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1 | INTRODUCTION

Antiferroelectric (AFE) oxides are recently drawing in-
creased attention due to their potential application in the
realm of energy storage' and caloric cooling.** Their key
feature is the unique electric-field (E-field)-induced AFE
to ferroelectric (FE) phase transition, which is accom-
panied by a rapid polarization and strain increase upon
E-field application and a release of polarization charges
when the E-field is removed.

Perovskite niobates AgNbO; (AN) and NaNbO; (NN)
are the most widely studied lead-free AFE compounds and
represent the basis for a number of solid solutions with
very high energy storage densities.”® They both possess
a complex sequence of temperature-induced phase transi-
tions.""** Early papers reported that the powder diffraction
pattern of AgNbO, resembles that of NaNbO; at room tem-
perature (RT) and the structures of the two compounds were
regarded as isomorphous.'*'*> However, although the virgin
AFE states (i.e., prior to the application of E-field) of AN and
NN exhibit the Pbcm space group, they are slightly different
in their octahedral tilt systems, which are (a"b c™)/(a™bc™)
and (a"ab”) / (a"a b"*) for AN'® and NN, respectively.
A subsequent close inspection of the diffraction patterns
also exposed different superlattice reflections.'® Despite the
similar structures, AN and NN can be easily distinguished
when exposed to large E-fields: while the E-field-induced
phase transition behavior is irreversible in NN,"*** AN
readily reveals double polarization hysteresis loops that are
characteristic of reversible transitions.”*** Due to this, AN
generally exhibits a higher energy storage density. For ex-
ample, undoped AN ceramics has a recoverable energy stor-
age density of 1.6-2.1 J/cm?,>*>?® with an efficiency of 40%.>
Unmodified NN ceramics exhibit a storage density of 0.12 J/
cm’, while increased storage density has been reported for
compositions modified with SrSn0O, (0.90 J/cm? with an ef-
ficiency of 21% at 17 kV/mm),'® CaZrO, (0.55 J/cm® with
an efficiency of 63% at 13 kV/mm),”® and Bi,;;Na, ,TiO;
(12.2 J/cm’® with an efficiency of 69% at 638 kV/mm).’

Early researchers pointed out that processing of AN in
air atmosphere results in poor-quality dark ceramic sam-
ples with metallic silver precipitates.”” Thermal decom-
position of AgO in air was investigated in the 1980s,%**
as the material was considered for cathodes used in silver
oxide/zinc batteries. It was reported that AgO decomposes
into intermediate silver oxide products between 100 and
400°C (first to Ag,0,/Ag,0 mixture and later to Ag,0),
and then into metallic silver above 400°C. This led to the
general view that the difficulty in AN processing is related
to the thermodynamic instability of silver oxide (AgO or
Ag,0). Hence, oxygen atmosphere is typically employed
during processing to prevent possible decomposition of
the silver oxide at high temperatures,'****>*° given the
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FIGURE 1 Publications on AgNbO; using air atmosphere
(dark blue) and oxygen atmosphere (light blue) in the time period
from 1980 to 2020. Dark blue color indicates the following papers:
(1) Saito et al. in 2005,* (2) Valant et al. in 2007,*? (3) Nautiyal et al.
in 2010,% (4) Sydorchuk et al. in 2013,> and (5) Li et al. in 2016

concern that decomposition would introduce defects into
the ceramics and deteriorate the sample quality.”> Out of
more than 120 publications published on AN from 1980
to 2020, only five reported processing in air atmosphere,
while others used pure oxygen (Figure 1).

However, the results presented in the few publications
reporting air processing are appealing. For example, Valant
et al. demonstrated that AgNbO, could be successfully ob-
tained in air using either metallic Ag powder or Ag,O as
the silver source.* In the latter case, the starting Ag,0 was
found to first reduce to metallic Ag, which further reacted
with O, and Nb,O; to form the perovskite phase. The re-
action kinetic was controlled by oxygen diffusion. Other
authors reported achieving phase-pure (Ag, Li)NbO,,*
AgNbO,,** ** and Ag(Nb, Ta)0,.** The above results sug-
gest that the use of pure oxygen atmosphere during the
processing of AN may be redundant. AN processing in air
would represent an important practical and economic ben-
efit. However, the above studies focused on investigating
the dielectric and photocatalytic properties, while field-
induced AFE to FE transitions were not reported.

In this work, solid-state synthesis and sinter-
ing of AgNbO; were conducted in air, O,, and N,.
Thermogravimetric analysis (TGA), differential thermal
analysis (DTA), and in situ high temperature X-ray dif-
fraction were performed on stoichiometric AgO/Nb,O4
powder mixtures to follow the reactions, while structural,
microstructural and electrical measurements were carried
out on sintered ceramic pellets. The results reveal that
dense AN pellets with excellent AFE properties can be ob-
tained by processing in air atmosphere.
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2 | EXPERIMENTAL WORK

AgNDbO, ceramics were synthesized using the solid-state
route. High-purity powders of AgO (99.90%; Alfa Aesar)
and orthorhombic Nb,05 (99.99%; Sinopharm) were stoi-
chiometrically weighed, mixed, and milled in a planetary
ball mill using yttria-stabilized zirconia balls in ethanol
at 250 rpm for 16 h. The material of ball-milling jar was
cast polyamide 6, also referred to as nylon type 6 (PA6G).
The powder mixture was subsequently dried and cal-
cined either in air or pure oxygen (purity 99.998%) atmos-
pheres at 850°C for 6 h in a tube furnace (ROC75/450/16;
Thermoconcept). The as-calcined powder obtained in
both atmospheres was yellowish in color and was subse-
quently ball milled at 250 rpm for 16 h, dried, and com-
pacted into disks with 10 mm in diameter and 1.5 mm
in thickness. The color of the as-calcined powder turned
to gray after ball milling. The discs were subject to cold
isostatic pressing with 200 MPa. Sintering was done at
1080°C for 3 h in either air or oxygen atmospheres in the
same tube furnace. The samples are labeled according to
their calcination and sintering atmospheres. For example,
“air-0,” refers to a sample that was calcined in air and
sintered in O, atmosphere. Four different samples, that
is, air-air, air-0,, O,-air, and O,-0, are presented in the
following. The density of the sintered samples was deter-
mined by the Archimedes method.

Thermogravimetric analysis and DTA were performed
using a simultaneous TGA/DTA thermal analyzer (STA
449C Jupiter; Netzsch) with Fourier Transform Infrared
Spectrometer (Bruker Tensor 27, Mid-infrared range with
gas cell; Bruker Optics) for evolved gas analysis. Heating
rate was 5°C/min. The thermal analysis of AgO was con-
ducted in air and O, atmospheres, while the analysis of
the homogenized stoichiometric mixture of raw chemicals
AgO and Nb,O; was conducted in air, O, and N, atmo-
spheres. Gases with technical purity were used, whereby
the synthetic air had a mixture of 80% N, and 20% O,.

The in situ high-temperature X-ray diffraction (XRD)
measurements were conducted on a laboratory diffrac-
tometer (Bruker D8) with high-temperature chamber
(HTK-1200N; Anton Paar) and Cu Ka radiation. The XRD
patterns were collected on the same sample at 30, 100,
200, 300, 400, 500, and 600°C in the 26 range of 20°-80°
with step size of 0.02° using the Bragg-Brentano geometry.
Each pattern collection took approximately 52 min and the
ramping rate between different temperatures was 5 K/min.

Scanning electron microscopy (XL 30 FEG; Philips) was
used to examine the morphology of the powders and the
microstructures of the sintered samples. The latter were
ground, polished with diamond paste down to 1.0 pm
particle size, and thermally etched at 1050°C for 30 min.
Polished sintered samples were additionally examined in
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the reflected polarized light mode of the Axio Imager 2
optical microscope (Zeiss).

The structure of calcined powder after ball milling was
investigated using an X-ray diffractometer with Bragg-
Brentano geometry (XRD, Bruker AXS D8 Advance) with
Cu Ko radiation. The XRD measurement of the sintered
samples was performed using a Huber G670 Guinier cam-
erawitha Huber G611 Ge (111)Johansson-monochromator
in transmission mode and CuK,, radiation. The signal was
detected using a luminescent image plate detector with a
radius of 90 mm. The Rietveld refinements of the Guinier
camera data were performed using a sample absorption
correction as given by Berger.*® Air absorption was han-
dled using a cosine function for the pathlength derived
from the 45° incidence angle at the sample surface. The
starting parameters for the refinement were taken from the
neutron data refinements of Sciau et al.*” The refinement
of structural parameters was restricted to the positions of
Ag and Nb ions and the Debye-Waller factor of the oxygen
ions, which was assumed to be uniform for all oxygen sites.
Note that the sintered ceramic pellets were crushed into
powder form and annealed at 500°C to relax stresses before
structural characterization was conducted.

The sintered disc samples for electrical characteri-
zation were ground to a thickness of 0.25 mm, followed
by 400°C stress-free annealing in air and sputtering
with platinum electrodes. All the samples were elec-
troded across entire main faces and cut to a dimension of
1.5 mm X 1.5 mm X 0.25 mm. Polarization- and strain-
hysteresis loops were measured with a triangular field
of 14 kV/mm at 1 Hz using a modified Sawyer-Tower
circuit and an optical displacement sensor (D63; Philtec,
Inc.). The hysteresis loops in the second cycle are shown.
Temperature-dependent permittivity measurements at a
frequency of 10 kHz were performed using an impedance
analyzer (4192A LF; Hewlett-Packard).

3 | RESULTS AND DISCUSSIONS

3.1 | Solid-state reactions

Thermal analysis was first performed on the starting
powder AgO, which was heated in air and O, (Figure 2A).
Note that this compound is a mixed oxidation state silver
oxide (Ag'Ag"™0,, therefore strictly speaking Ag,0,).* In
both atmospheres, thermal decomposition of AgO con-
sists of three stages. The first stage starts at 173°C and
finishes at 203°C, accompanied by a small exothermic
peak at 174°C. During this first stage, AgO decomposes
as follows:

4Ag0 — n (Ag,03) +2-m)Ag,0+(1-n) 0, (1)
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FIGURE 2 TG and DTA curves of (A) AgO decomposition
in air and O, and (B) AgNbO; formation upon heating a

milled stoichiometric mixture in air, O,, and N, atmospheres.
Temperatures reported in the text refer to the onset temperatures
of reactions, which are defined as the intersection of the tangents
of the peak with the extrapolated baseline. Please note that the
different slopes of the DTA curves in (A) are related to different
baselines TG, thermogravimetric; DTA, differential thermal
analysis

The second stage is indicated by a slope change in
the TG curve at 202°C. In this stage, Ag,0; decomposes
into Ag,0 before further decomposition of Ag,0 starts at
388°C. Merging the decompositions in the first and second
stages, the decomposition of AgO into Ag,0 is summa-
rized as:

2Ag0 — Ag,0 +1/20, (2)

A total mass loss of 7.1% in air and 6.8% in oxygen is
observed up to 388°C, which are close to the theoretically
calculated loss of 6.5% from Equation (2). In the third
stage, decomposition of Ag,0 into metallic Ag starts at
388°C and finishes at 404°C, accompanied by a strong en-
dothermic peak at 394°C:

Ag,0 — 2Ag +1/20, 3)

A mass loss of 6.3% in air and 6.4% in O, is observed
in the third stage, which corresponds to the theoretically

calculated loss of 6.9% from Equation (3). These experi-
mental results are consistent with previous decomposition
studies of AgO in air atmosphere.?®** Moreover, they in-
dicate that the decomposition of AgO in air is not differ-
ent from the decomposition in pure O,. This contradicts
the argument that oxygen atmosphere can prevent possi-
ble decomposition of the silver oxide into metallic silver
during AN synthesis at high temperatures.

In the following, in situ high temperature XRD and
thermal analysis are employed to study the solid-state re-
actions during heating of the homogenized stoichiomet-
ric mixture of AgO and Nb,O; (calcination process). The
XRD characterization of high-energy ball milled AgO/
Nb,O, mixture as a function of temperature in air is shown
in Figure 3. Interestingly, while the powder mixture before
milling consisted of Nb,O5 and AgO (Figure S1), the XRD
pattern of ball milled powder mixture at RT revealed a
mixture of Nb,O5 and metallic Ag. A visual comparison
of the color of the mixture before and after ball milling is
shown in Figure S2. The color changes from grey before
milling to dark black after milling, indicating a decompo-
sition of AgO into metallic Ag. Mechanochemical reduc-
tion of Ag,0 into metallic Ag in a planetary ball milling
has been reported before.*” The XRD patterns remained
unchanged upon heating to 400°C (Figure 3). The solid-
state reaction between Ag and Nb,Os occurred in the tem-
perature range of 400-500°C, resulting in the formation
of the perovskite AgNbO; phase. However, at 500°C the
reaction is incomplete, as evidenced by remaining minor
Nb,O; and Ag reflections. These disappear at 600°C.
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FIGURE 3 Insitu XRD of the ball-milled stoichiometric
mixture as a function of temperature from RT to 600°C. The set of
tick marks represents the reflections associated with the structures
of AgO, Ag, Nb,Os, and AgNbO; (for labels, please refer to the
PDF-ICDD database, 2011). Unreacted Ag and Nb,Os at 500°C are
highlighted by black arrows. RT, room temperature; XRD, X-ray
diffraction
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The XRD results were complemented by thermal
analysis of the ball milled mixture. The average particle
size of the mixture was 2.01 pm (distribution is shown
in Figure S3). TG and DTA curves recorded in air and O,
show strong similarities, while a clear difference is evident
for the curve measured in N, (Figure 2B). Between 198 and
244°C, a mass loss of 3.5%, 3.5%, and 3.2% was observed
in air, O,, and N, atmospheres, respectively, accompanied
by a strong exothermic peak in air and O, atmospheres
and a less significant one in N, atmosphere. Evolved gas
analysis (Figure S4) revealed that this mass loss is related
to a release of gaseous acetic acid (C,H,0,), carbon diox-
ide (CO,), and carbon monoxide (CO). These are likely
to originate either from the reaction of ethanol (milling
medium) with the mechanochemically-released O,, addi-
tionally catalyzed by the presence of metallic Ag, or from
nylon pollutants introduced to the powder mixture during
ball milling, which then decompose on heating.

The mass loss is followed by a mass gain above 400°C,
which is absent in N, atmosphere. The mass gain signi-
fies the start of the solid-state reaction and formation of
AgNDbO;, in agreement with the high temperature XRD re-
sults (Figure 3). The reaction onset is at 418 and 457°C in
0, and air atmospheres, respectively. A mass gain of 3.0%
and 2.9% is observed in O, and air when the reaction com-
pletes at 656 and 680°C, respectively. The observed mass
gain is due to O, uptake and corresponds to a theoretically
calculated gain of 3.3% from the reaction:

2Ag + Nb,0; + 1/20, — 2AgNbO; (4)

The reaction is accompanied by a small exothermic
peak. Note that the reaction finishes at a lower tempera-
ture in O,, indicating faster formation kinetics related to
a higher oxygen partial pressure. This result confirms the
reaction control by oxygen diffusion, as reported by Valant
et al.>? In contrast, the flat mass loss curve and absence of
a DTA peak indicate that no AgNbO, formation occurs in
N,.

The benefit of high-energy ball milling for AgNbO,
formation was additionally demonstrated by high-
temperature XRD analysis of an unmilled stoichiometric
powder mixture of AgO and Nb,Os (Figure S5). Unlike
for the milled powder, heating of the unmilled powder re-
sulted in large amounts of unreacted Ag and Nb,O; even
at 600°C.

3.2 | Structural characterization

XRD patterns of both air-calcined and O,-calcined pow-
ders exhibit a typical orthorhombic perovskite struc-
ture (Figure 4A). Both powders show a similar particle
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FIGURE 4 (A)XRD patterns of ball-milled stoichiometric AgO/
Nb,O; powder mixture after calcination in O, and air atmospheres.
A zoom-in of superlattice peaks is shown in the inset. Morphology
of the calcined powder prepared in (B) air and (C) O, atmospheres
after heated to 900°C without subsequent ball milling. XRD, X-ray
diffraction

morphology (Figure 4B,C). However, the average particle
size of the O,-calcined powder is slightly larger, which is
related to the faster formation kinetics (Figure 2B).
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Powder compacts of the two calcined powders were
sintered at 1080°C in air and O, atmospheres and, hence,
four different samples, abbreviated as air-air, air-O,, O,-
air, and O,-O,, were obtained. Note that the sintering
temperature is well below the reported AN decomposition
temperature of 1124°C.** The samples exhibit a high rela-
tive density of 97.2%-99.4%, as listed in Table 1. Sintered
samples were polished and examined using optical micros-
copy. All samples exhibit similar bimodal grain size distri-
butions and abnormal grain growth (Figure S6), which was
previously reported for AN samples®* and other niobates.*
Please note that in order to compare only the influence of
the sintering atmospheres, the sintering temperature and
time were fixed and not optimized in the present work.
Minor inclusions were identified in all sintered samples
(Figures S7 and S8). The brighter contrast indicated that
the inclusions are Ag-rich (Figure S9) and could repre-
sent residues of the metallic silver from the intermediate
reaction stage (Equation 4; Figure 2B). Valant et al. also
reported the presence of metallic silver after synthesis, al-
though the XRD analysis suggested a single phase state.*
Nevertheless, the amount of these inclusions is relatively
small and is similar in all four samples. Overall, we can
conclude that the microstructural parameters, i.e., density,
grain distributions, and the existence of Ag-rich inclusions
are not influenced by the processing atmospheres used
in this study. For completeness, the AgO/Nb,O5 powder
mixture was also calcined and sintered in N, atmosphere,
which resulted in the appearance of large metallic silver
drops on the surfaces of the sintered samples (Figure S10).
The XRD pattern of a ball-milled AgO/Nb,O; powder after
calcination in N, is shown in Figure S11, which consists of
a mixture of metallic Ag and Nb,O..

To investigate the influence of the sintering atmo-
sphere on the crystallographic structure, two sintered
samples (air-air and 0,-0,) were further analyzed by the
Rietveld refinement of the XRD data. Please note that the
identification of the correct space group of AgNbO; at
RT is non-trivial, as diffractograms can generally be well-
described by both non-polar Pbcm and polar Pmc2; mod-
els.”*! This is evidenced by the very close peak positions of
the two space groups shown in the inset of Figure 5. In our
work, the peak positions of the investigated samples are

TABLE 1 Densities of the AgNbO; samples calcined and
sintered in different atmospheres

Density Relative
Sample (g/cm®) density (%)
Air-air 6.68 98.3
Air-0, 6.76 99.4
0,-air 6.67 98.1
0,-0, 6.61 97.2
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FIGURE 5 Rietveld refinements of XRD patterns of (A) air-
sintered and (B) O,-sintered AgNbO; using the Pbcm model. (C)
Enlarged view of the superlattice peaks in the 20 range of 35.5°-
40.5°. The set of tick marks represents the reflections associated
with the Pbcm (blue) and Pmc2,; (yellow) space groups. XRD, X-ray
diffraction

more consistent with the reflections associated with the
Pbcm model, which also agrees to the expected non-polar
nature of the virgin samples. The results of the Rietveld
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TABLE 2 Refined structural parameters of the air-sintered
(air-air) and O,-sintered (0,-0,) samples

0,-0, Air-air
a[A] 5.5466(3) 5.5451(9)
b[A] 5.6024(2) 5.5994(7)
c[A] 15.6404(9) 15.6421(1)
Unit cell volume [A®] 486.022(7) 485.689(9)
x(Ag;) —0.255(7) —0.253(5)
y(Agy) 0.25 0.25
2(Agy) 0 0
x(Ag,) —0.255(7) —0.252(5)
y(Ag,) 0.230(3) 0.233(3)
2(Ag) 0.25 0.25
x(Nb) 0.244(7) 0.240(3)
y(Nb) 0.224(2) 0.224(2)
z(Nb) 0.125(2) 0.124(2)
B,,(0) 1.05(5) 1.2(1)
R-factor 4.97 3.84
Ry-factor 5.92 3.71

refinements are given in Figure 5C, while the fitted lattice
constants of the air-sintered and O,-sintered samples are
shown in Table 2. The differences in the lattice parame-
ters are negligible. Slight differences in the coordinates
of Ag(1), Ag(2) and Nb ions were identified, which are
expected to be related to the slightly different lattice dis-
tortions within the orthorhombic ab plane, as discussed
in the next section. The isotropic displacement parameter
B;, (O) for all oxygen ions is higher for air-sintered sam-
ple than that of the O,-sintered sample. Here, the B,y (O)
value could be interpreted as a sum of thermal and static
Debye-Waller factors. The slightly higher Debye-Waller
factor for the air-sintered sample may be interpreted as a
sign for increased disorder at the oxygen site. The static
disorder is assumed to result from a higher oxygen va-
cancy concentration in the air-sintered sample.

3.3 | Electrical properties

Temperature-dependent dielectric permittivity and di-
electric loss of the four AgNbO; samples calcined and
sintered in different atmospheres are given in Figure 6.
All samples reveal very similar behavior, which is con-
sistent with previous reports."****** Upon heating, the
phase transitions of AgNbO; follow the sequence''***:
M, - M, > M; - O, > O, > T - C, where M;, M,, and
M; phases possess orthorhombic symmetry in rhombic
orientation, while O, and O, possess orthorhombic sym-
metry in parallel orientation.'” In the parallel orientation
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FIGURE 6 Temperature-dependent dielectric permittivity and
dielectric loss (dashed lines) for the four different AgNbO; samples
(A) measured up to 500°C at 10 kHz and (B) a zoom-in on the M-

M, transitions in the temperature range from room temperature

to 200°C. Dashed lines indicate phase transitions. Phase transition

temperatures are defined as the intersection of the tangent lines

the orthorhombic axes are parallel to the pseudocubic di-
rections, whereas in the case of rhombic orientation the
orthorhombic a- and b-axes are parallel to diagonals con-
tained inside the faces of the same pseudocubic axis.** The
phases T and C are tetragonal and cubic, respectively. In
the permittivity curves, the phase transitions M, - M,,
M; - O, and O - T are observed at 287, 353, and 398°C,
respectively, for all the samples, irrespective of the sinter-
ing atmosphere. Interestingly, the M; — M, transition is
shifted to 86°C for air-sintered sample, as compared to 91°C
observed in the O,-sintered sample. The dielectric losses at
RT are comparable, albeit slightly lower for the O,-sintered
samples (Table 3), which could indicate a lower concentra-
tion of oxygen vacancies expected for the O,-sintered sam-
ple. The M;, M,, and M; phases are structurally very close
to each other with only slight modifications.*> Early re-
searchers postulated that the presence of the diffuse phase
transition (M; - M, - Mj;) is related to the disorder of Nb
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TABLE 3 Dielectric and antiferroelectric properties of the four
different AgNbO; samples

Air-air Air-0, 0,-air 0,-0,
£33/€0 142 132 144 132
tan & 0.010 0.009 0.012 0.006
Py (uC/cm?) 36.9 38.4 36.9 39.5
P, (uC/cm?) 6.4 6.5 5.3 11.3
Simax (%) 0.61 0.69 0.56 0.55
Wiee (J/cm®) 1.54 1.58 1.49 1.34
1 (%) 38 36 37 29

Note: Dielectric properties £33/, and tans were measured at 30°C and

10 kHz. Maximum polarization P, ,,, remanent polarization P,, recoverable
energy storage density W, and efficiency # were obtained from the
polarization hysteresis loops in the second cycle. Maximum strain S, was
obtained from the strain hysteresis loop in the first cycle.

50 T . T . .
(A) -

O,-air
0.-0
25 0,-0, |
air-air
air-O,

45 10 5 0 5 10 15
E (kV/mm)

FIGURE 7 (A) Polarization and (B) strain hysteresis loops of
AgNbO; samples under an electric field of 14 kV/mm (1 Hz, second
cycle). The polarization and strain hysteresis loops obtained during
the first cycle (the virgin state) are shown in Figure S12

ion displacements.***’ This hypothesis was validated by a
subsequent study, which showed that the three M phases
share the same long-range average structure with minor
difference in the amplitude of atomic displacements.** The
slightly higher M; —» M, phase transition temperature of

the O,-sintered sample, compared to the air-sintered sam-
ple, indicates a slightly higher lattice distortion for the O,-
sintered sample. As shown in Table 2, the coordinates of
Ag(1)/Ag(2) and Nb are marginally different for the O,-
sintered and air-sintered samples, which is expected to
result in different lattice distortions within the orthorhom-
bic ab plane. The orthorhombic lattice constant ratio b/a is
1.0101 and 1.0098 for the O,-sintered and air-sintered sam-
ples, respectively. The larger lattice distortion of the O,-
sintered sample supports the observed dielectric behavior.

Finally, all the AgNbO,; samples were subjected to
a large E-field of 14 kV/mm and their bipolar polariza-
tion, P(E), and strain, S(E), hysteresis loops are shown in
Figure 7A,B, respectively. Double polarization hysteresis
loops are observed for all samples. The O,-sintered sam-
ples exhibit slightly higher polarization, which could be
related to a leakage current contribution. The S(E) loops
confirm the absence of significant differences between the
samples. In summary, these large-signal data reveal that
all samples exhibit well-defined AFE polarization loops,
irrespective of the processing atmosphere.

4 | CONCLUSIONS

We investigated the individual steps during solid-state
processing of the AFE AgNbO;. Decomposition of AgO
into metallic Ag was found to occur during high-energy
ball milling. Since different milling technologies and con-
ditions were used throughout the existing literature, this
phenomenon is likely to be the origin of reported inconsist-
ency in sample quality. The solid-state reaction between
metallic Ag and Nb,O; to synthesize AgNbO; was found
to occur in the temperature range between 400 and 700°C
in both O, and air atmospheres, while the reaction was not
possible in N,. The reaction kinetics was slightly faster in
0,, but detailed structural analysis of the samples revealed
no significant differences in the products. All sintered sam-
ples exhibited low dielectric losses and double polarization
hysteresis loops, characteristic of reversible AFE to FE
phase transition. The small difference in the M;-M, phase
transition temperatures was related to the slightly higher
concentration of oxygen vacancies in the air-sintered
sample. The latter also exhibited a slightly higher Debye-
Waller factor, which is characteristic for increased disor-
der at the oxygen site. Moreover, marginally larger lattice
distortion within the orthorhombic ab plane was identified
for the O,-sintered samples. We conclude that O, atmos-
phere is not necessary for the processing of high-quality
AgNbO; ceramic samples with good AFE properties, but
high-energy milling is desirable. These results could sim-
plify the processing and facilitate the development of new
compositions based on this material system.
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