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The present study focusses on the design of microwave absorbers based on CoNi-BTC (CN) mixed with
reduced graphene oxide and covered by PDOT to form P@CN/G nanocomposites. They were successfully
synthesized via solvothermal method followed by pyrolysis and then characterized with XRD, XPS, VSM
and FESEM. CN nanoparticles have an approximately uniform spheroidal monodispersed morphology with
300-400 nm diameter, and are uniformly covered by PDOT. XRD performed on P@CN/G sample clearly sug-
gests the coexistence of both CoNi@C-BTC and graphene phases in the nanocomposite while XPS character-
ization confirms that Co, Ni, C, and O are detected in the P@CN/G sample. VSM measurements reveal S-like
hysteresis loops for both CN, CN/G and P@CN/G, confirming soft magnetic materials and ferromagnetic be-
havior which linked to the presence of ferromagnetic Co and Ni nanoparticles in the nanocomposite powder.
Electromagnetic parameters, namely dielectric permittivity, magnetic permeability and associated losses, are
measured for P@CN/G composite sample dispersed into epoxy resin with 15%, 20%, 25% and 30% concen-
tration using a vector network analyzer. Measured parameters are used to predict by simulations the return
losses (RL) for various combinations of thickness and concentration. It is concluded from the exhaustive com-
parison using a FOM gauge that sample having 30% concentration and thickness 2.4 mm achieves the best
performance, i.e. a value FOM equal to 1150 and minimal return losses RL equal to —50dB.
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1. Introduction by absorption the signal reflected by the target towards the radar,

making the target almost invisible to radar (concept of stealth).

As stated in [1] the ever growing increase of communications sys-
tems induces a crucial need for lightweight devices combining com-
pactness and reliability. The constraints are antagonist if we consider
that reduced size increases the risk of harmful electromagnetic inter-
ferences between electronic components. The same risk occurs from
the wireless propagation which may be detrimental to both electronic
devices and human body [2]. Therefore, since more than one decade,
research is conducted on efficient microwave absorbing structures
(MAS) aiming at blocking such interferences. Among these, polymer
composites combining conductive charges and polymer hosting ma-
trix offer several advantages; high conductivity at low loading rate
owing to very good dispersion, mechanical stiffness as well as pos-
sibility of conformability for stealth application, lightweight as com-
pared to metallic shields, etc. MAS can be designed to reduce the radar
cross-section (RCS) of various objects for military as well civil ap-
plications: an absorbing shield covering the target is used to reduce
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Well-known applications are military airplanes (stealth bombers) and
towers of wind farms, that need to be stealth for security reasons, i.e.,
to ensure invisibility or avoid spurious signatures perturbing the con-
trol of the traffic in civil air traffic. A dedicated family of absorbers
is developed to reduce the RCS: the Salisbury screen configuration
[3,4], based on an absorbing layer covering the target assumed to be
metallic, thus reflective. The conductivity of the layer and its thick-
ness can be tuned in order to match the frequency and bandwidth of
the absorption, depending on the applications. A well-known case is
radar communications at X band (8-12.4 GHz) [5]. In [6,7], various
MAS are studied, where carbon fillers, including carbon black, in-
corporated at different concentration levels in single as well as mul-
tilayer configurations, induce reflection below —10dB. A good ab-
sorber aims at minimizing the reflection of a signal incident to its sur-
face, while maximizing the absorption through its thickness. Conduc-
tive composites are suited to attenuate the signal, however conductive
charges may also increase the reflection as do metallic shields. An ad-
equate strategy in order to counterbalance this effect consists in in-
corporating magnetic charges into the composite [8—11]. This combi-
nation allows to decrease the equivalent impedance at input interface
as close as possible to that of air. The reflection is consequently re-
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Fig. 1. The XRD patterns of a CoNiBTC, CN/G and P@CN/G samples.
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Fig. 2. Raman spectra of CN/G and P@CN/G samples.

duced and absorption favored via the penetration of the signal in
the absorber. In the overall context of developing light-weight and
thin broadband MAM absorber, majority of research is devoted to
nanofiller surface modification, high concentration multi-filler
nanocomposite, and automated numerical techniques to synthesis ran-
domly arranged multilayer topologies of nanocomposite, so in
[12-16].

In this paper we propose a microwave absorber based on compos-
ite materials containing CoNi@C-BTC (benzenetricarboxylic acid)/
rGO nanocomposite (CN/G). Nanocomposite powders are prepared
and dispersed into epoxy, and then simulated numerically, with the
objective to decrease return loss associated to RCS and therefore in-
crease the absorption through the samples. Section 2 details the syn-
thesis procedure of CoNi@C-BTC/rGO nanocomposite (CN/G), as
well as morphological and microwave characterization tools. Section
3 provides the structural/morphological analysis as well as the demon-
stration of the absorption performances of our composite through mea-
surements of electromagnetic parameters and resulting minimal re-
flection losses observed in our structures. It also provides a compar-
ison of performances between absorbers using novel figures of merit
as gauges, while Section 4 concludes about our work.

2. Materials and test method
2.1. Preparation of CoNi@C-BTC/rGO Nanocomposite (CN/G)

Solvothermal process and pyrolysis treatment were utilized for
synthesizing the CoNi@C-BTC (CN) and CoNi@C-BTC/rGO (CN/
G) nanocomposites as follow:

Stoichiometric amount of cobalt(Il) nitrate (Co(NO;),) and
nickel(Il) nitrate Ni(NOs), were dissolved in dimethylformamide
(DMF) and after preparation the stable solution, as-purchased func-
tionalized GO (5 wt% of CoNi-BTC procedure weight) was added and
ultrasonically dispersed for 1h. Then another DMF based solution
containing 1,3,5-trimesic acid (H;BTC) and poly(N-vinyl-2-pyrroli-
done) was prepared and added drop-wisely into the first solution and
mixed vigorously for another 1h. The final suspension was sealed in
stainless steel Teflon lined autoclave at the temperature of 180 °C for
12h. The centrifuged product was washed several times with deion-
ized water/ethanol and dried in vacuum oven at 90 °C for 24 h. Finally,
the dried product was pyrolyzed at 700°C for 2h under N, atmos-
phere.

2.2. Coating CN/G nanocomposite with PEDOT polymer (P@CN/G)

PEDOT was coated on nanocomposite via oxidative chemical
polymerization of 3,4-ethylenedioxythiophene (EDOT) monomer.
First, equal weight ratio of monomer: nanocomposite was added to
the precooled (0-5°C) 1 M solution of camphorsulfonic acid. Another
1M camphorsulfonic acid solution containing an appropriate amount
of ammonium peroxydisulfate (APS) was prepared and poured drop-
wisely into the first suspension. The final mixture was continuously
stirred for 2h at 0-5°C. The dark green precipitate was washed sev-
eral times and dried in vacuum oven at 70 °C for 10h.

2.3. Characterizations

Crystal structure and chemical state were characterized via X-ray
diffraction (XRD, Bruker-AXS D8) and X-ray photoelectron spec-
troscopy (XPS) (VG ESCALAB250Xi electron spectrometer, Al K,
monochromator X-ray source), respectively. Raman spectra was pro-
vided via Raman spectrometer (WITec Alpha300R, 514nm laser) for
specific structural features of carbon base materials. Microstructure
was evaluated by scanning electron microscopy (FESEM, TESCAN
MIRA3 LMU). Magnetic properties were evaluated with vibrating
sample magnetometer (VSM, Lakeshore, new 7307 series).
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Fig. 3. FESEM images of, a and b) CoNi-BTC, c—f) CN/G and g-i) P@CN/G.

2.4. Electromagnetic measurements

In order to evaluate the electromagnetic wave absorption charac-
teristics of single layer samples in X-band frequency, 15, 20, 25 and
30wt% of the P@CN/G powder was dispersed in resin epoxy matrix
and molded with 2, 2.4, and 2.8 mm thickness. The relative complex
permittivity and complex permeability were measured by using a vec-
tor network analyzer (Agilent N5230A).

3. Results and discussion
3.1. Physico-chemical characterization

3.1.1. Structural characterization

The structural characterization and phase constituents of the
nanocomposites was carried out using X-ray powder diffractome-
ter (XRD). Fig. 1 demonstrates the XRD patterns of as-prepared
CoNi@C-BTC, CN/G and P@CN/G samples. As it can be seen in
CoNi-BTC pattern, 2 sharp diffraction peaks at 44.4° and 51.7° cor-
responding to (111) and (200) of FCC (face-centered cubic) structure
of CoNi alloy which coincides with both pure Co and Ni phases with
15-0806 and 04-0850 JCPDS card numbers, respectively. Within this
resolution, there is no distinguishable peak related to carbon due to
low-temperature of pyrolysis process. CN/G curve clearly suggests
the coexistence of both CoNi@C-BTC and graphene phases in the

nanocomposite. The detected diffraction peak at 26°, which represent-
ing the characteristic plane of (002) of graphitic carbon, indicated the
reduction of GO to rGO during the solvothermal method. It could be
seen in P@CN/G curve, broad peak lying between 20° and 26° con-
firms the overlapping of both amorphous polymer and rGO phases in
the nanocomposite. No conspicuous difference can be observed after
coating particles with polymer just reduction in the peaks intensity of
CoNi@C-BTC phase.

Fig. 2 illustrates the Raman spectra of as-prepared CN/G and
P @ CN/G samples. The D bands peak located at ~1333 cm ! and
G bands peak located at ~1577 cm™' represent vibration of aromatic
rings and sp>-bonded of carbon, respectively. Furthermore, the inten-
sity ratio between D and G bands (Ip/I;) ascribed to the extent of
disorder or degree of graphitization. The Ip/I; values for CN/G and
P@CN/G samples are 1 and 1.02. The slight increment of I,/I; value
in P@CN/G sample stems from the © conjugated structure and also
ring stretching mode of PEDOT polymer. The charge redistribution
between multiple interfaces causes slight blue shift of D and G bands
for the P@CN/G sample which suggests the anchoring between poly-
mer, rGO and CoNi-BTC powders.

3.1.2. Morphological characterization

Fig. 3(a and b) shows the morphology of CoNi-BTC sample. As
it can be seen, approximately uniform monodispersed nanospheres
(mean particle size ~300—-400 nm) were formed. According to Fig.
3(c—f) intimate coexistence of both CoNi-BTC and graphene sheets
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Fig. 4. XPS spectra of the P@CN/G, a) survey scan b) C 1s spectrum, ¢) S 2p spectrum, d) Ni 2p spectrum and e) Co 2p spectrum of this sample.
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Fig. 5. a) Room temperature magnetic hysteresis loops of as-prepared samples, b) corresponding enlarged view.

Table 1
Magnetic parameters of as-prepared samples.

Ms (emu/g) Mr (emu/g) Hc (Oe)
CoNi-BTC 31.60 0.62 11.20
CN/G 19.07 0.61 18.85
P@CN/G 7.95 0.01 4.42

are revealed. From the FESEM images (Fig. 3(g—i)) we can evidently
observe small bumps on the surface of the particles and graphene
sheets which confirms uniformly coating of PEDOT on the surface
due to strong intermolecular force between EDOT and surface or-
ganic groups of CoNi-BTC and graphene sheets. To sum-up, images

confirmed the prosperous formation of PEDOT polymer on the
nanocomposite without any damage to the original shape of the com-
ponents.

3.1.3. XPS characterization

The elemental status of P@CN/G sample was evaluated by X-ray
photoelectron spectroscopy (XPS). Based on the full survey spectrum
(Fig. 4a), Co, Ni, C, and O are detected in this sample. As shown
in Fig. 4(b), the deconvolution spectra of Cls exhibits three peaks
at 284.6, 286.4 and 288.8 ¢V which correspond to C-C, C-O and C
=0 functional groups. Moreover, the co-existence of Cls and S2p
(164.02 and 165.17 eV) peaks confirm the formation of PEDOT (Fig.
4(c)). The high resolution Ni 2p spectra can be deconvoluted by four
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Fig. 6. Electromagnetic parameters: complex permittivity (a,b), complex permeability (c,d), tan & (), and tan §,, (f) of P@CN/G sample composites in 8-12 GHz frequency range.

characteristic peaks at 852.8 and 869.8 eV related to the Ni 2ps,, and metallic Co state). Moreover, two shake-up satellites peaks at 788.9

Ni 2p;, of metallic Ni respectively. Furthermore, characteristic peaks and 802.2 eV binding energies.

at 858.5 and 874.5 eV binding energies can be attributed to the Ni

2p;, and Ni 2p,, of Ni*" states and also satellites peaks were de- 3.2. Magnetic properties

tected at 858.5 and 874.5 eV (Fig. 4(d)). The Co 2p spectra (Fig. 4e),

is decomposed into 4 main peaks at 780 and 795.6 eV (belong to Co The room temperature magnetic behavior of as-prepared samples

2p;), and Co 2p,,, electrons) and also 779 and 794.1 eV (signals of was evaluated via VSM with an external magnetic field of 1.5 T (Fig.
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Table 2
Comparison of performances for samples satisfying RL <—10 dB.

Sample thickness (mm) Fo (GHz) BW (GHz) [RL= (dB) FB (%) FOM dy FOMy
25% 24 12,5 2 40 16 640 1 640
25% 2.8 10.8 3 35 28 980 1.008 972
30% 2 11.6 2.8 35 17 595 0.813 732
30% 2.4 9.8 3 50 23 1150 0.7843 1466
30% 2.8 8 3 30 37 1110 0.7467 1486
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Fig. 8. (a) Attenuation coefficient o (b) ratio |Zin/Z0)|.

5). The magnetic parameters (saturation magnetization (M), rema-
nent magnetization (M,) and coercivity field (H,)) are summarized in
Table 1. According to the results, symmetric closed hysteresis loops
are observed for all samples while coercivity lower than 20 Oe proves
typical soft ferromagnetic behavior. The magnetization (M,) value of
CoNi-BTC sample is much higher than both CN/G and P@CN/G
samples. The decrement of the saturation magnetization value occurs
by introduction of graphene and PEDOT polymer as non-magnetic
phases in the nanocomposite.

3.3. Electromagnetic properties

3.3.1. Electromagnetic parameters

The electromagnetic parameters were obtained from the sample
prepared as described in Section 2.4 that also explains the measure-
ment and extraction technique.

The behavior as a function of the concentration shown in Fig. 6 is
as expected. The dielectric losses (Fig. 6(b)) are induced by the pres-
ence of PEDOT covering CN/G particles as well as graphene, these
two constituents being conductive and inducing dielectric losses by
virtue of the relation: tan & =0/(2nf &’ €0). The conductive PEDOT
coating improved the interfacial polarization due to bound and bipo-
laron/polaron charges that resulted in higher permittivity values [17].
As the content of P@CN/G increases in the epoxy, so does the conduc-
tivity, hence the dielectric losses. The increase of dielectric constant
with concentration (Fig. 6(a)) is ascribed to the Maxwell-Wagner-Sil-
lars effect well known and observed in dielectric materials loaded with
conductive charges [18,19].

The same reasoning holds for magnetic permeability and magnetic
losses. Both increase with concentration in P@CN/G particles due to
the magnetic content ascribed to the presence of Co and Ni particles
in the powder. The values however are rather low since magnetic pa-
rameters shown in Table 1 have lowest values for P@CN/G particles.
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3.3.2. Microwave absorption capability

As done in [1] the microwave absorption capability of our samples
was studied via the evaluation of return losses (RL) associated to re-
flection of samples in a Salisbury screen configuration, that is when
the absorbing sample is backed by a metallic plate. This configura-
tion mimics the radar operation where signal incident to a target is re-
flected, allowing its detection by the radar. For stealth applications, RL
has to be minimized in order to make the target invisible. The Salis-
bury configuration is adequate to evaluate the absorption capability of
a material through the measurement of RL since if RL is minimized, it
means that all signal has been absorbed in the sample so that almost
nothing is reflected (nor transmitted since the metallic plate blocks the
propagation). RL in Salisbury configuration expresses as the reflection
coefficient at input interface of an absorber and depends on the input
impedance Z;, [20]:

_ Zin - ZO
RL=20 logy| =——— (1)
Zin + ZO
Z;, = \/gZo tanh (yd) )
where

y=Jj 2 ﬂf\/s( 1—j tan&e)u (l—jtan(ﬁ”)/co 3)

Z, is the free-space impedance equal to 377 Ohms, f is the fre-
quency, d is the thickness of the sample and ¢, p, tand,, tand, are
measured permittivity, permeability and associated loss tangent fac-
tors given in Fig. 6, respectively, while c, is the light velocity in air.
The electromagnetic parameters of the sample have thus an impact on
RL.

From Eq. (1) it can be derived that RL is minimum, hence the ab-
sorption is maximum, when the imaginary part of Z;, cancels: this oc-
curs when the thickness d of the sample is a multiple of a quarter

wavelength A/4, i.e. at specific frequencies f,

A
d=n=
"3

=nCof (4 fyen)
- Jo
=nc,/ (d 4 \/e_y)

“)

Fig. 7 compares the RL values versus frequency at X band for var-
ious concentrations and thicknesses d of the samples. Only samples
having concentrations 25% and 30% succeed to meet the RL <—10 dB
criterion qualifying a good absorber, while those having concentra-
tions 15% and 20% fail over almost the whole frequency range.

Table 2 compares the performances for concentrations 25% and
30%, and thickness d =2, 2.4, and 2.8 mm.

In view of this the following definitions are proposed:

the —10 dB bandwidth, noted BW and defined as the frequency
range where RL <—10 dB

the fractional bandwidth defined as FB = BW/{,, where f is the cen-
ter frequency of the absorption bandwidth BW

The figure of merit (FOM) is a quantity used to characterize the
performance of a device, system or method, relative to its alterna-
tives. In engineering, figures of merit are often defined for partic-
ular materials or devices in order to determine their relative utility
for an application. In our case, the microwave absorber, the figure of
merit is defined as FOM =FB x |RL = this figure indicates that we
are interested in having the highest magnitude of reflection losses
[RL = over the highest possible frequency range.

The normalized thickness dy, defined as the thickness expressed as
fraction of the wavelength A, at frequency f.

The normalized FOM noted FOMy, defined as FOMy = FOM/dy,
which aims at gauging the compacity of the absorber; the lower the
thickness and the higher the FOM, so the highest is the FOMy.

From Table 2 it can be concluded that 2 samples, marked in bold
face, stand out in term of FOM. They have a respective thickness
equal to 2.4 and 2.8 mm. Their superiority results from the fact that
both FB and | RL =are higher than for most of the other samples.
When thickness is taken into account through FOMy, the sample hav-
ing thickness d=2.8 mm shows the best performance. The two sam-
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ples also have the highest concentration of 30%, which allows to min-
imize the reflection loss RL responsible for absorption in the material.

The absorber operating in Salisbury configuration exploits a reso-
nant behavior occurring when the thickness d of the sample is a mul-
tiple of the operating wavelength according to Eq. (4); at the corre-
sponding frequency the reflected signal returns to the input of the ab-
sorber with a 180° phase shift while being almost totally attenuated by
absorption induced by the lossy material characterized by the attenu-
ation constant @ = Re (y) from (3) shown in Fig. 8(a), so that Z;, be-
comes a real number proportional to the losses in the material. As ex-
pected it increases with the wt% concentration, as following dielectric
and magnetic losses shown in Fig. 6(e,f). The higher the losses in the
material, the more Z;, is close to Z,, minimizing thus RL by virtue of
Eq. (1). This is demonstrated in Fig. 8(b) that illustrates the behavior
of the magnitude of Z;,, / Z, as a function of frequency and concentra-
tion for the sample with thickness d = 2.8 mm. Only the 25% concen-
tration allows the Z;, impedance to reach the Z, impedance over a sig-
nificant frequency range, namely from 9 GHz to 12 GHz, explaining
the low RL values in this frequency range observed in Fig. 7(c). Con-
centration 30% should achieve even better performance but this is not
visible in the figure since resonance reasonably occurs below 8 GHz,
owing to higher values of permittivity and by virtue of Eq. (4).

The eddy current loss coefficient C, and microwave attenuation
constant « are expressed by the following equations:

-2
Co=p"v~f " =2zpyod %)

2 2
“N el 2 p”e”
-1+ <?> + (;) + W +1

where d, 1, and o represent thickness, permeability in vacuum and
electrical conductivity, respectively. As expected from Eq. (6), which
shows that a is proportional to € and u”, the attenuation constant is
higher for 30% concentration, this is owing to the respective values
shown in Fig. 6(c,d). As known to all, if the magnetic loss is caused
by the eddy current loss mechanism, then C, values should be con-
stant by increasing the frequency [15]. This is indeed verified in Fig.
9(a). Fig. 9(b) shows the matching thickness t,, as a function of fre-
quency, for each concentration: it can be obtained from inverting Eq.
(4) in order to obtain the thickness d where RL is minimum, inducing
matching. Obviously t,, decreases with frequency and with increased
concentration since the latter increases to both dielectric constant and
permeability, as shown in Fig. 6(a and c).

HNSH

2n
=22\ /ouwe
* c W we'

4. Conclusion

In this paper CoNi-BTC (CN) mixed with reduced graphene ox-
ide and covered by PDOT to form P@CN/G were successfully syn-
thesized via solvothermal method followed by pyrolysis and charac-
terized with XRD, XPS, VSM and FESEM.

XRD performed on P@CN/G sample clearly suggests the coexis-
tence of both CoNi@C-BTC and graphene phases in the nanocompos-
ite while XPS characterization confirms that Co, Ni, C, and O are de-
tected in the P@CN/G sample.

FSEM images show that CoNi-BTC particles have an approx-
imately uniform spheroidal monodispersed morphology with
300-400 nm diameter, and are covered uniformly covered by PDOT.

VSM measurements reveal S-like hysteresis loops for both CN,
CN/G and P@CN/G, confirming soft magnetic materials and ferro-
magnetic behavior which linked to the presence of ferromagnetic Co
and Ni nanoparticles in the nanocomposite powder.

Electromagnetic parameters, namely dielectric permittivity, mag-
netic permeability and associated losses, are measured for P@CN/G
composite sample dispersed into epoxy resin with 15%, 20%, 25% and
30% concentration. Measured parameters are used to predict by sim-
ulations the return losses (RL) for various combinations of thickness
and concentration. It is concluded from the exhaustive comparison us-
ing a FOM gauge that sample having 30% concentration and thick-
ness 2.8 mm achieves the best normalized FOM value superior to 1100
while sample with thickness 2.4 mm achieves minimal return losses
RL equal to —50 dB.
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