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ARTICLE INFO ABSTRACT

Keywords: Metal-organic framework (MOF) derived porous Fe304/C powders were applied for absorption of
Fe304 microwaves in the frequency range of 1-18 GHz. The effects of the polyvinylpyrrolidone (PVP)
MOF

additive on the synthesis of MIL101-(Fe) precursor were studied by various characterization
methods. By adding PVP, the impure hematite phase (a-FexO3) with magnetite phase (Fe304) was
disappeared and the particular morphology was transformed to the porous rod-like, leading to the
increase of specific surface area from 150 to 282 m?/g. Furthermore, the saturation magnetization
(Ms) of Fe304/C powders reached a maximum value of 47 emu/g at a proper amount of PVP. A
thin absorber (2.6 mm) made of 50 wt% Fe304/C powders and 50 wt % paraffine absorbed the
whole of X frequency band (8-12 GHz) with a minimum reflection loss of —20 dB at a matching
frequency of 10 GHz. Adjusting the permittivity and permeability parameters of the Fez04/C
powders via adding PVP was responsible for their better microwave absorption performance.

PVP
Reflection loss
Effective absorption bandwidth

1. Introduction

Fifth-generation (5G) networks and wireless telecommunication technologies are rapidly developing for their higher transmission
speed and network capacity [1-3]. However, their electromagnetic waves (EMWs) are detrimental to human health and can interfere
the performance of electronic devices, demanding the microwave absorber materials (MAMs) for shielding against EMWs. The energy
of EMWs can be converted into heat using the magnetic and dielectric MAMs [4,5]. Several MAMs such as graphene, TiO5, SiO,, SiC,
ZnO, CoFey04, Fe304, and BaFe 2019, are developed for electromagnetic interference shielding applications [6-8]. The absorption
performance of various MAMs is usually characterized based on absorption capacity, effective absorption bandwidth (EAB), and
matching thickness. A broad EAB at a small matching thickness is suitable for practical applications [9-11].

Magnetic spinel ferrite (MFe3O4, M = Fe, Co, Ni, Mn, Zn) and hexagonal ferrite (MFe;2019, M = Sr, Ba, Pb) are considered as high-
performance MAMs due to their dielectric and magnetic nature [12-14]. Among them, magnetite (FeFe;O4) has several physico-
chemical properties such as high saturation magnetization, high permeability, facile synthesis, and low cost, making it as a notable
MAM [15,16]. The spinel structure of Fe504 is based on a face-centered cubic arrangement of 32 oxygen ions in which the Fe>* and
M?* cations are distributed between 16 octahedral [B] and 8 tetrahedral (A) sites [17]. The magnetic and dielectric properties of the
Fe304 powders are mainly tunable by adjusting their phase purity, microstructure, and the cations distribution between (A) and [B]
sites through synthesis method [18,19].

Generally, the Fe3O4 nanoparticles are synthesized by precipitation method in which the ferric and ferro chlorides are
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simultaneously precipitated by adding NaOH agent. However, the low temperature of the precipitation method results in the lower
magnetic properties. Therefore, the high-temperature synthesis methods such as solvothermal, thermal decomposition, and solution
combustion have been applied for preparing the Fe304 nanoparticles with high magnetic properties [20-25]. The metal-organic
framework (MOF) approach has versatility and tunability in the morphology, pore size, and pore volume of the Fes04 powders
[24]. In the MOF approach, the metal precursors are coordinated by organic ligands such as terephthalic acid, trimesic acid, 1,4-ben-
zene dicarboxylate, etc. in organic solvents to form 1D, 2D, and 3D open structures. The MOF precursor can be then pyrolyzed to the
porous materials by exhausting the gaseous products [26-28]. The various MOF-derived materials with high specific surface areas are
applied in energy storage and conversion systems, gas sensing, and absorption of EM waves [29-31]. The textural properties of
MOF-derived materials are dependent on the synthesis conditions such as the amount and type of ligand and solvent, organic additives,
etc. [32,33].

In this work, the effects of the polyvinylpyrrolidone (PVP) additive were studied on the synthesis of MIL101-(Fe) as a precursor for
preparing the Fe3O4 nanoparticles for microwave absorption applications. The morphology was transformed from particular to rod-
like with sheetlike building blocks by adding PVP. The saturation magnetization (Ms) reached a maximum value of 47 emu/g
using a proper amount of PVP. The higher Ms value, the higher permeability. The higher microwave absorption performance was
attributed to the better impedance matching caused by a proper combination of permittivity and permeability parameters.

2. Experimental procedures
2.1. Materials

Terephthalic acid (HoBDC) (C¢H4(COOH)s,), ferric chloride hexahydrate (FeCl3-6H20), PVP ((CgH9NO),, K-30), and N, N-dime-
thylformamide (DMF) were provided from Merck Chemical Co.

2.2. Synthesis of Fe3sO4 nanoparticles

The MIL101- (Fe) was prepared by a solvothermal process [34]. Firstly, 1.705 g HoBDC and 3.581 g FeCls-6H,0 were completely
dissolved in 90.0 mL DMF by magnetic stirring. The various amounts of PVP (1.47 and 2.94 g) were also added to the precursor
solution which was then treated in a 100 mL-Teflon-lined stainless reactor at 110 °C for 20 h. The obtained brown precipitates were
collected and dried at 60 °C for 3 h. The MIL-101(Fe) powders were transformed into the Fe304 nanoparticles by pyrolyzing at 650 °C
for 2 h under Ar atmosphere with a heating rate of 5 °C min~!. The Fe30, nanoparticles were coded as PO, P1, and P2 based on the PVP
contents.

2.3. Materials characterization

The MOF-derived Fe3O4 powders were structurally analyzed on a D8 ADVANCE X-ray diffractometer (Bruker, Japan). The CuKa (A
= 1.540 A) irradiation was generated at 30 kV and 10 mA for obtaining the diffraction pattern. The diffraction range (26 = 10°-80°)
was scanned in a rate of 0.04°/0.5 s. An X-ray photoelectron spectroscopy (XPS) (BESTEC, EA 10, Germany) was applied for
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Fig. 1. XRD patterns of (a) MIL-101(Fe) and (b) MOF-derived Fe3;0,4 powders versus PVP contents.
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characterizing the valence state of the Fe, O, and C elements in the surface of Fe3O4 nanoparticles. The microstructure was observed
using VEGA II scanning electron microscopy (TESCAN, Czech Republic). A Tristar 3000 instrument (Micromeritics, USA) was applied
for measuring the nitrogen ad/desorption isotherms on the degassed powders at 250C for 5 h. The magnetic properties of the FezO4
powders were determined on a vibrating sample magnetometer (Meghnatis Daghigh Kavir Co., Iran) at room temperature.

The values of relative permittivity (e, = £'-je") and permeability (p; = p'-ju") of the toroidal-shaped coaxial sample (youe = 7.0 mm
and yj, = 3.04 mm) were measured on a vector network analyzer (VNA) (Agilent/HP 8722 ES). According to ASTM D7449 standard,
the Fe304 powders were mixed with paraffine (50 wt%) in toluene solvent under sonication. Then the paste was molded and dried at
80 °C in an oven.

3. Results and discussion

XRD patterns of the MIL-101(Fe) and MOF-derived Fe3O4 powders versus PVP contents are shown in Fig. 1a. The reflections of MIL-
101 are in accordance with the reported patterns for MIL structure which is composed of metal nodes (Fe*N) in carboxylate trimeric
clusters [35]. The structure of MIL-101 are independent of PVP additives (Fig. 1a), confirming its high purity. After pyrolyzing, the PO
powders have the reflections of (111), (022), (311), (004), (224), (115), and (044) which are related to the spinel structure of
magnetite phase with space group of Fd3m (PDF2#01-075-0449). Furthermore, there are the reflections of a-FepO3 phase
(PDF2#00-039-1346) in the PO sample which are disappeared by adding the PVP. The ferric (Fe®>") cations are coordinated through
oxygen atoms of carboxylic groups which can be decomposed into the hematite (x-Fe;O3) phase during calcination at high temper-
atures. Burning the organic framework releases the CO and Hj gases which reduce a-Fe;O3 to Fe3O4. Burning the PVP molecules
liberated a large amount of gaseous products such as CO and Hp, benefitting for the complete reduction of a-FeyO3 to FegO4. The
crystallite size and lattice strain were determined from the peak broadening in which the crystallite size decreases from 45 to 33 nm,
while the lattice strain increases from —0.1 to +0.2 % by the increase of PVP, indicating their lower crystallinity.

The full XPS spectrum of the P1 sample (Fig. 2a) shows three typical peaks of Cls (284 eV), Ols (531 eV), and Fe2p (711 eV),
suggesting the presence of C, O, and Fe elements. The high-resolution XPS spectra show further elemental detailed information. There
are two peaks of 711.1 eV and 724.6 eV in the high-resolution Fe2p spectrum (Fig. 2b), respectively corresponding to Fe2p3,, and
Fe2p; /2 on account of the spin-orbit coupling [36]. The Fe3*t species has Fe2ps /2 (712.1 V) and Fe2p; /2 (725.4 eV) components with a
satellite peak at 716.7 eV [37]. However, a pair of Fe2p3,5 (711.5 eV) and Fe2p; > (723.8 eV) components with a satellite peak at
732.7 eV are related to the Fe?" species [38]. As shown in the O1s spectrum in Fig. 2c, the two peaks at 530.28 and 528.92 eV are
respectively corresponded to Fe—O—C and Fe—O species [39], meaning that there is some residual carbon on the Fe304 nanoparticles.
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Fig. 2. (a) full XPS spectra of the P1 sample and high-resolution XPS spectra; (b) Fe2p, (c) Ols, and (d) Cls.
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Fig. 2d is the Cls spectrum. The binding energy values of 283.30, 283.9, and 287.1 eV are due to the C=C/C—C, C-N, and O-C=0
species, respectively [17,40] caused by depositing carbon on the Fe304 nanoparticles through burning the organic framework and PVP
molecule.

SEM images of the MOF-derived Fe3O4 powders are shown in Fig. 3. The PO powders are composed of the Fe304 nanoparticles (~40
nm) agglomerated on the pores’ walls. Burning the organic framework is responsible for the macropores. By adding the PVP, the
morphology is transformed from a particular to a rod-like with sheetlike building blocks (Fig. 3c1 and c2). The octahedral morphology
of MIL101-(Fe) can be modified by adding PVP. The entanglement of PVP molecules geometrically confine the growth of MIL101-Fe,
leading to the elongated octahedral particles as rod-like particles. Furthermore, the PVP additive changes the decomposition rate of
MIL101-(Fe) molecules, inducing the sheet-like building blocks [41].

No ad/desorption isotherms of the MOF-derived Fe3O4 powders are presented in Fig. 4a. The fragile agglomeration of Fe3O4
nanoparticles result in the IV type isotherm with H3 hysteresis. The values of BET specific surface area are 150, 206, and 282 m?/g for
the PO, P1, and P2 samples, respectively. Furthermore, the pore volume slightly increases from 0.50 cm®/g for the PO sample to 0.55
and 0.53 cm®/g for the P1 and P2 samples, respectively. The higher specific surface area of the PVP-assisted samples can be attributed
to the morphological evolution from particular to rod-like with sheetlike building blocks. The rod-like morphology has the lower
packing density, inducing the higher specific surface area. The average size of pores is centered about 10 nm, showing their mesopores’
nature. The pyrolysis of the organic materials leads to the gaseous products, inducing the micropores and macropores.

Magnetization curves of the MOF-derived Fe3O4 powders are shown in Fig. 5. The porous powders show S-shaped curve with a
hysteresis loop, corresponding to their ferromagnetic behavior. The Fe30, phase has a spinel structure in which the magnetic Fe>* and
Fe®" cations are distributed between tetrahedral (A) and octahedral [B] sites [42]. The reversely exchange-coupling of Fe®' and Fe®"
cations via oxygen ions is responsible for the magnetic moments and saturation magnetization of Fe3O4 phase. The unequal magnetic
moments of Fe>* and Fe?* results in the spontaneous magnetization of the Fe304 phase as similar to the ferromagnetic materials with
magnetic hysteresis loop [43]. The values of saturation magnetization (Ms) and coercivity (Hc) are dependent on the PVP contents.
With the increase of PVP, the Ms value first increases from 16 to 47 emu/g and then decreases up to 41 emu/g. The coercivity decreases
from 163 to 155 Oe by adding PVP. The magnetic properties are related to the phase purity, cation distribution, particle size and shape
[44-46]. With the increase of PVP, the Ms value first increases from 16 to 47 emu/g and then decreases up to 41 emu/g. The
disappearance of nonmagnetic a-Fe;O3 phase is responsible for the increase of Ms value. However, the decrease of Ms can be attributed
to the spin canting effects [47-49]. The disorderings of magnetic moments at the surface of Fe304 nanoparticles lead to the decrease of
saturation magnetization.

The permittivity, permeability, and dielectric and magnetic loss factors of the MOF-derived Fe3O4 powders are presented in Fig. 6.
The real permittivity (¢') of the PO sample decreases from 26 to 7.7 in the frequency range of 1-18 GHz. By adding the PVP, the average
value of ¢ decreases from 16 to 4 (Fig. 6a). Consequently, there is similar trend for imaginary permittivity (¢") versus frequency
(Fig. 6b) in which the ¢" value is sharply decreased in lower frequency region (1-4 GHz) and then it is slowly decreased at higher
frequencies. The average " value decreases from 11 to 0.5 by adding the PVP. Furthermore, the ¢" spectra show a broad peak in at the

Fig. 3. SEM images of the MOF-derived Fe304 powders; (al and a2) PO, (b1 and b2) P1, and (c1 and c2) P2.
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frequency range of 12-18 GHz. This broad peak is clearly observable in the dielectric loss factor (Fig. 6¢). The permittivity spectra can
be described based on conduction loss and dipolar polarization phenomena as dielectric loss mechanisms [50]. The higher contribution
of conduction loss mechanism leads to the initial substantial decrease of permittivity in the low-frequency region [51]. The flow of
electrons in the absorber by incident EMWs is responsible for the conduction loss mechanism. Therefore, the imaginary part (¢") of
permittivity as a loss capacity is directly proportional to the electrical conductivity (6 = 64.+04c) as follows [52]:
” 4 Oac Odc
&€= 2nfe,  2nfeo + 2xfeo @

which fis frequency of EMWs and g is vacuum permittivity. The higher contribution of the DC electrical conductivity (64c) than that of

the AC conductivity () leads to the initial drop in ¢" values. The term of 2;};0 has a constant value because the o, is proportional to

the frequency (f). The broad peak on the €" spectra is due to the dipolar polarization mechanism. Among various origins of dipolar
polarization, the space charge distribution mechanism is more common for polycrystalline materials. The mobile charges can be
accumulated at phase interfaces and grain boundaries, leading to the interfacial dipoles as space charge distribution. According the
Debye model, the electrical energy of EMWs is attenuated by fluctuating the interfacial dipoles [53,54]. The lower permittivity of the

P2 powders can be attributed to the porous microstructure of rod-like particles. These pores decrease the electrical conductivity
through the reduction of packing density.

Fig. 6d and e shows the dependence of the real (p') and imaginary (u") parts of permeability spectra versus frequency. All samples
show relatively similar values of i’ at the whole frequency range (1-18 GHz) in which the ' values decrease from 1.35 to 0.95 due to
the deviation of magnetic dipoles’ vibrations from alternating applied fields [55,56]. The p" spectra have several broad peaks in the
frequency range of 1-16 GHz caused by the various mechanisms of the ferromagnetic resonance. The natural resonance occurs at
below 10 GHz, while the exchange resonance become active at above 10 GHz [50]. Moreover, the average value of p" first increases
from 0.03 to 0.09 and then decreases to 0.06 with adding the PVP. The permeability values are dependent on the saturation
magnetization and magnetic anisotropy of the Fe3O4/C powders which can be adjusted by the PVP contents. Fig. 6f shows the magnetic
(tandy,) loss factors versus frequency which is similar to the p" spectra. However, the dielectric loss factor (tand.) (0.1-0.7) is higher
than that of magnetic loss factor (tandy,) (0-0.13), showing the higher contribution of dielectric loss in comparison with the magnetic
loss.

Fig. 7 shows the dependence of reflection loss (RL) on frequency and absorber thickness. The reflection loss (RL) can be calculated
using the normalized input impedance (Z;,/Zo) as follows [57]:

Zin _
Zo
i

. (2)
241

o s (22).7)

which Zj is free space impedance, f is frequency, t is absorber thickness, also known as matching thickness, €, is relative permittivity,
and p, is relative permeability [58]. An efficient microwave absorber has the deep reflection loss, broad effective absorption bandwidth
(EAB) (reflection loss < —10 dB), and small matching thickness. The PO powders show strong absorption of —34 dB at a matching
thickness of 1.6 mm in Ku band. By adding PVP, the minimum RL increases up to —42 dB at a matching frequency of 13 GHz for the
matching thickness of 2.1 mm. However, the absorption capacity worsens for the P2 sample with the minimum RL of —13 dB at
high-frequency regions (X and Ku bands) and high matching thicknesses (10 mm).

The dependence of EAB on the matching thickness for the PO and P1 samples is presented in Fig. 8a. The EAB vs. matching thickness
has a similar trend in which EAB first sharply increases up to a maximum and then gradually decreases with the increase of matching
thicknesses. At the higher matching thicknesses of 2 mm, the P1 sample has a broader EAB than the PO powders. The PO absorber has
an EAB of 5.9 GHz in the Ku band (12-18 GHz) at a matching thickness of 1.8 mm. However, the P1 sample can effectively absorb 85 %
(5.1 GHz) Ku band at a matching thickness of 1.9 mm. The P1 sample shows an EAB of 4.3 (8-12.3) GHz in X band at a matching
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Fig. 7. Dependence of RL values on matching frequency and matching thickness for the MOF-derived Fe304 powders; (a) PO, (b) P1, and (c) P2.
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thickness of 2.6 mm. A predominance index (PI) for each frequency band is defined as follows [59]:

EAB

PI=———
Af band X tm

@

which tp, is matching thickness and Afpang is the bandwidth of frequency band. The large PI value as a crucial characteristic of the high-
performance MAMs is caused by the broad EAB at the small thicknesses. Fig. 8b compares the PI values of the PO and P1 powders for
the different frequency bands. The low-frequency bands have lower PI values. Except of Ku band, the P1 powders have the higher PI
values than that of PO sample. Fig. 8c and d presents the reflection loss curves at the matching thicknesses which show the broad EAB in
the frequency band. The PO and P1 powders effectively absorb the EMWs at small matching thicknesses. However, the minimum
reflection loss decreases at the low-frequency bands in which the suitable matching thicknesses are high. The microwave absorption
performance of the various Fe304-based materials is compared in Table 1 by regarding the EAB, matching thickness, and minimum
reflection loss. The MOF derived Fe304 powders offer the higher microwave performance due to the adjustment of permittivity and
permeability values by adding PVP. Furthermore, the higher microwave performance of MOF-derived Fe304 powders can be attributed
to the structural and microstructural features including the high crystallinity, small nanoparticles, and porosity.

The dielectric and magnetic loss mechanisms are responsible for the microwave absorption performance. In the microwave range,
the conduction loss and dipolar polarization are active mechanisms of dielectric loss [6]. The dipolar polarization can be modeled by
the following Debye equation [61,62]:

Table 1

Microwave absorption performance of the Fe3O4-based composites.
Material EABpax (GHz) tm (mm) RLmin (dB) PI @ band Fill ratio (mass %) Refs.
Fe304/1GO 3.8 1.7 -15 0.55@X 60 [25]
Fe304/NPC/1GO 5.5 2 —-72.6 0.45@Ku 25 [42]
Fe304/Ppy 5.12 2.5 —40.53 0.34@Ku - [17]
Fe304/C 4.5 3 —65.6 0.37@X 40 [45]
Fe304/Graphene foam 6.7 2.5 —45.08 0.44@Ku - [36]
Fe304/C/Ppy 4.16 2.13 —-53.7 0.29@Ku - [60]
Fe304 (P1) 4.3 2.6 —42 0.41@X 50 This work
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€0 — Erco

1+ jor 5)

&=¢€ —j&' = €0 +
which 7 is the relaxation time, ® = 2xf is the operating angular frequency, and e, and &, are the permittivity values at low and high
frequencies, respectively. By removing the frequency (o = 2xf) parameter, the Debye equation is transformed to a circle’s equation in ¢”
vs. € space (Cole-Cole plot) as follows [63,64]:

(¢ -2 ) e (Y’ ©

Fig. 9a shows the Cole-Cole plots. There are semicircles and inclined linear regions which are respectively due to the dipolar
polarization and the conduction loss [65]. The dipolar polarization is categorized on the base of dipoles’ origin; the orientational,
spontaneous, space charge, and interfacial polarization. In the polycrystalline and composite powders, the interfacial relaxation are
mainly active due to a plenty of phase interfaces [66]. A wide region of inclined linear in the Cole-Cole plot indicates the higher
contribution of conduction loss in the PO and P1 powders. However, the lower contribution of conduction loss in the P2 powders leads
to the shorter linear part. The porous rod-like morphology of P2 sample is responsible for the lower packing density and then the lower
conductivity. In other words, the microwave absorption performance is weakened by changing the morphology from particular to
rod-like because of the weakening of the conduction loss, leading to the lower permittivity.

The ferromagnetic resonance and eddy-current effect are two main mechanisms for magnetic loss in the microwave range [67].
Several broad peaks in p" spectra (Fig. 6e) are due to the ferromagnetic resonance phenomena in the Fe3O4 nanoparticles. The
ferromagnetic resonance frequency of bulk Fe3O4 is in the MHz range due to the low anisotropy field of its spinel structure [68].
However, the Fe3O4 nanoparticles have the higher anisotropy field due to the surface anisotropy [69]. The Fe3O4 nanoparticles have
the higher surface disorders due to the higher atoms at their surface. Therefore, the Fe304 nanoparticles with higher magnetic

anisotropy show the resonance frequency in the GHz region [68]. The contribution of eddy current loss can be determined by

considering the dependence of ﬂ",u’fz ~1 = 27u,d%c = Cy values on frequency (f) [7], as shown in Fig. 9b. In the frequency range that

the Cy values remain constant, the magnetic loss mechanism is eddy-current effect. The PO, P1, and P2 samples have similar trends of
Cop values. The C values first decrease and then become constant at above 14 GHz, indicating the predominance of the eddy-current
effect in the high-frequency region. The attenuation of EMWs per unit distance inside the absorber is determined by the attenuation («)
coefficient which is related to the permittivity and permeability parameters as follows [70]:

a2 \Jrer - e+ Jure— e+ e+ are @)

Fig. 9c shows the a coefficient vs. frequency. The PO powders have the a values in the range of 38-225. However, by decreasing the
permittivity values, the maximum of « values decreases to 180 and 33 for the P1 and P2, respectively.

For a high-performance MAM, the values of permittivity and permeability provide the impedance matching between the free space
(Zo) and absorber (Zjy), i.e., Zg = Zip [71,72]. By matching the impedances, the EMWs are not reflected from the surface of absorber,
and then the incident EMWs easily enter into the absorbers. The frequency and thickness for matching the impedances can be eval-
uated by regarding two criteria; (1) the further closeness of |Z| = |Zin/Zo| to ~1, the better impedance matching [73] and (2) the
smaller delta-function, |A| = |sinh*(Kfd)—M], the better the impedance matching. The real values of K and M are determined as follows
[74]1:

e 9 ()

c COS b, €COS O

®

Me 44 cos 5, x € cos 5y,

9)

2
(4 cos 5, — € €Os 5p)> + (tan (‘5"'2’5“')) (W' OS5, + € COS 6)*

Fig. 10 shows the 2D contours of |Zl and |A| values versus thickness and frequency. The matching impedance region (0.5<|ZI<1.5
and |A|<0.4) is narrow for the PO powders (Fig. 10a and b). By adding PVP, the absorber and free-space impedances are matched at the
broader ranges of frequency and thickness (orange region) due to the decrease of permittivity (Fig. 10c and d). However, the P2
powders with very low permittivity satisfy the impedance matching condition (IZI~1) in a linear region (Fig. 10e). Furthermore, there
is no region of frequency and thickness for delta-function condition (|A|<0.4) by the P2 powders, indicating the reflection of incident
EMWs. Therefore, the very weak microwave absorption performance of the P2 powders is caused by the mismatching of impedance.

In summary, the high magnetic properties of the Fe304 phase are helpful for the magnetic loss through the ferromagnetic resonance
and eddy-current mechanisms [75,76]. The high electrical conductivity of Fe3O4 is also benefitted for the conduction loss. However,
the change of morphology from particular to rod-like by adding high amounts of PVP decreases the permittivity through weakening the
conductivity. Furthermore, the contribution of interfacial relaxation in dielectric loss is lower than the contribution of conduction loss,
as shown by Cole-Cole plot. Therefore, the rod-like morphology shows the weak absorption performance due to the very low
permittivity, leading to the impedance mismatching. However, the proper amounts of PVP additive increase the permeability, leading
to the higher microwave absorption performance through matching the impedances. Furthermore, the deposited carbon on the FezO4
nanoparticles can increase the electrical conductivity and dielectric loss. However, there is a contrasting trend of downsizing Fe304



V. Kavoosi and S.M. Masoudpanah Heliyon 11 (2025) e41202

0.06 250
18 - - —P0
16 [ 0.05 |- L [
14 | e —P1 200 | ——P1
. 0.04 [ —P2 L P2
12 F I
%10 | (b) T
w 10 |- o 0.03 |- 3 L
8 © [ 100
s [ 0.02 — [
4 F 0.01 | 50 I
2l 0.00 [ -
oL v . 1 .1 .0, : [P R P B O P B B P B o Lu TP TP PR P B RO O I
5 10 15 20 25 30 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
& Frequency (GHz) Frequency (GHz)
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Fig. 10. Contour of IZ| and |A| values versus thickness and frequency for (a and b) PO, (c and d) P1, and (e) P2.

nanoparticles. At the higher PVP additives, the higher deposited carbon, but the average size of Fe304 nanoparticles decreased. The
higher deposited carbon led to higher electrical conductivity, while the smaller particle size decreased the conductivity. In other
words, despite the higher residual carbon at the P2 sample, its conductivity was lower due to its very small particle size.

4. Conclusion

The MOF approach was modified by adding PVP for preparing the porous Fe3O4,c powders. The application of PVP led to the
morphology transformation from particular to rod-like which increased the specific surface area from 150 to 282 m?/g. By adding the
PVP, the saturation magnetization increased from 16 to 47 emu/g due to the disappearance of antiferromagnetic a-Fe,O3 phase and
improvement of the crystallinity. Despite the decrease of permittivity values, the permeability first increased and then decreased with
PVP content. By approaching the permittivity and permeability, the microwave absorption performance of the Fe3O4,c powders
improved at a proper amount of PVP additive.
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