheres could not obtain a compact structure.
Fortunately, due to the incompact structure, there existed
broken microspheres, which revealed the microspheres own
hollow structures, as shown in Fig. 1(f), which was due to the
Ostwald ripening process [32].

The results of XRD were combined (Fig. 2), and the variations
in the nanowires were consistent with the content changes in
a-MnO:. The two peaks 18.1° and 28.7°, which corresponded
to the a-MnO: phase, appeared in C6—C15, and the intensities
of the peaks first increased and then decreased. The a-MnO;
could not be detected clearly in C2 and C4 by XRD due to
its low concentration. The phenomena of phase transition
occurring, along with the amount of doping, are similar to
those of the Ouroboros - the crystalline phase finally turns
back to the starting point.

XPS was carried out to obtain information about the chemical
state and composition of the surface situation of the samples.
The samples of C4, C8.5 and C20 were subjected to the XPS
test, and the results are shown in Fig. 4. In Fig. 4(b), the curves
of Co were detected, which indicated that the metal ions had
successfully doped into the MnO. crystal. The binding
energies at 779.5 and 794.5 eV were assigned to Co™, and the
binding energies at 780.4 and 795.3 eV were assigned to Co*".
After analysis of the curves, nearly all the ions in C4 were Co™,
and in C20, they were all Co®* ions. In C8.5, the value of the
Co 2p 3/2 peak was 779.9 eV, and the 2p 1/2 peak was 795.0 eV,
which indicated there was a co-existence between Co(II) and
Co(IIT) [33], and the Co*" was not oxidized completely. The

XPS spectra of O 1s are shown in Fig. 4(c). The binding
energy of 529.7 eV was assigned to the lattice oxygen, and
531.1 eV was assigned to the surface adsorbed oxygen. As the
Co ions doped into the MnO;, the binding energy of O 1s
moved to a higher value, which indicated that the Co** doping
enhanced the stability of the MnO.. Figure 4(d) shows the Mn
2p peaks from the samples. The spin-energy separation was
11.8 eV, which indicated the existence of MnO: [34]. The
peaks at 642.6 and 641.3 eV were assigned to the surface ions
of Mn*" and Mn*, respectively. In CO and C4, Mn?** existed
(the purple lines in Fig. 4), while in the high-doped samples,
there was no peak for Mn?**. Overall, the values of binding
energy increased as the doping content increased, which
represented a higher oxidation ability of Mn.

XRF was carried out to analyse the content of elements in
the samples, and the results are shown in Table 1. As the Co
content increased, the actual Co content in the samples increased.
There was no obvious correlation between the decrease in Mn
content and the increase in Co content. There was no evidence
that Co ions replaced the Mn in the MnO,, and combined
with our previous work, the more favourable doping positions
were in the (2 x 2) tunnels of the a-MnO: or the interlayer
of §-MnO: [35]. Among the samples, the content of Mn was
regarded as a constant, and the relative contents of K were
described as the value of K/Mn. As the increases of Co content,
the relative content of K decreased firstly and then increased,
and reached the lowest point for C8.5. Because C8.5 was pure
a-MnO; with the tunnel structure where limited doping sites
existed, as the Co doped, doping sites left for K became fewer
which resulted in the lowest content of K in C8.5 among the
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Figure 4 (a) XPS survey spectra of C0, C4, C8.5 and C20. The high-
resolution XPS spectra for the element (b) Co 2p, (¢) O 1s and (d) Mn 2p
of C0, C4, C8.5 and C20.
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Table 1 XRF analysis results of C0, C4, C8.5, C12 and C20, where the

major elements are the Mn, O, K and Co doping ions

Sample Mn (%) 0O (%) K (%) Co (%) K/Mn
Co 35.00 54.30 10.70 0.31
C4 32.05 53.76 10.03 4.16 0.31

C8.5 32.14 53.22 6.12 8.52 0.19
Cl12 30.70 51.75 6.85 10.70 0.22
C20 30.46 48.13 8.28 13.13 0.27

samples. With an increased Co content, the contents of K and
Co both increased. These results demonstrated that §-MnO:
contained more doped ions than a-MnOs.

To obtain the expected products, it was important to
determine the growth mechanism of Co-doped MnO:.. Figure 5
is a schematic illustration of the crystal forms and morphological
changes. In reaction solution, KMnO, oxidized Co** to Co™,
and KMnO: was reduced to {MnQO,}. The Co** could not exist
as ions in the aqueous solution, so the complexation reaction
occurred, and a complex of Co**{MnO.}s formed. In the
complex, the Co* ions were four-coordinated in a square
planar. The complex formed the 2 x 2 tunnel structure, and
Co ions occupied the centre of the tunnel. Based on the
complex, Co® ions were used as permanent templates, and the
crystal then grew in the c direction, which generated a-MnO..
When the doping content was low, the cobalt ions enrichment
zone formed a-MnO, and the samples showed a mixture of
nanofibre-a-MnO: and nanosheet-§-MnO,. When the appro-
priate amount of Co** was added to the solution, 8.5 mmol,
the products were a-MnOs,.

When the Co® ions were excessive, there was not enough
oxygen to oxidize all of the Co*". In addition, Co* ions could
not stably exist in the aqueous solution, and the complex
Co’"{MnO.}+ became unstable; instead, the complex with Co**
as the centre was generated. A great deal of complex centred
on Co** existed in the solution and compared to the Co’*-O,
the Co**-O bonds had longer bond lengths. On the other hand,

Nano Res. 2020, 13(1): 95-104

perfect crystal, the square edge length of the tunnel section
was 3.610 A in a-MnO,, while in §-MnO, the distance between
O from the adjacent layer was 5.051 A, and the variation was
nearly 40%. The longer bond length of Co**-O, compared to
that of Co’*-O, was one of the main factors. According to the
XRD, the (003) and (006) peaks of C20 moved towards the
right side slightly and pointed to a higher 26 than CO0, which
indicated that the doped 6-MnO. had narrower interlayer
spacing (Table 2). In our previous research, Co-doped 6-MnO,
was explored by theoretical calculation, where Co doping
was proven to decrease the lattice constant in the c-axis [35].
The doped Co contracted the crystal by pulling the lattice O
so that there were decreases in the c-axis of the crystal. At the
same time, this contraction made it possible for a to transform
into the § form. On the other hand, the layered structure of
0-MnO: made it possible to carry more ions. Therefore, the
nanowires began to collapse and generated layer-form structures
with excessive cobalt ions. As the doping content increased,
the nanowires decreased until they disappeared. In contrast to
pure 8-MnOs, the interlayer ions of new §-MnO: were K* ions
and Co®" ions.

With the combined experimental results, the mechanism of
phase transition can be explained as follows. The Co*" ions in
the reaction solution controlled the growth of MnO.. Adding
the proper content of Co* (8.5 mmol), Co** was oxidized
by KMnOs and generated Co™, and then the Co® acted as a
template to form a-MnO:. Due to the instability of Co®*, when
excessive Co** (20 mmol) was added to the solution, Co** ions
were replaced by Co*", and the structure of the Co**{MnO.}4
complex collapsed; thus, the a-MnO. became the unstable
structure, and the 8-MnO: with Co*" in the interlayers became
the stable structure again. During the nodes, the products were
a mixture of 8- and a-MnO,, and its proportion was controlled
by the Co** content.

Table 2 The d(003) and d(006) of CO, C20
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Figure 5 The final product is pure §-MnO:, the proper Co** ions lead the product to transform to a-MnO,, and the excessive Co** system generates

Co0-6-MnO..
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From a previous report, a-MnO; always showed a high RL
but a narrow effective bandwidth (EB) due to a low impedance
matching performance [6, 22]. The nanosheets of 6-MnO; that
were assembled by nanosheets were an excellent morphology
for absorbance [36]. The lamellar structure of §-MnO,
contained more doped magnetic ions, which was beneficial to
enhanced magnetic loss and improved impedance matching,
but the dielectric performance of §-MnO; was poor. Therefore,
a composite of a-MnO; and §-MnO, was expected to incorporate

both merits to generate a great absorber. Meanwhile, the
proportion of a-MnO: and §-MnO. was adjusted by the Co
doping content. The samples were mixed with wax to form
composites via a hot-press process, and their absorbing pro-
perties were tested. The filler loading ratios of samples were
50 wt.% for all samples. To investigate the electromagnetic
absorption properties, the RL of the samples were calculated
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by the transmit line theory
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where Zi is the normalized input impedance, & is the complex
permittivity, y: is the complex permeability, d is the thickness
of the absorbing layers, and ¢ is the velocity of light in free
space. The 3D plots of the RL of samples vs. the frequency and
thickness are shown in Fig. 6. The absorptive capacities of the
samples are shown in blue, and darker colours represent high
performance. When the RL value was lower than —10 dB, it

indicated that the sample can eliminate 90% electromagnetic
wave, which is generally defined as effective absorbing, the
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bandwidth in which the RL value of every point maintains
lower than —-10 dB is called effective microwave absorbing
bandwidth [36-40]. A proper absorber demands low RL value
and broad EB with a thin thickness. As shown in Fig. 6,
the samples C0O, C2 and C20 could not achieve effective
absorption within the scope of the study (2-18 GHz, 1-6 mm).
The other samples achieved effective absorption at 2-18 GHz.
Considering the maximum RL and EB (Fig. S3 in the ESM),
the performance of the samples was first improved and then
worsened as the doping content increased.

Figure 7 shows 2D images of the samples that can reach the
effective absorbing value (RL < —10 dB) in the frequency range
(2-18 GHz), with thicknesses in the range of 1.0-6.0 mm.
As the thickness increased, the absorption peak moved to a
lower frequency. The relationship between frequency with
the maximum RL value and its matching thickness obeys the
quarter-wavelength equation

nl nc

Where tn is the thickness of absorber, fu is the peak frequency,
A is the wavelength at fn. & and p: are the complex permittivity
and permeability at fun. For a single-layer microwave absorber,
interference cancellation would occur at the corresponding
thicknesses, as a result, that would usually cause lower RL
values. The simulated thicknesses are shown as violet lines in
Fig. 7 and agreed well with the calculated results. The maximum
RL of C6 was —48.78 dB, it achieved effective absorbance in
the Ku band with a 2.2 mm thickness. The maximum RL of
C8.5 was —15.37 dB, and the maximum EB of C8.5 was 5.12 GHz
from 12.88 to 18 GHz. The EB of C10 was 5.92 GHz from 12.08
to 18 GHz, with a 2 mm thickness. For C12, the maximum value
of RL was —54.8 dB at 11.44 GHz with a thickness of 2.7 mm;
it also realized effective absorption in the Ku band at a thickness
of 2.2 mm and in the X band at a thickness of 3.1 mm. Overall,
C6 and C12 showed the best performance and reached effective
absorption in the Ku and X bands, which indicated that the
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composites of a-MnQ; and §-MnO: had better absorbing ability
than a single phase. From Fig. 6(b), at the same thickness,
as increases of Co doping the matching frequencies of
samples shifted to the lower frequency firstly and then to the
higher frequency, which were determined by the changes of
electromagnetic parameters.

To determine the absorption mechanisms of the samples, the
complex permittivity (e: = ¢’ - je") and complex permeability
(pr = p' - ju") were investigated carefully. The real part (¢, u')
and imaginary part (¢", u") values presented the capability of
storing and dissipating the electromagnetic energy, respectively.
Figure 8 shows the complex permittivity of samples over 2-18 GHz
with 50 wt.% filler loading ratios. For complex permittivity,
the values exhibited declines in the whole frequency range
because of the dispersion response. Overall, the value of pure
6-MnO; had the lowest value of ¢’ and ¢”, and sample C8.5
had the highest ¢" and ¢” among all samples. The dielectric
loss factors (tand.) were used to evaluate the loss capacity [41],
as shown in Fig. 8(c), and all samples had three peaks at ~ 3.52,
~ 9.69, and ~ 15 GHz. The values of complex permittivity
decreased in the order C8.5 > C9 > C10 > C6 = C12 > C15.
Therefore, the values of ¢ and ¢” were in direct proportion to
the ratio of a-MnO; in the samples. It was known that the
dielectric loss was contributed in two parts, relaxation loss
and conductance loss. Dipolar polarization resulted from the
behaviour of permanent dipoles under the electromagnetic field

& & IR,
£ =€ —— =& —j¢ 4
=es ty ot j (4)
Debye dipolar polarization can be expressed by Eq. (4), where
& and ¢, are the static permittivity and relative dielectric
permittivity at the high-frequency limit, respectively; 7 is the
relaxation time; and f is the frequency. The ¢" and ¢” can be

described by

!/ es — soo
& [ 1—|—(2T[f)2T2 ( )

Frequency (GHz)

Thickness (mm)

Figure 7 2D representation of the reflection loss for C6—C15. The violet lines are the simulated matching thickness, which perfectly agrees with the

calculation results.
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According to Egs. (5) and (6), the relationship between ¢’ and
&" can be obtained

;1 PN P
e—z(edrem) + (") _Z(ES &) (7)

Based on Eq. (7), the curve of ¢’ versus ¢” would form a
semicircle when there is a Debye relaxation process. The
semicircle is also called the Cole-Cole semicircle, and the
plot of €' versus ¢” is called the Cole-Cole figure [42, 43]. The
Cole-Cole figures of the samples are shown in Fig. S4 in the
ESM. All samples had three semicircles that were consistent
with the three peaks of tan . and indicated that a-MnO,
had no new relaxation process compared with §-MnO.. The
increases in Debye relaxation were mainly due to the stronger
dipolar polarization of a-MnO..

According to the free-electron theory, high electrical con-
ductivity caused high conductance loss. The electrical con-
ductivities of the samples were detected by an RTS-9 model
four-point probe. The results are shown in Fig. S5 in the ESM.
The conductivity reached the highest value at C8.5, which
showed a positive correlation between the share of a-MnO,
and the conductivities of the samples. This correlation also
indicated that the increases in conductivities of the samples
were due to the generation of a-MnO,. The conductivities
were mainly derived from two parts, migrating electrons
and hopping electrons, and the crystal form was the main
factor that affected the conductivities [44]. The nanowires of
a-MnO:; had a larger aspect ratio and twisted with each other
to form a conductive network [38, 45]. On the other hand, the
low valence state of Mn had a negative effect on electrical
conductivity, while Mn showed a higher valence in a-MnO.
(Fig. 4).

As for the complex permeability of the samples (Figs. 8(d)—
8(f)), due to MnO: was a nonmagnetic material, all the ' were
almost 1 and the u"” were close to 0, the contribution from
complex permeability was limited. Therefore, it does not merit
any addition discussion here [46, 47].

The C0 and C20 samples are both § phase, although C20

contained Co ions, therefore, they had different morphologies.
There must result in some differences in the electromagnetic
parameters of C0O and C20, and the results are shown in Fig. S6
in the ESM. The filler loading ratios were 50 wt.%. The complex
permittivity of C20 was lower than that of CO0, which indicated
that Co-doped 8-MnO: could not increase the dielectric
performance, and the increased permittivity above was caused
by the generation of the a phase. The morphology of C20 was
looser than that of CO, and the poor dielectric performance
indicated that the rose-flower-like structure was not a proper
structure for absorbers. In view of the crystal structure, Co
doped into §-MnO: decreased the average bond length and
increased the bond energy of Mn-O, which weakened the
dielectric response to the electromagnetic field [35]. For
magnetic performance, the real parts of permeability of C20
were higher than those of C0, and the imaginary parts had no
obvious difference. Therefore, the main effects of Co doping
increased the real parts of permeability.

Compared with other samples, C8.5 had the highest
electromagnetic parameter values but could not always show
the best absorbing performance. For the absorber, high
microwave attenuation and proper impedance matching
were two important factors [48]. The attenuation constant and
impedance matching ratio were used to measure these two
factors. The attenuation constant « of the samples is calculated

by Eq. (8)

o= \/Ecnf \/(;//s,u” _ ‘u's/ + \/(#/18/1 _ ‘14/8/)2 + (;/e” + .”//5/ )2
(®)

The values of a represented the attenuation capability of the
samples; the higher the value is, the stronger the absorption.
As shown in Fig. 9(a), the attenuation constant « exhibited an
enhanced tendency with increasing frequency for all samples.
There was a positive correlation between the attenuation ability
and share of a-MnO,, and C8.5 had the largest attenuation
ability. The impedance matching ratio is calculated and shown
in Fig. 9(b). To allow incident microwaves to enter the
absorber with little reflection, the matching ratio should be
greater than 0.3 [18]. The higher ratio ensures that more
electromagnetic waves can propagate into the absorber so that
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Figure 9 Attenuation constant « (a) and impedance matching ratios (b).

the absorber can play a role in processing the electromagnetic
energy into other forms of energy [49]. As the doping content
increased, the complex permittivity of the samples increased,
and the complex permeability had no obvious increase; thus,
the samples showed worse impedance matching ratios. It can
be seen from Fig. 9(b) that C8.5 was way off the impedance
matching, so the absorbing performance was poor. The
synergistic effects of a- and §-MnO: played an important role
in helping the samples obtain impedance matching. The C6
and C12 samples exhibited the perfect combination of the
attenuation and impedance matching constant. As a result, C6
and C12 had the best performance.

In the mixture of §8-/a-MnO. composites, microwave
propagation occurred in both crystal forms. The main absorption
mechanism of the microwave was summarized by three
factors. First, the nanowires of a-MnO: distributed randomly
and entwined with each other in the samples to form trapping
centres. The nanosheets of §-MnO; formed by multiple nano-
sheets caused multiple reflections and scattering of microwaves.
Second, the values of conductivities were in direct proportion
to the a-MnO: content, and the higher conductivities brought
higher conductance loss. At the same time, the interface
among nanowires, nanosheets and nanowires and the powders
and wax caused Maxwell-Wagner relaxation. Under the action
of the electromagnetic field, the electrons migrated, and these
movements were blocked by the interfaces. The interfaces
with concentrated electrons were equivalent to capacitors [50].
In the electromagnetic field, capacitors transformed the
electromagnetic energy to other energies. During usage, it was
necessary to synthetically consider the influence of impedance
matching, attenuation characteristics and absorber thickness
to adapt the service conditions, and all these factors were
satisfied by electing an appropriate doping content.

The other reported electromagnetic wave absorbing perfor-
mance of MnO: materials in recent literatures were summarized
in Table 3. By contrast, the composites of §-/a-MnO; with

Table 3 Microwave absorption performance of MnO:

e o R T B
(wt.%)*
Cé6 50 -48.78 2.2 6.00 Herein
Cl12 50 -54.8 2.2 6.08 Herein
a-MnO, 50 ~41.0 1.6 ~230  [6]
B-MnO: 50 -25.5 1.5 5.00 [51]
Hollow a-MnO, 50 -40.0 4 3.50 [5]
MnO2/RGO 50 -37.0 2 450 [47]
8-/a-MnQO; 40 -45.2 2 3.60 [52]
Fe;0,@MnO; 50 485 2 3.20 [53]

*The matrixes were all wax.

Frequency (GHz)

Co®" doping showed superior absorption ability and broader
effective absorption bandwidth, indicating their promising
prospect as a kind of broadband absorbing material.

4 Conclusion

The mechanism of the phase transition circle caused by Co
doping was completely explored. A new idea was provided
about controlling the growth of MnO; nanostructures and
phases. The mixture of §-MnO: nanosheets and a-MnO:
nanowires on the microscopic scale influenced the microwave
absorbing performance. By controlling the phase transformation
process and regulating the two-phase composition, the
controllable preparation of the same material with different
phases was achieved, and the wave-absorbing performance
was effectively optimized. Several samples with different Co
doping contents realized effective absorbing (< 10 dB), with a
wide frequency at low thickness. Co-controlled §-/a-MnO,
may not only become an excellent electromagnetic absorbance
material but also have great potential in other fields.
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