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Abstract
Molybdates from  A2Mo3O12 family have been widely investigated due to its low sintering temperature, low thermal expan-
sion coefficient, and low dielectric loss.  Fe2Mo3O12 (FMO) is an oxide from this family and widely used in the catalytic field. 
The aim of this work is to evaluate the influence of the  Bi2O3–B2O3 as a sintering aid in the microstructure and dielectric 
properties of FMO. The diffraction results showed that the FMO with the monoclinic structure phase was obtained after the 
calcination process (650 °C). Mössbauer spectroscopy showed the formation of  Fe2O3 after the sintering process at 800 °C. 
The scanning electron-microscopic image demonstrates an increase of the grain as a function of sintering aid concentration. 
The samples were analyzed using the impedance spectroscopy at radiofrequency with temperature variation. The Nyquist 
diagram obtained in this temperature range was fitted from an equivalent circuit with three R-CPE associations, correspond-
ing to the morphology of the electroceramics. For dielectric properties in the microwave, all the samples showed values of εr 
lower than 10. Values of Q x f above 14,132.35 GHz were achieved. The thermal stability was evaluated by the temperature 
coefficient of resonant frequency (τf). The lowest τf values of − 6.55 ppm/°C and − 4.35 ppm/°C (near-zero) were measured to 
FMO and FMO mixed with 7.5 wt %  Bi2O3–B2O3, respectively. Based on these results, FMO can be used to low-permittivity 
ceramic for low-temperature co-fired ceramics (LTCC) applications, antenna substrate, and millimeter-wave range.

Keywords LTCC  · Fe2Mo3O12 · Microwave · Impedance spectroscopy

1 Introduction

The electroceramics emerged as an excellent option for inte-
gration and miniaturization of electronic circuits, making 
smaller and more efficient systems [1]. Due to the advances 
in telecommunications, it is required that the materials have 
appropriated dielectric constant (εr), low dielectric loss (tan 

δ), near-zero temperature coefficient of resonant frequency 
(τf), high-quality factor (Q x f), temperature stable and versa-
tile [2, 3]. Electroceramics are widely used in the manufac-
turing of microwave electronic devices, dielectric substrates, 
resonators owing to their easy integration in chips [4]. Most 
of these ceramics require high sintering temperature, which 
can be a factor that hinders the integration of them into an 
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electronic circuit [5]. Therefore, low-temperature co-fired 
ceramics (LTCC) were developed by adding low quantities 
of melting temperature oxides, such as  Bi2O3 [2, 6],  B2O3 
[7],  V2O5 [8], among others [9, 10], which allows the sinter-
ing process below 950 °C.

Recent studies point  MoO3 based electroceramic as an 
excellent option for LTCC  application [11–15], with high 
Q x f and low tan δ. Nina Joseph and coworkers obtained 
 CuMoO4 sintered at low temperature and completely com-
patible with the Al electrode and with Q x f of 53,000 GHz 
and εr of 7.9 [16]. Li-xia Pang et al.obtained  (K0.5La0.5)
MoO4 with middle εr, Q x f of 59,000 GHz, and 0.0002 
of tan δ [17]. However, LTCC  molybdate based materials 
have high τf values [2, 5, 18, 21, 23] and the addition of 
other compounds are necessary to shift the τf to near-zero 
values. Nina Joseph and coworkers added  Ag2O in  CuMoO4 
(τf = − 36 ppm.°C−1) to achieve composite with near-zero 
τf [19].

Molybdates belonging to  A2M3O12 family, where A is a 
trivalent cation  (Fe3+,  Al3+,  Y3+, and other rare earths) and 
M is a hexavalent cation  (Mo6+ or  W6+). They have been 
widely investigated due to their negative or near-zero ther-
mal expansion coefficient (α):  Y2Mo3O12 [20],  Al2Mo3O12 
[2],  Sc2Mo3O12 [21],  Fe2Mo3O12 [22],  HfMgW3O12 [23], 
 In2W3O12 [24],  Al2W3O12,  Sc2W3O12 [25], among others. 
The iron (III) molybdate  (Fe2Mo3O12) has a monoclinic 
structure at room temperature and shows a monoclinic-to-
orthorhombic transition between 510 and 520 °C [26, 27]. 
Li, Z.W, and coworkers [28] had investigated the  Fe2Mo3O12 
(FMO) and they observed the low α of this phase. This prop-
erty is desirable in the development of electronic devices, 
where it is needed a material which its dimensions do not 
change with the temperature changing [29].

FMO has been using to degradation reactions, for rho-
damine-B using photocatalyst process, for example [30]. 
However, the application of FMO, as a potential LTCC , has 
never been made so far to our knowledge. In this sense, a 
 Bi2O3–B2O3 mix is used as a sintering aid, the liquid phase 
of  Bi2O3 allows the grain growth during the sintering pro-
cess [32, 33], while  B2O3 is usually employed as flux former 
[33]. Therefore, the purpose of this study was to evaluate 
the effect of  Bi2O3–B2O3 mix in the microstructure, struc-
ture phase, and dielectric properties at radiofrequency and 
microwave range of FMO electroceramics.

2  Methodology

FMO electroceramic was synthesized by solid-sate route 
using  Fe2O3 (99%, Sigma Aldrich) and  MoO3 (99.5%, Sigma 
Aldrich). These starting materials were ground and mixed 
in agate mortar following the stoichiometry, as described 
in Eq. 1.

The mixture was pressed into pellets and calcinated at 
650 °C for 16 h. The  Bi2O3–B2O3 sintering aid was prepared 
using  Bi2O3 (99.9%, Sigma Aldrich) and  B2O3 (98%, Sigma 
Aldrich) and was added in molar ratio 1:1 and mixed in 
Fritsch Pulverisette 6 planetary mill for 10 h with 370 rpm 
as rotation speed. Milling was performed in sealed stainless-
steel vials under air with stainless-steel balls. A ball mass 
ratio of 1:9  (Bi2O3–B2O3 powder mass: ball mass) was used.

For dielectric characterization, the samples were ground 
and mixed with a binder: polyvinyl alcohol (PVA) 10% v/v 
solution.  Bi2O3–B2O3 was added as sintering aid and the 
samples were labeled as FMO-X (X = 2.5, 5.0 and 7.5 wt% 
 Bi2O3–B2O3). Then, each composition was pressed into 
cylindrical pellets and sintered at 800 °C for 6 h. The volume 
of these pellets was determined by Archimedes’ method to 
calculate their density. These pellets were polished on both 
faces and a silver paste (Joint Metal-PC200) was applied on 
them to ensure the electrical contact.

Powder X-ray diffraction (PXRD) patterns were obtained 
using a PANalytical diffractometer (Xpert Pro MPD) operat-
ing at 40 kV and 40 mA in the Bragg–Brentano geometry, 
with a Co tube  (Ka1: 1.7889 Å). The diffraction patterns 
were collected at room temperature from pulverized FMO 
calcinated and sintered samples. The diffractograms were 
obtained from 10° to 60° at a step size of 0.013°, with an 
analysis time of 70 s at each step, in a graphite monochroma-
tor in the plane geometry for diffracted beam.

Mössbauer spectra were obtained using transmission 
mode at room temperature. The 57Co radioactive source in 
Rh matrix was used mounted in speed controller scanning 
from − 10 mm.s−1 to + 10 mm.s−1 [34]. Spectra were also 
obtained for FMO calcinated and sintered samples.

Raman spectra were obtained using LabRAM Jobin–Yvon 
HORIBA spectometer, equipped with liquid nitrogen cooled 
CCD. A Laser beam was focused in the sample surface using 
OLYMPUS microscope lens and numeric opening of 0.75, 
forming a spot of 4 μm2 under the sample surface. The slits 
were adjusted to obtain a resolution of 2  cm−1.

The surface’s microstructure of the FMO based elec-
troceramics was studied by scanning electron microscopy 
(SEM). Micrograph images were collected at room tempera-
ture using a FEG Quanta 450 with Energy-dispersive X-ray 
spectroscopy (EDS) in the SEM chamber, with an incident 
electron beam of 20 kV. The average grain size was deter-
mined using ImageJ software [35], from at least 50 particles 
measurements.

For dielectric measurements at the RF range, the sam-
ples were evaluated using a Solartron 1260 computer-
controlled impedance analyzer as a function of frequency 
(1 Hz–10 MHz) at different temperatures (220–260 °C). 
On the other hand, the dielectric measurements for the 

(1)Fe2O3(s)+ 3MoO3(s) → Fe2Mo3O12(s)
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microwave range were evaluated with an Agilent Model 
PNA N5230A using the Hakki-Coleman method [36]. The 
Agilent PNA N5230A was also used to measure the τf of 
the FMO as described by Silva and his coworkers [37].

3  Results and discussion

To confirm the complete calcination of FMO and achieve the 
crystalline phase, all the samples were analyzed by PXRD 
technique and compared to  Fe2Mo3O12 (ICSD: 100,606, 
monoclinic,  P21/a1) crystalline phase. Figure 1a shows the 
diffraction pattern of the  Fe2Mo3O12 based ceramics. The 

Fig. 1  Rietveld refinement of the PXRD a with observed (YObs) and calculated (YCalc) intensities and Mössbauer spectra b of C-FMO, FMO, 
FMO-2.5, FMO-5.0 and FMO-7.5
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first diffractogram is relative to  Fe2Mo3O12 after calcina-
tion process and before sintering process (C-FMO). For 
this sample, only monoclinic  Fe2Mo3O12 was achieved. For 
FMO sintered and sintering aid added samples, the results 
demonstrated that a fraction (from 2.2 at 20 wt %) of  Fe2O3 
(ICSD: 154,190) spurious phase is formed. This behavior 
was observed for all sintered samples, being also observed 
a mass loss in all pellets. Prisco et al. related that  A2Mo3O12 
molybdates has a thermic decomposition in temperatures 
higher than 700 °C, forming initial oxides used in the reac-
tion [38]. Therefore, all sintered samples were also ana-
lyzed by PXRD to examine the crystalline structure after 
the sintering process. Diffractograms of FMO, FMO-2.5, 
FMO-5.0 and FMO-7.5 presented the formation of  Fe2O3 
(ICSD: 154,190, Rhombohedral, R-3c) phase, confirming 
the thermal decomposition of  Fe2Mo3O12 after the sintering 
process as described in Eq. 2.

In the literature,  Bi2O3–B2O3 mixture acts as a sinter-
ing aid formed an amorphous compound after thermal pro-
cess [31, 39]. In this work, no peaks relative to these phases 
 (Bi2O3 or  B2O3) were found in diffractograms.

Rietveld refinement parameters are presented in Table 1. 
Low values of agreement indices for all samples shows that 
the Rietveld refinements were satisfactory, with weighted 
profile R-factor (RWP) below 20% or between 20 and 30% for 
samples with two or more phases and χ2 near to unity [40]. 
Another factor is the similarity between lattice parameters 
of samples and the pattern of database, which indicates that 
structure did not change with addition of  Bi2O3 and  B2O3, 
since  Bi3+ can substitute  Fe3+ in octahedral site [41].

The Mössbauer spectra of the samples are shown in 
Fig. 1b. All samples showed a doublet with isomer shift (δ) 
near to 0.41 mm/s, related to paramagnetic  Fe3+ ion in high 
spin state and quadrupole splitting (Δ) at 0.18 mm/s, which 
is assigned to  [FeO6] sites in  Fe2Mo3O12 monoclinic phase 
[42]. Spectra of sintered samples showed a low intensity 
simple sextet, indicating a magnetically ordered state. The 
high value of hyperfine field (BHF) (above 51 T), and the 
values of δ near 0.37 mm/s indicates the presence of α-Fe2O3 
phase [43–45], which were also found in PXRD analysis. 
The experimental data of hyperfine parameters are presented 
in Table 2.

As discussed in PXRD,  Fe2O3 content rise as sinter-
ing aid content rise according to area (%) values presented 
in Table 1. No  Fe2O3 was observed in C-FMO spectrum, 
since it was not sintered, while FMO-7.5 presented 18.4% 
of  Fe2O3. However, in the 7.5 wt % of  Bi2O3–B2O3 a drop 
in iron oxide concentration is observed in PXRD when 
compared to Mössbauer spectra. This phenomenon can 

(2)Fe2Mo3O12(s) → Fe2O3(s)+ 3MoO3(s).
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be explained by a ternary diagram for  Fe2O3-Bi2O3-MoO3 
(Fig. 2). At region 1 of ternary diagram, the samples start 
to decompose above 700 °C in sintering process and pro-
ducing this molar ratio for all samples. As temperature 
increases,  MoO3 volatizes, and the  Fe2O3 and  Bi2O3 molar 
fraction increases for all samples, until reach equilibrium at 
region 2. When FMO-7.5 decomposes, the molar ratio of 
 Fe2O3-Bi2O3-MoO3 system promote the formation of a vitre-
ous phase, as described by Iardanova [46]. PXRD analysis 
depends on the crystallinity of the sample, but this technique 
is not able to quantify entire  Fe2O3, since it is forming an 
amorphous vitreous phase, but Mössbauer identify the Fe 
environment. Therefore, Mössbauer spectroscopy is able to 
quantify the entire Fe quantity.

Figure 3 shows Raman spectra for FMO samples. The 
 Fe2Mo3O12 monoclinic phase belongs to  P21/a1 space group 
with eight molecular formula for unit cell. According to 
group theory,  Fe2Mo3O12 has 408 modes in Brillouin zone, 
three of which are acoustic modes and the rest are optical 
modes which may be described as irreducible representa-
tion ΓP21/a1

 = 102  Ag + 102  Bg + 101  Au + 100  Bu. Only  Ag e 

 Bg are Raman active [27]. For FMO sample, main modes of 
 Fe2Mo3O12 structure are observed, which reinforces the data 
obtained from PXRD analysis. Raman spectra of sintered 
sample FMO is similar to C-FMO.  Fe2O3,  Bi2O3 and  B2O3 
phases were not assigned due to its bands being overlapped 
by  Fe2Mo3O12’s spectrum. Regions between 700–900  cm−1 
and 900–1200  cm−1 show that some bands keep their shape, 
intensity and width as it can be seen in Fig. 3. According to 
Moura et al. [27] the band within 200–300  cm−1 correspond 
to translational motions of  MoO4 polyhedra, band from 300 
to 500  cm−1 is related to  MoO4 tetrahedral bendings. Vibra-
tional modes in 783, 803, 822 and 936  cm−1 are assigned to 
asymmetrical stretching of Mo–O bond and modes in 968 e 
990  cm−1 represents symmetrical stretching of Mo–O bond. 

Table 2  Hyperfine parameters 
for  Fe2Mo3O12 based ceramics. 
δ, Δ, Γ, BHF are isomer shift, 
quadrupole splitting, line width 
and hyperfine field, respectively

Sample δ (mm/s) Δ (mm/s) Γ (mm/s) BHF (T) Area (%)

C-FMO Dublet 0.407 0.177 0.265 – 100
FMO Dublet 0.408 0.180 0.274 – 86.5

Sextet 0.369 − 0.193 0.288 51.19 13.5
FMO-2.5 Dublet 0.406 0.178 0.266 – 86.0

Sextet 0.375 − 0.240 0.327 51.12 14.0
FMO-5.0 Dublet 0.407 0.180 0.260 – 84.4

Sextet 0.373 − 0.213 0.290 51.30 15.6
FMO-7.5 Dublet 0.408 0.179 0.269 – 81.6

Sextet 0.366 − 0.188 0.308 51.22 18.4

Fig. 2  Ternary diagram for  Fe2O3-Bi2O3-MoO3 system

Fig. 3  Raman spectra of C-FMO, FMO, FMO-2.5, FMO-5.0 and 
FMO-7.5
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All bands and its correlated vibrational modes are presented 
in Table S1 in Electronic Supplementary Material (ESM).

After sintering process, the pellets were analyzed by 
SEM at 1000X magnification. Figure 4a shows the super-
ficial micrograph for FMO. It presents grain size from 2 
to 14 μm of diameter and average size of 5 μm, while for 
FMO-2.5, FMO-5.0 and FMO-7.5 (Fig. 4b–d) are between 
6 and 61 μm. The average sizes are 17, 24 and 24 μm for 
FMO-2.5, FMO-5.0 and FMO-7.5 respectively, as can be 
seen in the inset of these micrographs. According Tohidifar 
[31], the sintering aid increases the grain size due the liquid 
phase flow which promotes the dissolution and diffusion 
of  Fe2Mo3O12 grains. Although all pellets showed relative 
density near to 85% ± 2%, which implies that the addition 
of  Bi2O3–B2O3 as sintering aid does not change the rela-
tive density of material in 800 °C sintering process. It was 
observed in past studies that relative density is dependent 
of  Bi2O3 content in sintering aid, as sintering aid content 
rises in mixture,  Bi2O3 concentration in sintering aid must 
decrease to preserve a high relative density [31]. Therefore, 
a slightly decrease in relative density was expected to be 
observed since  Bi2O3 content was kept constant. According 
to the scanning utilizing EDS technique (Fig. 4e and Fig. S1 
in ESM), the surface of all sintered samples are rich in Fe 
and poor in Mo, which reinforces that thermal decomposi-
tion during sintering process volatilizing  MoO3, leaving the 
 Fe2O3 on the surface of pellets evidenced by mass loss of 
5–10% [38, 47].

The broken pellets were also analyzed to investigate inner 
composition (inside the pellet) and compare to the surface. 
Fig. S2 of ESM presents micrograph for all the samples and 
they showed average grain size near to 20 μm for FMO and 
38 μm for the others, higher than those on pellet surface. The 
scanning using EDS maps are presented in Fig. S3 (ESM) 
and shows that the concentration of Mo is higher than the 
ones on surface, which indicates that the pellet's interior 
does not suffer critical changes in its composition. Table S2 
presents the concentration of each element for each sample, 
for both surface and inside of pellet. Due to the difference 
on surface and inner composition, EDS analysis of cross 
section for the FMO sample was made to investigate the 
inner/surface interface of this material after sintering pro-
cess and is presented in Fig. 5. Figure 5a shows the EDS 
spectrum for pellet surface, while Fig. 5b, c presents the 
EDS spectra for interface and inner, respectively. As can be 
seen, the amount of Mo is lower on surface than inside the 
pellet indicating the thermal decomposition of  Fe2Mo3O12 in 
 Fe2O3 and  MoO3 and then the  MoO3 volatilization at 700 °C 
on the surface of the pellet [39, 47–49].

The results of all structural and morphological charac-
terization allow us to affirm that small part of  Fe2Mo3O12 
decomposes thermally in  MoO3 and  Fe2O3. Superficial 
 MoO3 volatilize and left surface rich in  Fe2O3 (observed in 

mass loss after sintering process and EDS analysis), while 
inner  MoO3 may form an amorphous glass phase with  Fe2O3 
and  Bi2O3 [46].

Figure 6 shows the imaginary part of impedance (Z”) 
spectra and temperature dependency (220–260 °C) for the 
samples. For FMO (Fig. 6a), FMO-2.5 (Fig. 6b) and FMO-
5.0 (Fig. 6c) there is a peak about 1 MHz, while for FMO-
7.5 (Fig. 6d) this peak appears near to 100 kHz. For the 
maximum of peak observed in Z” spectrum is observed a 
shift for higher values with increasing of the temperature 
what can be related to the relaxation process thermally acti-
vated [50]. As can be seen in insets of Fig. 6, the normalized 
peaks shift to regions of higher frequency.

The shift is thermally activated and may be described by 
Arrhenius’ equation:

where fMax is the frequency when Z” has a maximum value, 
fo is the pre-exponential term, Ea is the activation energy of 
the process, Kb is the Boltzmann constant and T is tempera-
ture [50]. The Ea are determined by the angular coefficient 
of linear curves in Fig. 7.

The addition of sintering aid has a direct influence on this 
process. The Ea increases with rising in sintering aid addi-
tion, except for FMO-7.5. This increase is probably due to 
the higher concentration of  Bi2O3 and  Fe2O3 spurious phase 
[51], as seen in PXRD and Mössbauer spectroscopy. FMO 
presented the lowest Ea value (0.502 eV), since it has the 
lowest  Fe2O3 and  Bi2O3 concentration, while FMO-5.0 has 
higher quantity of crystalline  Fe2O3 and  Bi2O3 and presented 
the highest value (0.810 eV). However, However, FMO-7.5 
has low quantity of crystalline  Fe2O3 and its Ea is lower than 
FMO-2.5 and FMO-5.0.

Nyquist’s plots (Z” versus Z’) were also analyzed. The 
spectra presented deformed semicircles in relation to Z” 
axis, corresponding to non-Debye model [52]. The behavior 
of the ceramic material may be described as resistor–capaci-
tor (R–C), equivalent circuit describing the electric response 
of grain, grain boundary and electrode effect. As the capaci-
tive contribution does not represent an ideal behavior, the 
capacitor is substituted by a constant phase element (CPE). 
The CPE impedance  (ZCPE) is described as the following 
equation [50]:

where Q is a proportional factor, ω is the angular frequency 
and n is an empirical exponent with values between 0 (ideal 
resistor) and 1 (ideal capacitor). All samples were fitted by 
a non-linear function and are presented in Fig. 8.  Rg,  Rgb 
and  Re are grain resistance, grain boundary resistance and 

(3)ln fMax = ln f0 −
Ea

kbT
,

(4)ZCPE =
1

Q(j�)n
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Fig. 4  Surface micrograph of a FMO, b FMO-2.5, c FMO-5.0 and d FMO-7.5 pellets. Percentage composition in mass ratio versus sintering aid 
content (e)
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electrode resistance, respectively, while  CPEg,  CPEgb and 
 CPEe are grain constant phase element, grain boundary con-
stant phase element and electrode constant phase element. 
Resistive and capacitive contributions of each component 
(grain, grain boundary and electrode) of the FMO, FMO-2.5, 
FMO-5.0 and FMO-7.5 are presented in Tables S3, S4, S5 
and S6 of ESM, respectively.

As described previously in Z” spectra, the resistive 
contribution of grain, grain boundary and electrode effect 
decreases with temperature increasing. Grain and electrode 
are predominantly capacitive due to the fitted parameter 
n (deviation of ideal capacitance) for CPE element with 
increasing of the temperature [53].

The addition of sintering aid makes the electrode contri-
bution purely resistive, eliminating the capacitive. Moreover, 
for all samples, the increasing of temperature leads to the 
decreasing of n value for grain boundary contribution, indi-
cating an increasing in resistive contribution of this element. 
Thermal stability of capacitance (TCC ) was also determined 
for all samples using the relation described in Eq. 5 [54].

where  C100 and  C25 are the capacitance in 100 and 25 °C 
respectively. Table 3 presents the TCC in 100 Hz, 1 kHz, 
10 kHz and 1 MHz frequencies.

(5)TCC =
C100 − C25

C25.(100 − 25)
.106,

FMO-2.5 presents the highest value of TCC for all fre-
quencies. FMO-7.5 is unstable at low frequencies, present-
ing 20,747.38 and 18,966.13 ppm.°C−1 at 100 Hz and 1 kHz 
respectively, but is stable at high frequencies. Although 
FMO, FMO-5.0 and FMO-7.5 presented low value of TCC, 
at 10 kHz and 1 MHz, according to IEC/EN 60,384–8/21 and 
EIA-RS-198, FMO, FMO-2.5 and FMO-7.5 are potential to 
be applied as class 1 capacitor at 10 kHz. These ceramics 
were also analyzed in a microwave frequency range. The 
temperature coefficient of resonant frequency (τf) was deter-
mined using the relation described in Eq. 6 [54].

where f80 and f25 are the resonant frequency at 80 °C and 
25 °C, respectively. Table 4 presents the microwave dielec-
tric properties for all samples. Table 4 presents the micro-
wave dielectric properties for all samples. The addition of 
sintering aid does not imply many changes in microwave 
dielectric properties of bulks. FMO-2.5 presented the higher 
εr value (9.70) among the samples. Furthermore, FMO-
based ceramics have εr between 9.3 and 9.7, near of  Al2O3 
(εr = 9.8), one of the most important oxides used in indus-
try [55]. All compositions showed low values of tan δ, and 
FMO-2.5 presented the smallest value (6.52 ×  10−4). This 
phenomenon can be related to the liquid phase of sintering 

(6)�f =
f80 − f25

f25.(80 − 25)
.106,

Fig. 5  Cylindrical pellet scheme 
and EDS spectra of different 
areas. a Surface, b surface/inner 
interface and c inner
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aid between grain interstice [6]. The greatest dielectric 
loss of FMO can be related to the extrinsic loss due to the 
smaller grains on the surface of the bulk, as can be seen by 
SEM images [56]. Although all compositions showed a low 
dielectric loss, which is required for some applications [5]. 
Moreover, all the composition presented high values of Q x f, 
and the FMO-2.5 is the one that presented the highest value 
of 16,054.24 GHz, which shows its potential use in micro-
wave devices. τf values increase in modulus with increasing 
sintering aid content, except for FMO-7.5 bulk. FMO and 
FMO-7.5 showed the lower values of τf, probably due to the 
lower quantity of  Fe2O3 as a spurious phase which presents 
a τf of -66.64 ppm.°C−1 [51]. There is a smaller amount of 
the iron oxide in crystalline form in these samples. As previ-
ously discussed in PXRD, FMO-7.5 presents iron oxide in 
vitreous phase and must probably the τf is different from that 
presented in the literature. However, FMO-2.5 and FMO-5.0 

Fig. 6  Z” spectra of a FMO, b FMO-2.5, c FMO-5.0 and d FMO-7.5. Normalized Z” spectrum (inset)

Fig. 7  Activation energy of FMO, FMO-2.5, FMO-5.0 and FMO-7.5
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presented the highest values of τf. This phenomenon is prob-
ably related to the high concentration of  Fe2O3 in crystalline 
form, as it was quantified by PXRD analysis [51, 57].

Near-zero τf is a very desirable property for resona-
tors and substrates. Recently some researches were taking 
original strategies to achieve this goal. Castro and cowork-
ers investigated  (Ba2CoNbO6)1-x–(CaTiO3)x composite 

and reached near-zero τf at x = 0.37 [58]. Oliveira inves-
tigated the effect of  CaTiO3 addition in thermal stabil-
ity of the  BiVO4 matrix [59] and Paiva investigated the 
 Y3Fe5O12–CaTiO3 composite and determined that near-
zero τf composition [60]. The FMO and FMO-7.5 showed τf 
values of − 6.55 and − 4.35 ppm.°C−1, respectively. Also, 
they are characterized as near-zero τf since their values are 

Fig. 8  -Z” versus Z’ of a FMO, b FMO-2.5, c FMO-5.0 and d FMO-7.5

Table 3  TCC of FMO, FMO-2.5, FMO-5.0 e FMO-7.5

TCC (ppm.°C−1)

Composition 100 Hz 1 kHz 10 kHz 1 MHz

FMO 2986.91 4966.44 − 441.12 − 1631.75
FMO-2.5 403,468.83 210,034.36 71,681.96 63,636.36
FMO-5.0 5637.25 4444.44 − 1782.05 − 1956.45
FMO-7.5 20,747.38 18,966.13 − 1821.25 − 2099.24

Table 4  Dielectric properties of FMO, FMO-2.5, FMO-5.0, and 
FMO-7.5 in the microwave range

Composition εr tan δ Q x f (GHz) τf (ppm.°C−1)

FMO 9.33 9.45 ×  10−4 14,132.35 − 6.55
FMO-2.5 9.70 6.52 ×  10−4 16,054.24 − 30.08
FMO-5.0 9.56 6.98 ×  10−4 14,691.35 − 62.99
FMO-7.5 9.49 7.15 ×  10−4 14,439.76 − 4.35
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smaller than ± 10 ppm.°C−1. Even though, the FMO presents 
a τf near zero, the formation of a vitreous phase improves 
the τf of the FMO.

4  Conclusion

The purpose of this study was to add sintering aid to improve 
the dielectric properties of the FMO (ε’, tan δ, τf), relative 
density, etc. FMO monoclinic phase has been successfully 
synthesized via the solid-state route and characterized by 
PXRD, Mössbauer, and Raman spectroscopy. The sintering 
process at 800 °C was effective in producing dense solids. 
The SEM images associated with EDS spectra show that 
the surface of pellets is rich in Fe because of the thermal 
decomposition of  Fe2Mo3O12 at high temperatures and 
 MoO3 volatilization. Although there was decomposition of 
the surface of the sample due to the volatilization of  MoO3, 
the inner structure is preserved, and presence of  Bi2O3–B2O3 
allows the growth of superficial grains. Nyquist diagrams 
were observed in a temperature range of 220–260 °C. The 
grain, grain boundary, and electrode effect contributions 
were analyzed using an equivalent circuit. Three contribu-
tions were obtained from R-CPE to the FMO, while for sam-
ples with sintering aid, the capacitive contribution of the 
electrode vanished away. Furthermore, the  Bi2O3–B2O3 mix 
increases the resistive contribution of grain in all-ceramic 
samples compared to FMO. The FMO, FMO-5.0 and 
FMO-7.5 presented low values of TCC ranging − 441.12 to 
− 1824.25 ppm.°C−1 and − 1631.75 to − 2099.24 at 10 kHz 
and 1 MHz, respectively. Microwave characterization pre-
sented εr within 9.3 and 9.7, and all compositions presented 
tan δ at the magnitude order of  10–4 and Q x f values above 
14,000 GHz. This implies that they all have the potential to 
be applied as microwave devices, such as microstrip antenna 
substrate or dielectric resonator antennas. Moreover, FMO 
and FMO-7.5 have near-zero τf (smaller than ± 10 ppm/°C), 
making them suitable candidates for dielectric resonator 
antenna.
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tary material available at https:// doi. org/ 10. 1007/ s00339- 022- 05580-3.
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