J Mater Sci (2017) 52:4399-4411

@ CrossMark

Precursor-directed synthesis of porous cobalt
assemblies with tunable close-packed hexagonal
and face-centered cubic phases for the effective
enhancement in microwave absorption

Ying Wang', Yunchen Du"*, Di Guo', Rong Qiang', Chunhua Tian', Ping Xu', and Xijiang Han'*

"MIIT Key Laboratory of Critical Materials Technology for New Energy Conversion and Storage, School of Chemistry and Chemical
Engineering, Harbin Institute of Technology, Harbin 150001, China

Received: 9 September 2016 ABSTRACT

Accepted: 16 December 2016 \feta] cobalt is one of the most promising candidates for high-performance micro-

Published online: wave absorbers due to its compatible dielectric loss and magnetic loss abilities.
27 December 2016 Rational design on the microstructure of metal cobalt became a popular way to
upgrade its microwave absorption performance in the past decade, while much less
© Springer Science+Business attention has been paid to the electromagnetic functions derived from its different
Media New York 2016 crystal structures. Herein, we report the microwave absorption of porous cobalt
assemblies with varied composition of close-packed hexagonal (hcp) and face-cen-
tered cubic (fcc) phases. Electromagnetic analysis reveals that the change of phase
composition can significantly impact the complex permittivity and complex per-
meability of metal cobalt, where hcp-cobalt favors high complex permittivity and fcc-
cobalt produces high complex permeability. The optimum phase composition in
these porous cobalt assemblies will promise well-matched characteristic impedance
and good performance in strong reflection loss (—41.0 dB at 9.4 GHz) and wide
response bandwidth (4.0-174 GHz over —10.0 dB). The enhanced microwave
absorption is superior to many cobalt absorbers ever reported. It is believed that these
results will provide a new pathway to the design and preparation of highly effective
metal cobalt and cobalt-based composites as novel microwave absorbers in the future.

Introduction storage, permanent magnets, catalysis, superalloys,
cemented carbides, etc. [1-5]. Recent progress indi-
cates that the large saturation magnetization and high

In the past decades, metal cobalt, as a typical mag-  Snoek’s limit in the gigahertz range, as well as the
netic material, has received a great deal of attention compatible dielectric loss property also render metal
because of its wide range of applications in magnetic  cobalt as a promising candidate for high-performance
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microwave absorbing materials, which can effectively
regulate the excessive electromagnetic interference
and electromagnetic pollution caused by rapidly
expanded applications of communication technology
in both civil and military fields [6-8]. Metal cobalt has
long been known to have three crystal structures,
namely, close-packed hexagonal (hcp), face-centered
cubic (fcc), and primitive cubic phases (¢ phase),
where hcp and fcc are two stable forms for bulk metal
cobalt [9]. In general, hcp-cobalt and fcc-cobalt can
coexist at room temperature, while the fcc structure is
thermodynamically preferred above 450 °C, and the
hcp phase is favored at lower temperatures [10].
Although hcp-cobalt and fcc-cobalt are both close-
packed structures that differ only in the stacking
sequence of atomic planes in the 111 direction, their
electronic and magnetic properties are remarkably
distinguishable. For example, the Fermi energies of
hcp-cobalt and fcc-cobalt are 549 and 5.29 eV,
respectively, and hcp-cobalt also possesses higher
electron density around the Fermi level than fcc-
cobalt [11]; the electron localization function of hcp-
cobalt is a radial electron distribution, while fcc-
cobalt electron distribution has evident polarization
[11]. On the other hand, the difference in bulk ani-
sotropy between hcp-cobalt [K;(hcp) = 5.0 x 10°
erg/cm’] and fcc-cobalt [Kj(fec) = 0.8 x 10° erg/
cm’] also leads to their different magnetic coercivity
[10, 12]. In view of these facts, it is expected that
tuning the crystal phases of cobalt nanoparticles may
change their electromagnetic properties and micro-
wave absorption. Previous papers reported the
microwave absorption of metal cobalt with single hcp
phase or mixed hcp-fcc phase [13-15]; however, the
contribution of tunable phase compositions has not
been systematically investigated yet.

Instead of tuning the intrinsic properties of metal
cobalt, most researchers showed their special inter-
ests in constructing unique microstructures of metal
cobalt to improve its microwave absorption perfor-
mance [16-20]. For example, Liu et al. investigated
the electromagnetic properties of cobalt microspheres
and cobalt dendrites, and they found that cobalt
dendrites showed better dielectric loss ability and
consequent reflection loss characteristics [16]; Wen
et al. obtained spherical, chain-like, and flake-like
cobalt powders with similar crystal structures, where
chain-like and flake-like cobalt powders exhibited
their own advantages in dielectric loss ability and
magnetic loss ability, respectively [17]. He et al
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confirmed that porous network was vital for the
enhancement of microwave absorption, since porous
materials had better impedance matching with free
space than the corresponding solid materials, and
porous microstructure was available for suppressing
the eddy current loss of metallic magnets and main-
taining high permeability [18]. The microstructure-
dependent electromagnetic functions of metal cobalt
intensively stimulate the rational design on the
assembly of cobalt nanoparticles to achieve prefer-
able performance in microwave absorption. Nowa-
days, various hierarchical cobalt assemblies, e.g.,
microspheres, microflowers, nanoflakes, nanowires,
aligned nanofibres, dendrites, are frequently con-
structed and employed as effective microwave
absorbers [13-26]. Although these successful exam-
ples have made significant achievements, it is actu-
ally difficult to direct/control the assembly of metal
cobalt nanoparticles, because the forces between the
particles caused by electron affinity, surface tension,
van der Waals forces, and magnetic dipole interac-
tions will be large [1]. In order to alleviate the
agglomeration of cobalt nanoparticles, common
strategies for metal cobalt with expected microstruc-
ture are generally carried out under the condition of
dilute Co®* concentration (<0.1 mol/L) and the
assistance of organic surfactants or complexing
agents [13, 19-21, 24-26]. Moreover, the experimental
parameters, including reaction temperature, reaction
time, and reagent dosages, must be precisely con-
trolled, which can also affect the final microstructure
of metal cobalt sensitively [19, 22, 26]. Therefore,
developing a simple and scalable synthetic method
for metal cobalt with specific microstructure is still a
challenging task.

In recent years, precursor-directed synthesis has
appeared as a quite attractive methodology for the
preparation of various functional nanomaterials. This
novel method exhibits unique advantages in avoid-
ing some insuperable difficulties in the direct syn-
thesis of the final products, and generally, the as-
obtained products retain the basic morphology and
structure of the precursors and show considerable
improvements in their own properties [27-29]. Liu’s
group previously produced hollow porous cobalt
absorbers with good microwave absorption proper-
ties from the precursors of Co(OH), microspheres
and CoCOj; microrods, respectively [18, 30]. How-
ever, the precursors were still from the low-yield and
time-consuming hydrothermal route, and more
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complicatedly, CoCOj; had to be firstly converted into
Co0304 and then reduced to metal cobalt. In this arti-
cle, we demonstrate the synthesis of porous cobalt
assemblies by choosing cobalt oxalate (CoC,O,) as
the precursor, where CoC,O, was pre-prepared by a
simple and fast precipitation method. The composi-
tion of hcp and fcc phases is easily tunable through
manipulating the temperature of hydrogen reduc-
tion. For the first time, the electromagnetic properties
and microwave absorption of these cobalt assemblies
with different phase compositions are analyzed
carefully, and it is found that hcp and fcc phases have
distinguishable contributions to dielectric loss and
magnetic loss, respectively. When hcp and fcc phases
were well integrated, the optimum porous cobalt
assemblies would promise desirable microwave
absorption, and their performance was superior to
many metal cobalt absorbers previously reported.
These results not only provide a simple route for
preparing metal cobalt with porous structure, but
also validate the importance of optimizing the
intrinsic properties of metal cobalt in microwave
absorption, which may be greatly helpful for the
design and fabrication of high-performance cobalt-
based microwave absorbers in the future.

Experimental
Synthesis

All chemical reagents are of analytical grade and
used as received without any further purification. In
a typical run for CoC,0O, precursor, 100 mL of sat-
urated sodium oxalate solution was pre-prepared in
a flask at room temperature (20 °C), and then 7.60 g
of Co(NOj3);:6H,O powder was added into the
sodium oxalate solution under vigorous mechanical
stirring. After 15 min, the pink precipitate was col-
lected by centrifugation, washed with ultrapure
water and anhydrous ethanol for several times, and
subsequently dried at 60 °C overnight. To obtain
porous cobalt assemblies, the as-prepared CoC,O,
precursor was reduced in a horizontally tubular
furnace under mixed H,/N, (V/V = 5:95) atmo-
sphere at the required temperature for 10 h with a
heating rate at 1 °C/min. The final samples were
denoted as Co-x, in which x represented the final
reduction temperature.
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Characterization

Scanning electron microscope (SEM) images were
obtained on a Quanta 200S (FEI), and the samples
were mounted on aluminum studs using adhesive
graphite tape and sputter-coated with gold before
analysis. Powder X-ray diffraction (XRD) data were
recorded on a Rigaku D/MAXRC X-ray diffrac-
tometer with a CuKa radiation source (45.0 kV,
50.0 mA). High-resolution TEM (HRTEM) images
were recorded by a Tecnai F20 operating at an
accelerating voltage of 200 kV. The thermogravimet-
ric analysis was carried out on a SDT Q600 TGA (TA
Instruments) in the temperature range from room
temperature to 800 °C at a heating rate of 10 °C/min.
The magnetic hysteresis loops were made using a
LakeShore 7404 (LakeShore, USA) vibrating sample
magnetometer (VSM). The specific surface area was
calculated on a Micromeritics ASAP 2020 using the
Brunauer-Emmett-Teller (BET) method from the
nitrogen adsorption data in the relative range (P/Po)
of 0.05-0.20. Samples were normally prepared for
measurement by degassing at 120 °C until a final
pressure of 1 x 10> Torr was reached. An Agilent
N5230A vector network analyzer (Agilent, USA) was
applied to determine the relative permeability and
permittivity in the frequency range of 2.0-18.0 GHz
for the calculation of reflection loss. A sample con-
taining 70 wt% of as-prepared product was pressed
into a ring with an outer diameter of 7 mm, an inner
diameter of 3 mm, and a thickness of 2 mm for
microwave measurement in which paraffin wax was
used as the binder.

Results and discussion

The crystalline structure of the precursor is primarily
studied by wide angle XRD, and as shown in Fig. S1,
the characteristic diffraction peaks in the range of
15°-50° can be precisely indexed to y-CoC,O4-2H,O
with a monoclinic structure (P2;/m) [31]. SEM image
reveals that the precursor is fully composed of
flower-like assemblies with an average size of about
6.7 ym (Fig. S2), where numerous well-defined
nanoneedles with diameter of 200-250 nm act as the
basic units of these assemblies. This uniform
microstructure provides a good platform for the
in situ transformation from y-CoC,042H,0 to metal
cobalt. Figure 1 shows the microstructure evolution
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Figure 1 SEM images of Co-300 (a), Co-350 (b), Co-400 (c), Co-450 (d), Co-500 (e), and Co-550 (f). Inset in each SEM image is the
corresponding image with improved resolution (the scale bars in these insets are 2 pm).

of metal cobalt obtained at different reduction tem-
peratures. It is obvious that all samples exhibit quasi-
spherical assemblies instead of initial flower-like
assemblies and the tightly packed nanoneedles also
turn into the cross-linked particles, implying that the
transformation process has been effectively per-
formed. The decomposition of the precursor
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accompanied with the release of gaseous species (e.g.,
H,0O, CO,, CO) produces loose internal structures
and abundant pores in these cobalt assemblies.
According to previous reports, these porous struc-
tures are indeed favorable for promoting the attenu-
ation of incident electromagnetic waves by multiple
reflection and scattering [32, 33]. Although the
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increase of the reduction temperature stimulates the
growth of these particles to some extent (Fig. la—d,
insets), the average size and microstructure of these
assemblies are less impacted below 450 °C. It is
possible that the phase transition from hcp to fcc may
play a more progressive role than the particle growth
below 450 °C, and thus the microstructure of these
assemblies can be well retained in the temperature
range of 300450 °C. However, fcc phase becomes
overwhelming above 450 °C [10], which means that
higher temperature will only contribute to the fusion
and growth of cobalt particles (Fig. 1e, f, insets). As a
result, Co-500 and Co-550 present an evident
shrinkage, and this change further leads to a decrease
in the porosity (Fig. le, f). The data of BET surface
and pore volume confirm the difference in the
microstructure of these cobalt assemblies (Table S1).
According to the results of N, adsorption, the values
of BET surface for Co-300, Co-350, Co-400, Co-450,
Co-500, and Co-550 are 7.12, 7.07, 5.92, 4.34, 1.65, and
0.33 m?/g, respectively; the corresponding values of
pore volumes are 124 x 107°, 2.26 x 1072,
187 x107°, 150 x107°, 089 x107°, and
0.59 x 107> cm®/g, respectively. It has to mention
that Co-300 has similar BET surface to Co-350, but its
pore volume is much smaller, which may be attrib-
uted to the incomplete decomposition or reduction of
the CoC,0, precursor.

Figure 2 shows the XRD patterns of porous cobalt
assemblies obtained at different reaction tempera-
tures. Co-300 exhibits five well-resolved diffraction
peaks in the 20 range of 20°-80°, where the peaks at
20 = 41.6°, 44.4°, 47.5°, and 75.8° can be assigned to
the (100), (002), (101), and (110) planes of hcp-cobalt
(JCPDS No. 05-0727), respectively, and the peaks at
20 = 44.4°, 51.6°, and 75.8° belong to the (111), (200),
and (220) planes of fcc-cobalt (JCPDS No. 15-0806),
respectively. It can be concluded that Co-300 contains
both hcp-phase cobalt and fcc-phase cobalt; however,
the overlaps between the (002) plane of hcp-cobalt
and the (111) plane of fcc-cobalt, as well as the (110)
plane of hcp-cobalt and the (220) plane of fcc-cobalt
result in the mismatched relative intensity with
standard patterns. With increasing the reduction
temperature, the relative intensities of the peaks at
20 = 41.6°, 47.5°, and 75.8° are gradually decreased,
and the peak at 20 = 51.6° gradually becomes stron-
ger and narrower, implying that the phase composi-
tion of hcp-cobalt and fcc-cobalt in these sample is
tunable. In order to better understand the phase
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change, the TOPAS 4.2 software developed by Bruker
Corporation is applied for the Rietveld quantitative
phase analysis [34]. The overall parameters of
refinement are background coefficients, cell parame-
ters, peak shape parameters, and phase scales. The
peak shapes are fitted by a pseudo-Voigt Function,
and Yps and Y, are the experimental spectrum and
calculated profile, respectively. According to the

—Y,,. hcp: 5.4 wt% Co-550
—Y,, fcc: 94.6 wt%
- Yohs-cal
_Yobs th: 7.1 wt%
—Yeal fec: 929wt 000
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Figure 2 XRD patterns analysis by means of Rietveld refinement
of Co-300, Co-350, Co-400, Co-450, Co-500, and Co-550. The
Bragg positions of all the identified phases: hcp-cobalt and fec-
cobalt.
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Rietveld refinement, the weight percentages of hcp
and fcc phases are shown in Fig. 2. As expected, fcc
phase gets a higher composition percentage as the
reduction temperature goes up, e.g., the specific val-
ues for Co-300, Co-350, Co-400, Co-450, Co-500, and
Co-550 are 44.3, 50.7, 64.8, 76.3, 92.9, and 94.6%,
respectively. It is unfortunate that Co assemblies with
less hcp composition cannot be created by this
method due to the incomplete decomposition and
reduction of the precursor at lower temperature. The
slight change of phase composition at high temper-
ature is well aligned with the proposed microstruc-
ture evolution (Fig. 1). In addition, the absence of
other peaks from cobalt oxides (CoO and Co30,4) and
CoC,0, indicates the dominance of zero-valent metal
cobalt in these samples. High-resolution TEM tech-
nique is further employed to characterize the micro-
scopic connection between hcp-cobalt and fcc-cobalt
by taking Co-450 as a typical sample (Fig. S3). As
mentioned above, hcp-cobalt and fcc-cobalt are both
close-packed structures with a small difference in the
stacking sequence of 111 direction, and the prefer-
ential (002) plane in hcp-cobalt and (111) plane of fcc-
cobalt have quite similar d-spacing values, and thus
HRTEM image just recognizes the clear lattice fringes
with d-spacing of 0.20 nm, but fails to confirm the
specific assignment of different particles. However,
some stacking faults can be clearly observed between
two adjacent particles, which imply that hcp-cobalt
and fcc-cobalt are uniformly dispersed in these cobalt
assemblies with stacking faults as their interfaces,
because the stacking faults usually play a crucial role
in the evolution of crystalline structure of metal
cobalt [12, 35]. By considering that surface oxidation
of metal cobalt is a common phenomenon [10, 36], the
thermogravimetric analysis is carried out to evaluate
the degree of surface oxidation (Fig. S4). As heating
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metal cobalt to a temperature of 800 °C in air will
produce only Co304, the theoretically incremental
rate of weight from metal Co to CozO, should be ca.
36 wt%. In our case, Co-350, Co-400, Co-450, Co-500,
and Co-550 display quite similar incremental weight
rates over 30 wt%, which suggests that surface oxi-
dation in these samples is very limited. Compared
with these samples, Co-300 not only gives a smaller
incremental weight rate, but also presents a new
weight loss at about 150 °C. These results illustrate
that Co-300 is not sufficiently transformed and
reduced as the other samples, and there are still trace
impurities and few more oxides, although they are
not detected by XRD.

Moreover, the effects of phase composition on the
magnetic properties of these cobalt assemblies are
also studied. As shown in Fig. 3a, all samples give
typical ferromagnetic behaviors with very strong
saturation magnetization (Ms) at about 150 emu/g.
The negligible difference in Ms values can be ascri-
bed to the pretty close magnetic moments of the hcp
and fcc phases [37]. In contrast, a closer inspection
reveals that the coercivity (Hc) is significantly
impacted by the phase composition (Fig. S5), and the
values for Co-300, Co-350, Co-400, Co-450, Co-500,
and Co-600 are 486.3, 335.4, 230.7, 192.3, 123.0, and
66.5 Oe, respectively (Fig. 3b). It is widely accepted
that coercivity is highly associated with particle size
and magnetic anisotropy [6, 38]. On one hand, high
temperatures induce the growth of Co particles, as
proved by SEM images (Fig. 1), and the larger Co
particles over their critical diameter (70 nm) will
produce smaller coercivity [39]; on the other hand,
hcp-cobalt possesses much larger magnetic aniso-
tropy than fcc-cobalt [12], and thus the formation of
high-content fcc-cobalt will also be responsible for the
diminishing coercivity.
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In general, complex permittivity (e, = &'—j¢’") and
complex permeability (u, = @'—ji’) are very impor-
tant parameters that can determine the microwave
absorption properties of an absorber, where the real
parts of complex permittivity (¢) and complex per-
meability (i) represent the storage capability of
electric and magnetic energy, and the imaginary
parts (¢” and u”) describe the loss capability of electric
and magnetic energy [40]. Figure 4 shows the com-
plex permittivity and complex permeability of cobalt
assemblies obtained at different temperatures in the
frequency range of 2.0-18.0 GHz. As observed, the
six samples display complex permittivity at different
levels, demonstrating that they possess different

Frequency (GHz)

dielectric loss properties (Fig. 4a, b). Co-300 presents
almost unchanged ¢' throughout the whole frequency
range, while its ¢’ increases from 0.36 at 2.0 GHz to
3.84 at 18.0 GHz. Co-350 displays similar change
trends in ¢ and ¢’ to Co-300, but their specific values
are substantially enhanced, where ¢ can reach about
24.0 and ¢" rises from 0.67 at 2.0 GHz to 4.40 at 18.0
GHz. With further increasing the temperature, the
values of ¢ and ¢’ in Co-400, Co-450, Co-500, and Co-
550 are gradually decreased. It is widely accepted
that complex permittivity is highly associated with
conductivity and polarization relaxation according to
the Debye theory and free electron theory [41, 42]. As
mentioned above, hcp-cobalt has higher electron
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density around the Fermi level than fcc-cobalt [11],
and thus hcp-cobalt can be endowed with higher
electrical conductivity and consequently enhanced
complex permittivity. The good consistency between
the complex permittivity and the phase composition
from Co-350 to Co-550 indeed confirms that the hcp-
cobalt content assumes more contribution to the
dielectric performance of these cobalt assemblies. Co-
300 with more hcp-phase fails to promise better
complex permittivity, since the presence of trace
impurities and a little more oxides may pull down its
conductivity. Although the electron distribution in
fcc-cobalt can produce evident polarization [11],
electronic polarization usually occurs at much higher
frequency region (10°-10° GHz) and does not work
for the current electromagnetic field (2.0-18.0 GHz)
[43]. It is very interesting that three fluctuations
appear in the frequency range of 2.0-6.0, 6.0-12.0,
and 12.0-18.0 GHz in the ¢” curves of all six samples,
which implies there may be potential resonances in
the corresponding frequency range. These reso-
nances, that have been confirmed to be beneficial for
microwave absorption, are usually attributed to var-
ious polarization relaxations, including ionic polar-
ization, electronic polarization, dipole orientation
polarization, and interfacial polarization (space
charge polarization) [44-48]. Besides electronic
polarization, ionic polarization can also be excluded
due to its ultrahigh frequency response (10°-
10° GHz) [43]. Dipole orientation polarization gen-
erally dissipates electromagnetic energy by frequency
dispersion, because the dipoles present in the system
cannot reorient themselves along with the applied
electric field [42, 49]. However, these cobalt assem-
blies do not produce any signs of frequency disper-
sion, and thus interfacial polarization should be
responsible for the multiple resonances [38, 44].
When an external alternating electric field is applied,
the different electron distributions between hcp-
cobalt and fcc-cobalt will lead to the uneven charge
distribution at the interfaces (i.e., stacking faults) and
consequent distorted electric moments, which can
further account for the loss of incident electromag-
netic waves. That is why a strong and broad peak in
the range of 12.0-18.0 GHz only appears in the
samples with proper phase composition (Co-350, Co-
400, and Co-450), but disappears in the samples with
overwhelming fcc phase (Co-500 and Co-550).
Different from the complex permittivity, the real
parts of complex permeability are less affected by the
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phase composition (Fig. 4c), which may be related to
the comparable saturated magnetization of these
cobalt assemblies (Fig. 3). However, it is found that
their imaginary parts of complex permeability are
greatly distinguishable (Fig. 4d). From Co-300 to Co-
500, the " values are continuously increased, partic-
ularly Co-500 gives its variation between 0.28 and 0.5
in the whole frequency range, indicating its consid-
erable magnetic loss ability. Co-550 presents similar
' values to Co-500. Based on these results, it can be
concluded that fcc-cobalt is conducive to the forma-
tion of stronger magnetic loss than hcp-cobalt. It has
been reported that magnetic loss mainly originates
from hysteresis, domain wall resonance, natural fer-
romagnetic resonance, and eddy current effect [50].
However, hysteresis loss and domain wall resonance
loss can be easily excluded, because the former is
negligible in the weak field and the latter usually
occurs at much lower frequency (MHz) [51]. With
respect to the eddy current loss, it can be evaluated
by the following equation (Eq. 1),

W' =2mpg( o - a3, (1)

where ¢ (S m™") is the electrical conductivity and 1
(H m™") is the permeability in vacuum. If the reflection
loss results from the eddy current effect, the values of
Co(Co = w'()2f ") will be constant and independent
on the frequency [52]. Figure S6 demonstrates that the
values of C, for these Co assemblies continuously
change from 2.0 to 18.0 GHz, confirming the rather
limited contribution from the eddy currentloss. That is
to say, the natural ferromagnetic resonance is the pri-
mary reason for the magnetic loss of these cobalt
assemblies. The dielectric loss tangent (tan d, = p” /i)
and the magnetic loss tangent (tan J,,, = ¢'/¢') are two
common concepts to evaluate the dielectric loss and
magnetic loss abilities, respectively. As shown in
Fig. 4e, f, tand, and tand,, interpret the similar results
to complex permittivity and complex permeability,
where Co-350 possesses superior dielectric loss ability,
and Co-500 and Co-550 are the candidates with the best
magnetic loss ability.

The reflection loss properties for incident electro-
magnetic wave are calculated using the measured
complex permittivity and permeability according to
the transmission line theory [53],

Ry (dB) =20 log 7 1

(2)
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Zin refers to the normalized input impedance of a
metal-backed microwave absorbing layer and is
given by,

Zin = \/’%tanh {j (27”) fd\/m} , 3)

where & and u, are the complex permittivity and
permeability, respectively, of the composite medium,
c is the velocity of electromagnetic waves in free
space, f is the microwave frequency, and 4 is the
thickness of an absorber. Figure 5a shows the calcu-
lated results of frequency-dependent reflection loss
properties of various cobalt assemblies with an
absorber thickness of 1.0 mm in the frequency range
of 2.0-18.0 GHz. Although all cobalt assemblies can
work for the consumption of incident electromag-
netic waves, their specific performances are greatly
distinguishable and very sensitive to the phase
composition. The minimum values of reflection loss
for Co-300, Co-350, Co-400, Co-450, Co-500, and Co-
550 are —20.0 dB at 18.0 GHz, —17.0 dB at 13.8 GHz,
—-328dB at 151 GHz, -263dB at 16.2 GHz,
—21.7 dB at 17.0 GHz, and —19.9 dB at 17.9 GHz,
respectively, and the corresponding effective band-
widths over —10.0 dB (90% absorption) of these
cobalt assemblies are 2.5 GHz (15.5-18.0 GHz),
3.6 GHz (12.1-15.7 GHz), 4.0 GHz (13.3-17.3 GHz),
3.9 GHz (14.1-18.0 GHz), 3.3 GHz (14.7-18.0 GHz),
and 2.6 GHz (15.4-18.0 GHz), respectively. In the
field of microwave absorption, reflection loss and
response bandwidth are two important reference
points for an eligible microwave absorber, and thus
Co0-400 herein may be taken as the best candidate in
this series. It is very surprising that neither Co-350
with superior dielectric loss ability nor Co-500/Co-
550 with the strongest magnetic loss ability produces
the best reflection loss properties. This is because the

microwave absorption cannot be determined only by
complex permittivity and permeability, and there is
another important parameter, the concept of matched
characteristic impedance, relating to the reflection
loss properties of microwave absorbers. In general,
the matching of characteristic impedance greatly
depends on the relationship between complex per-
mittivity and complex permeability, and an overly
large difference between complex permittivity and
complex permeability is not favorable for the
matching of characteristic impedance and results in
considerable reflections of the incident electromag-
netic wave at the surface of absorbers [40, 54]. Ma
et al. have ever proposed a delta-function method to
validate the impedance matching degree of various
absorbers by the following equation [55],

|A| = [sinh®(Kfd) — M|, (4)
where K and M are determined by the complex per-

mittivity and complex permeability,

"o i SetOm
K:4n WE - sin e

(5)

€+ COS g COS O

M— 4#’ COS Je& COS Opy

(1 cos 8. — € cos m)>+ [tan(%‘“ - ‘52—*)}2(#' €08 3¢ + & oS 6n)* .
(6)

The smaller delta value means better impedance
matching. Figure S7 shows the calculated delta value
maps of Co-300, Co-350, Co-400, Co-450, Co-500, and
Co-550. It is obvious that Co-400 has larger area close
to zero (|A| <0.2) than other cobalt assemblies, espe-
cially when the absorber thickness is relatively thin,
which can directly explain the superior reflection loss
properties of Co-400.

According to Eq. (3), the thickness (d) of absorbers
can also affect the reflection loss, and thus the
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Table 1 Microwave absorbing properties of various cobalt absorbers in previous references and this work

Absorbers Phase Thickness Min RL Bandwidth over Integrated Bandwidth over Ref.

(mm) (Frequency) —10 dB thickness —10 dB

(range, GHz) (mm) (range, GHz)

Sword-like Co hep—fce 1.0 —99dB (18.0 GHz) - 1.0-3.0 13.0 (5.0-18.0) 7
Co flakes hep 1.0 —12.0 dB (11.0 GHz) 1.2 (10.8-12.0) 0.8-2.0 9.5 (5.0-14.5) 13
Co superstructures  hep—fec 1.0 —20.0 dB (18.0 GHz) 2.0 (16.0-18.0) 1.0-3.0 13.5 (4.5-18.0) 15
Co dendrites hep—fec 1.0 —20.0 dB (12.5 GHz) 2.5 (11.5-14.0) 1.0-2.0 9.2 (4.8-14.0) 16
Flower-like Co hep 1.0 —25 dB (16.2 GHz) 3.3 (14.7-18.0) 1.0-3.0 10.1 (4.0-8.5, 12.4-18.0) 22
Co dendrites hep—fce 1.0 —10.0 dB (18.0 GHz) - 1.0-3.0 11.0 (5.0-16.0) 23
Co nanowires hep 1.0 —2.5 dB (6.5 GHz) - 1.0-3.0 - 24
Porous Co rods hep 1.0 —25.0dB (17.5 GHz) 2.7 (15.2-18.0) 1.0-1.6 9.0 (9.0-18.0) 30
Co microflowers hep 1.0 —11.0 dB (13.2 GHz) 1.5 (12.5-14.0) 1.0-3.0 11.0 (3.0-14.0) 56
Co nanoplatelets hep—fee 1.0 12.5 dB (11.4 GHz) 2.3 (10.2-12.5) 1.0-3.0 9.5 (3.0-12.5) 57
Co-400 hep—fce 1.0 —32.8dB (5.1 GHz) 4.0 (13.3-17.3) 1.0-3.0 13.4 (4.0-17.4) Herein

relationship between the thickness and the reflection
loss of Co-400 is further investigated (Fig. 5b). The
microwave frequency corresponding to the maxi-
mum reflection loss shifts negatively with the
increase of thickness, and a minimum of —41.0 dB at
9.4 GHz can be achieved when the thickness is
1.5 mm. Besides, the value of reflection loss exceed-
ing —10.0dB can be obtained in the range
4.0-17.4 GHz with a variation in thickness from 1.0 to
3.0 mm. The strong reflection loss over such wide
frequency ranges further suggests that Co-400 will be
a promising microwave absorber, whose absorption
band can be modulated simply by manipulating the
thickness to satisfy applications in different fre-
quency bands. In Table 1, we list the reflection loss
properties of some typical metal cobalt absorbers that
are measured from similar conditions, and it is clear
that the excellent performance of Co-400 in this work
is indeed superior to most of them. This significant
enhancement can be attributed to two aspects: (1) the
phase compositions in Co-400 are rationally opti-
mized, and thus the matching of characteristic
impedance can be effectively improved (Fig. S7),
while the effect of crystalline phase in the cobalt
absorbers in Table 1 is neglected, even in those with
randomly mixed phases [7, 15, 16, 23, 57]; (2) the rich
porous structure of Co-400 will promote the multiple
reflections and repeated consumption of incident
electromagnetic wave [32, 33]. In order to further
address the contribution of porous structure to
microwave absorption, a control sample (Co-control)
is also prepared by reducing commercial cobalt

@ Springer

oxide. The Rietveld refinement of XRD pattern
reveals that the proportions of hcp and fcc phases in
Co-control are 5.8 and 94.2% (Fig. S8), respectively,
which are very close to those of Co-550 (Fig. 2). Co-
control presents dense agglomeration with negligible
porous microstructure (Fig. S9). It is very interesting
that the different microstructure endows Co-control
with distinguishable electromagnetic functions,
where its complex permittivity (including real parts
and imaginary parts) is remarkably enhanced and its
complex permeability is less impacted (Fig. S10a, b).
These changes result in the drastically weakened
microwave absorption properties of Co-control
(Fig. S10c). This can be attributed to the fact that the
overly large difference between complex permittivity
and complex permeability pushes the sample of Co-
control into the region of impedance mismatch. That
is to say, porous structure in Co assemblies also
works for the matching of characteristic impedance.
These results demonstrate that rational design on
both microstructure and phase composition will be a
better choice for enhanced performance of cobalt-
based microwave absorbers.

Conclusions

With cobalt oxalate (CoC,O4) as a self-sacrificing
precursor template, porous cobalt assemblies have
been successfully prepared through an in situ
hydrogen reduction. The obtained cobalt assemblies
inherit the basic microstructure from their precursor,
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and possess abundant pores due to the release of
gaseous species. XRD results demonstrate that these
cobalt assemblies are composed of hcp phase and fcc
phase, and their composition can be easily controlled
by manipulating the reduction temperature. It is very
interesting that the electromagnetic functions of hcp-
phase cobalt and fcc-phase cobalt are quite different,
where the former favors good dielectric loss and the
latter results in strong magnetic loss. The optimum
phase composition will endow these porous cobalt
assemblies with well-matched characteristic impe-
dance and excellent microwave absorption. The
superiority of porous cobalt assemblies can be further
manifested from a comparison to some typical cobalt
absorbers previously reported. These results
demonstrate that rational design on both
microstructure and phase composition will be more
helpful to upgrade the microwave absorption of
metal cobalt, and also provide an indication for the
fabrication of high-performance cobalt-based micro-
wave absorbers in the future.
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