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Abstract

K, sNaj sNbO;:xEu sol—gel powders and bulk samples were synthesized by means of a modified sol-gel method. Two types
of samples were obtained via sintering at two temperatures. X-ray diffraction revealed the presence of the perovskite phase
in materials obtained at both temperatures. Eu®* emission and excitation studies were conducted to determine its lumines-
cence response. For K, sNa, sNbO;:xEu sinters, the excitation spectra included narrow peaks in the VIS range due to the
’D,~'F, and °D,~'F, relaxation processes. These transitions were indicative of the presence of Eu’* at sites of low symmetry.
Dielectric studies indicated that Eu,O; affected the observed phase transitions. The influence of sintering temperature on

structure and physicochemical properties was discussed.
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Introduction

Ferroelectric oxide materials are an important group of
materials that are widely applied in modern electronic
devices owing to their unique electric properties, namely
their ferroelectricity, piezoelectricity and high dielectric
permittivity. The materials that are currently the most com-
monly used are based on PbZrO;-PbTiO; solid solutions,
referred to as PZT. Due to the toxicity of lead, which is
the main component of PZT, it has become necessary to
develop new lead-free, ferroelectric materials with similar
properties [1-3]. Among the alternatives, materials based
on sodium—potassium niobate (K, sNa, sNbO;-KNN) have
gained considerable attention due to its high piezoelectric
modulus and high Curie temperature [4, 5].

Another noteworthy topic is the further functionaliza-
tion of this material via doping. It has been shown that
ferroelectric oxides doped with rare-earth ions can exhibit
both electrical and optical (e.g., photoluminescence) prop-
erties [6—10]. Such multifunctional properties open new
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possibilities in the field of optoelectronics. The integration
of electrical and optical features could also reduce the cost
and size of new optoelectronic devices. It should also be
emphasized that dopant incorporation into the matrix of
ferroelectric ceramics affects both their electrical proper-
ties and their microstructure by reducing the grain growth
during sintering [11, 12]. KNN-based materials doped with
several rare-earth doped ions have been studied in recent
years. The reports showed improved electrical properties,
including dielectric permittivity, piezoelectric modulus and
remanent polarization [6, 8, 13, 14]. The incorporation of
selected rare-earth elements (e.g., Sm [6], Tb and Tm [15],
Gd [13], Ho [16], Nd [17]) into the KNN matrix changes
its typical ferroelectric behavior into that of a relaxor-like
ferroelectric and is also associated with a change in phase
transition temperatures. In addition to studying the electri-
cal properties of KNN, researchers have also evaluated the
optical performance of rare-earth KNN [6-10, 18, 19]. Both
downshifting [6, 20, 21] and up-conversion [18, 22] were
observed for ions such as Er**, Sm**, Dy**, Eu**, Pr’* and
Ho’".

It should be highlighted that the preparation process has
a significant impact on the final properties of the material.
Ferroelectric ceramics based on sodium—potassium nio-
bates are usually synthesized by means of the solid-state
reaction method. While this method is simple and fast, it
may yield powders that exhibit inhomogenous particle size
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distribution and contain agglomerates. This may result in
reduced electrical and optical properties of the final prod-
uct. As an alternative, wet chemistry methods can also be
utilized. Of the wet chemistry methods that have been suc-
cessfully used for the synthesis of ferroelectric ceramics,
the following are worth mentioning: co-precipitation [23],
crystallization under hydrothermal conditions [24-26], and
sol-gel [27-29] and Pechini [30-33] methods. These meth-
ods allow atomic-level mixtures of all components to be
obtained at lower processing temperatures. In addition, the
obtained powders contain nanosized grains and have the
desired chemical and phase composition. The metal-chelate
gel route appears to be particularly worthy of attention.
This method of powder preparation is based on the use of
water-soluble metal-chelate complexes. The advantages of
this technique are its simplicity and versatility. For example,
Kakimoto et al. [30] used a citrate precursor technique to
obtain an undoped K, sNa;, sNbO; ceramic which exhibited
better electrical properties (¢,=657, d33=161 pC/N) than
KNN synthesized using the solid-state reaction (¢, =384,
dy3=98 pC/N).

To the best of our knowledge, Wu et al. [22] have made
the only successful attempt to obtain a KNN material doped
with a rare-earth element by means of the Pechini method;
the material in this case was KNN:Er. The photolumines-
cence intensity of the Pechini-produced KNN:Er was sig-
nificantly higher than that of KNN:Er obtained via the solid-
state reaction method. These effects were explained by the
better homogeneity of the admixture in the host material.
The afore-mentioned authors utilized a niobium precursor
based on an oxalic acid complex. However, oxalic acid is
known to react with lanthanides and thus form insoluble
oxalates. Compounds based on oxalic acid should therefore
be avoided when synthesizing materials with lanthanide ele-
ments by means of soft chemistry methods.

In this work, K sNa, sNbO; doped with 0.05 and 0.025%
Eu,0; powders was synthesized using an optimized Pechini
method utilizing citric acid and then sintered at 1373 K
(1100°C) and 1473 K (1200°C). Eu,0; was chosen as the
dopant, since Eu** ions can be excited efficiently with ultra-
violet and blue light to induce [34]. The influence of the
dopant concentration and temperature of thermal treatment
on the structure and the electrical as well as luminescent
properties was examined. The effect of the Eu,05 addition
on the KNN powders was evaluated by means of XRD, SLS
and SEM-EDS analyses.

Materials and methods
Powders consisting of K sNa, sNbO; doped with 0.025 or

0.05 mol% of Eu,0; were obtained via a modified Pechini
method that involved the use of citric acid. A water-based
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niobium precursor was prepared by chelating Nb ions with
citric acid, as described in a previous report [32]. Nb,Os
and KOH were mixed in 1:6 molar ratio and calcined for
2 hin air at 623 K to obtain water-soluble potassium nio-
bates. Then, after dissolving potassium niobates in the
distilled water, amorphous Nb,Os-nH,O was precipitated
by using nitric (V) acid. Finally, filtered off and washed
Nb,O5-nH,0 was dissolved in citric acid solution, by mix-
ing for several weeks, resulting in stable solution of nio-
bium precursor. This niobium solution was then mixed with
KNOj; (Chempur, p.a. grade), NaNO; (Chempur p.a. grade),
Eu(NO;);x5+H,0 (Sigma-Aldrich, 99.9% trace metal basis)
in amounts corresponding to the desired composition. The
amount of citric acid in the solution was such that the metal-
to-acid molar ratio was 1:3. The, thus, obtained solutions
were mixed, dried and then calcinated for 4 h in air at 973 K.
Synthesis scheme is shown in Fig. 1. The resulting powders
were formed into pellets and then further compacted via
cold isostatic pressing (CIP) under a pressure of 180 MPa.
The green bodies were freely sintered for 4 h in ambient air
at 1373 or 1473 K.

Table 1 lists the sample designations depending on the
amount of the Eu dopant, and the temperature at which a
given sample had been sintered. These designations are sub-
sequently used to refer to each sample.

Differential scanning calorimetric (DSC) and thermo-
gravimetric (TG) experiments were carried out simultane-
ously under the following conditions: sensitivity of DSC
and TG: =1 pV m-g!, heating rate: 10 K min~!, sample
mass: 13.5 mg, air flow: 50 mL min~!, apparatus: Netzsch
STA 449F5 Jupiter. A Pt—Rh crucible with a diameter of
14 mm and a height of 17 mm was used with a-Al,O5 as
the standard substance. The gas evolved from the heated
samples was evaluated by means of evolved gas analysis
(EGA) performed using a quadrupole mass spectrometer
(Netsch QMS 403D Aé&olos). Thermal data were analyzed

Nb,O;5 + 6 KOH
calcination 2h/623 K
K3NbO,
dissolving in H,O
+ HNO4
Nb,Osxn-H,O precipitate
filtering, washing
dissolving in citric acid
stable niobum precursor
+ NaNO;, KNO,
+ Eu(NO,)3x5-H,0
mixing
drying
gel

¥ calcination 4h/973 K

KNN powder

Fig. 1 Flowchart of the synthesis of KNN powder
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Table 1 Sample designation Nominal composition

Gels and powders

Sinters

1373 K (1100°C) 1473 K (1200°C)

0.025% mol Eu,0; in KNN
0.05% mol Eu,0; in KNN

KNN:Eu0.025
KNN:Eu0.05

KNN:Eu0.025-1100
KNN:Eu0.05-1100

KNN:Eu0.025-1200
KNN:Eu0.05-1200

using Netsch and OriginPro software. All of the described
studies were performed in ambient air.

The morphology and microstructure of the KNN-based
samples were observed using scanning electron micros-
copy (SEM, JEOL 6610LV, Japan). The chemical compo-
sition of the sinters was analyzed with an energy-disper-
sive X-ray spectroscope (EDS, Oxford), using the Aztec
software.

The phase structure was examined via X-ray diffrac-
tion (Panalytical Empyrean) with Cu K-alpha radiation
(A=1.5406 z&), over the 20 range of 10-90°. The Pana-
lytical X pert High Score coupled with the PDF2 database
of the International Centre for Diffraction Data (ICDD)
was used for the identification of the phases present and to
perform Rietveld refinement. The calculations were per-
formed with High Score software with embedded advanced
parameters but is based on the Scherrer equation:

KA
D = —
XRD BcosO (1)

where: Dygpp—crystallite size [nm], A—wavelength of
X-rays (CuKa;;A =0.15406 nm), cos 6—diffraction angle,
K=0.9, and f—-corrected full width at half maximum
(FWHM) of the diffraction peak.

The SALD-7500nano (Shimadzu) was used to exam-
ine the size of KNN-based particles dissolved in water
by utilizing the static light scattering technique. The unit
is equipped with a semiconductor laser (405 nm) and a
reverse Fourier optical system.

The Archimedes method was used to evaluate the poros-
ity and apparent density of bulk materials through hydro-
static weighing in distilled water.

The luminescence spectra were collected using the con-
focal laser scanning microscope (Olympus FV3000). The
parameters of the method were as follows: UPLX APO
40X, numerical aperture: 0.95, objective lens and excita-
tion beam of continuous wave laser at four wavelengths:
405, 488, and 561 nm. Depending on the wavelength
range of the light source, the observed spectrum range
was adjusted.

The dielectric properties of the specimens were inves-
tigated using an RLC meter (GWInstek). The unit gener-
ated a sinusoidal voltage with a 1 V peak amplitude. The
complex dielectric permittivity, the loss tangent, electrical
modulus were determined over a frequency range from

50 Hz to 10 MHz, as a function of ambient air temperature
(from room temperature RT to 873 K with 25K step), and
these conditions were also applied for impedance spec-
troscopy. The collected EIS spectra were analyzed with
an EIS analyzer software. Field-dependent polarization
was recorded for electric fields in the range of 0.1-1.0 kV
mm~' and a frequency of 50 Hz, with an onsite-designed
Sawyer—Tower circuit. The high-voltage source was con-
trolled manually.

Results and discussion
Thermochemical characteristics of investigated gels

The thermal behavior of the KNN:Eu0.025 and KNN:Eu0.05
gels was evaluated by means of DSC-TG-EGA, in an air
atmosphere heated at a rate of SK min~!. To determine the
temperatures at which different mass changes occur with
better precision, the first derivative of the mass loss (dTG)
was calculated and is presented as a function of tempera-
ture in Fig. 2. The evolution of the OH, NO, NO,, CO, CO,
gases and water was confirmed via EGA (Fig. 2). Evolution
of alkali elements was measured; a very weak signal origi-
nating from KO, Na,O and K,O ions was detected, but it
was negligible (under 107'°A) and is not shown. Ions with
m/z =239, which could be attributed to NaO, were detected.
However, low temperature of the detection indicated that it is
rather C;H7, which could be a product of the decomposition
of citric acid [35].

Thermal behavior TG-DTA of pure citric acid is pre-
sented elsewhere [36]. The DTA curve of pure citric acid
exhibits two endothermic and one exothermal peaks, at 430,
473, and 683 K, respectively. The endothermic peak at 430 K
is connected with the melting of pure citric acid. Another
endothermic peak at 473 K is attributed to the decomposi-
tion of citric acid with a release of gases like H,O and CO,
accompanied with a mass loss on TG curve. One exothermic
peak at temperature of 683 K arises from the combination
two processes: oxidation of amorphous carbon and pyrolysis
of residue organics in air.

The first interval in Fig. 2 corresponds to an endothermic
peak and a mass loss of 10%, attributed to water removal
(ca. 300-500 K). The following exothermic reactions are
attributed to multistep decomposition process and oxidation
the metal-citrate complexes, accompanied by a mass loss of
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Fig.2 DSC, TG and dTG curves recorded for the precursor gels: a
KNN:Eu0.025 and b KNN:Eu0.05 and the corresponding EGA-QMS
curves of gases that evolved during the thermal decomposition of the

around 50%. In this second step, two pronounced exothermic
peaks can be distinguished at ca. 620 K and 720 K. Multistep
decomposition behavior is normally observed for citrate-gels
decomposition [37]. Decomposition of citrate complexes of
metal ions in KNN:Eu may be similar to decomposition of
barium and titanium citrate salts, described by Hennings
and Mayr [38]. Firstly, the dehydration of citric acid led to
aconitic acid, which is then decarboxylated to itaconic acid.
Itaconic acid is then combusted. However, decomposition
of KNN:Eu complex may run in multistep way, and also
accompanied with alkali nitrate salt decomposition. Precise
decomposition reaction probably involves numerous side
reaction. However, total chemical reaction (Eq. 2) can be
represented as follows:

Nb(OH)(C4H0;), + 1/7NaNO; + 1/,KNO; + 120,
In the case of the KNN:Eu0.025 gel, exothermic crys-
tallization of the KNN phase was detected at 823 K, with

a small mass loss of around 3%. The decomposition of
residual organic compounds adsorbed on the surface of the
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solid products occurred during and after the crystallization
of KNN, up to 873 K. The TG curve shows that the mass
loss at 873 K was higher than at ca. 823 K. The TG and dTG
curves confirm the decomposition of residue organic parts,
and this was confirmed by the CO,, H,0, NO, peaks on the
EGA curve (centered at 873 K).

Similar tendencies of thermochemical characteristics
were observed for the KNN:Eu0.05 gel. The TG curve shows
a mass loss of ~ 10%, which can be attributed to the elimina-
tion of gases during decomposition between 773 and 873 K.
The strong exothermic peaks at 783 K and 873 K on the
DSC curve for the KNN:Eu0.05gel can be attributed to the
crystallization of KNN and the decomposition of the resid-
ual organic compounds, respectively. The TG data indicated
a total mass loss of 76% and 71.72% for the KNN:Eu0.025
and KNN:Eu0.05 gels, respectively. The effect of Eu,0; ion
content on the thermal decomposition behavior of gels can
therefore be concluded to be negligible.

In order to confirm that DSC exothermic peaks at the
temperatures in range 773 to 873 K are related to crystal-
lization of final KNN phase, the diffractograms of powders
calcinated at 873 K were obtained. The XRD diffractogram
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Fig.3 XRD patterns recorded for KNN:Eu0.025 and KNN:Eu0.05
powders

Table 2 Lattice parameters and crystallite size determined for the
orthorhombic Amm?2 phase in KNN:Eu0.025 and KNN:Eu0.05 pow-
ders

Sample alA blA oA VIA? Size/nm
KNN:Eu0.025 3952 5638 5.659 126090 24.6
KNN:Eu0.05 3955 5642 5.653 126142 248
pure KNN [32] 3950 5.637 5.661 126057 354

(Fig. 1S in supplementary information) verifies that both
obtained powders consist primarily of perovskite-like
structured K, sNa, sNbO;-based materials. However, small
amount of secondary phase is also present. Due to both very
low content and low crystallinity of admixture phases, it is
difficult to point out the nature and stoichiometry of this
phase precisely. Nevertheless, after carefully check of the
data available in the reference base, we suppose that these
small peaks are belonging to K{Nb,, 9O, [39]. The XRD
patterns of powders calcinated at 973 K (Fig. 3) do not
exhibit the presence of any secondary phase. Hence, this
calcination temperature was chosen for further research.

Physicochemical characteristics of investigated
powders

The influence of the Eu,0; additions on the formation of
the perovskite KNN phase is shown in the XRD patterns
recorded for the powders calcinated at 973 K and then
crushed by hand in an agate mortar (Fig. 3). The promi-
nent XRD peaks on the curves for the KNN:Eu0.025 and
KNN:Eu0.05 powders are indexed to a single orthorhombic
KNN phase and its respective hkl planes. Table 2 lists the
lattice parameters determined after Rietveld refinement had
been performed for both powders to confirm phase stoichi-
ometry as well as crystallite size values. Both KNN:Eu0.025
and KNN:Eu0.05 powders exhibited a single phase with a
non-centrosymmetric A-centered orthorhombic lattice struc-
ture (KNN:Eu0.025 R, =5.56%, KNN:Eu0.05 R, =4.85%)

and a crystallite size equal to 24.6 and 24.8 nm, respectively.
No secondary phases were present in any of the samples,
which suggests that Eu,0; had successfully incorporated
into the crystal lattice of pure KNN.

As can be seen, the position of the Bragg peaks moves
toward higher angles as Eu,0O; content increases, which
indicates a change in the host lattice. Small differences in
lattice parameters were found in the XRD pattern, leading
to the conclusion that even small amounts of Eu,0; affect
the structure of the host, and both the lattice parameters and
corresponding unit cell volume increased for higher Eu,0;
content. The calculated data were consistent with the lattice
constants reported previously for pure KNN powders [32]
and other data [23, 27].

Figure 4 shows the SEM images of the KNN powder sam-
ples doped with 0.025 or 0.05 mol% of Eu,O; after 4 h of
calcination in air at 973 K.

The obtained results showed that the existence of large,
open-structure agglomerates composed of several nanosized
particles. The size of the agglomerates varied from several to
several hundred micrometers, with slightly larger agglomer-
ates for KNN:Eu0.025. Although EDS analysis confirmed
the nominal composition of K, sNa,, sNbO; in both samples,
the concentration of europium was too low to be detected.

The particle size distribution (PSD) curves (Fig. 5) show
the appearance of single nano-sized grains and micro-
sized agglomerates and/or aggregates. These results were
confirmed by the performed SEM observations and XRD
analyses. The PSD curves have a similar, multi-modal shape.
However, the single particles of the KNN:Eu0.025 powder
were smaller than those of the KNN:Eu0.05 one.

The values of PSD show that the D50 increase with
Eu,0; added from 0.04 to 0.12 nm. It should be noted that
the agglomeration of the largest particles differed signifi-
cantly for both batches. Nanosized particles create larger
agglomerates due to their larger specific surface area pro-
viding more active surface sites. Hence, the KNN:Eu0.025
powder was much finer, with submicron-sized particles
being predominant, as represented by its D10 value, which
was half an order of magnitude lower than for KNN:Eu0.05.
The results showed that for more than half of all particles, at
least one dimension was below 100 nm. This behavior may
produce denser sinters and may cause the KNN phase to
form at lower sintering temperatures with respect to 0.05%
Eu,0;-doped KNN.

Physicochemical properties of sinters

The KNN:Eu0.025 and KNN:Eu0.05 powders were pressed
into pellets and then sintered for 4 h in air at 1373 K
(1100°C) and 1473 K (1200 °C). The microstructure and
chemical composition of the obtained ceramics were exam-
ined via SEM/EDS analysis. The SEM micrographs of the
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Fig.4 SEM micrographs
of: a KNN:Eu0.025 and b
KNN:Eu0.05 powders

SEIl _ 20kV WD12mm __ SS35

KNN:Eu0.025-1100 and KNN:Eu0.05-1100 sinters (Fig. 6a
and b) revealed their homogeneous microstructure with well-
developed cuboidal grains. The size of grains ranged from
1 pm to 5 pm, and pores were located at grain boundaries.
EDS analysis showed that the distribution of all elements in
the sinters was homogenous and that the desired stoichiom-
etry had been obtained. Nearly no undeveloped grains were
observed. The KNN:Eu0.025-1200 and KNN:Eu0.05-1200
(Fig. 6¢c and d) exhibited a different microstructure with
regions of higher and lower density. In regions with sig-
nificant porosity, well-shaped hexagonal grains with a size
in the range of 4-25 pm can be observed. In regions with
higher density these grains formed a continuous matrix that
had likely been formed as result of the simultaneous growth
of grains due to the material's overmelting. The walls of
grains in the powdered sintered at 1473 K were larger and
more developed, with sharp edges. It can be noted that indi-
vidual grains had formed traverses.

A detailed analysis of the EDS element distribution maps
taken for the denser regions of the powder sintered at 1373 K
revealed discrete areas rich in sodium as well as areas with
high potassium content (Fig. 7a). Two niobate phases can
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Fig.5 Particle size distribution (PSD) and cumulative volume curves
for KNN:Eu0.025 and KNN:Eu0.05 powders
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be distinguished in these maps—a predominant phase con-
taining mostly sodium and a small amount of potassium
and another phase with a continuous matrix; the latter was
composed mostly of potassium. The average element con-
tent determined for the samples sintered at 1473 K based on
the EDS analyses indicated smaller amounts of potassium
(Fig. 7b).

Literature data indicate that increased inhomogeneity and
deviations from stoichiometry in sodium—potassium niobates
are associated mostly with the evaporation of sodium rather
than potassium [40—42]. On the other hand, thermodynamic
calculations show that the vapor pressure of potassium is
higher than that of sodium. This is consistent with the fact
that the melting point of KNbO;, which is equal to 1312 K
[43], is significantly lower than that of NaNbO; — 1695 K
[44]. The segregation of sodium and potassium in the inves-
tigated samples, which had also been confirmed by a num-
ber of research teams [41, 45, 46], can be explained by the
precipitation of the liquid phase during sintering. The phase
diagram for the KNbO;-NaNbO; shows that K, sNa; sNbO;
undergoes incongruent melting. After passing the solidus
line during thermal treatment, KNN decomposes into a
potassium-rich liquid phase and a solid phase with a pre-
dominant sodium fraction. After cooling, the sinter in ques-
tion becomes chemically inhomogeneous. The decrease in
the potassium concentration in the sample due to evapo-
ration is accompanied by a fall in the solidus temperature
[44, 47]. The presence of a significant amount of the liquid
phase also favors grain growth, including abnormal growth.
This explains the fact that coarsening is observed to a higher
degree than densification and also explains the increased
grain size in samples sintered at 1473 K.

Figure 8 shows the X-ray diffraction patterns recorded
for the KNN:Eu0.025-1100 and KNN:Eu0.05-1200. The
patterns for all samples correspond to the intensity and posi-
tions of a structure isomorphic with the KNN perovskite. An
analysis of the intensity of the peaks around 20 =45.5° leads
to the conclusion that if the first peak is higher, the dominant
KNN phase is orthorhombic with the space group Amm?2.
However, the SEM/EDS spectroscopy results indicate that
the dominant KNN phase for the ceramics sintered at 1473 K
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Fig.6 SEM micrographs
of fracture cross sections
of: a KNN:Eu0.025-1100,
b KNN:Eu0.05-1100, ¢
KNN:Eu0.025-1200 and d
KNN:Eu0.05-1200
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Fig.7 SEM micrographs,
point analyses, and EDS maps
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sinters: a KNN:Eu0.025-1100
and b KNN:Eu0.025-1200
O K
Na Ko Kia
12 3 4
Energy/keV

Nb
10pm
K Na Nb Lot

O Ka
Na Ka
K Ko
1 2 4

3
Energy/keV

KNN:Eu0.025-1200

@ Springer



2040

M. Lubszczyk et al.

should not be orthorhombic with K sNa, sNbO; stoichiom-
etry, but rather monoclinic K,Na, ,NbO; (where x <0.5).
These sinters also contained a secondary phase, for which
peak positions can be attributed to a tungsten bronze-type
structure of potassium niobate — K¢Nb, O3 [39].

The results of Rietveld refinement performed for the stud-
ied sinters are listed in Table 3 and include the lattice param-
eters and theoretical density of the investigated sinters as
well as the mass fractions of individual detected phases. In
the case of the KNN:Eu0.025-1100 and KNN:Eu0.05-1100
samples, the orthorhombic K, s;Na, sNbO; phase
with the space group Amm?2 [48] was found. For the
KNN:Eu0.025-1200 and KNN:Eu0.05-1200 sinters, mon-
oclinic K 3;Na, ;NbO; with the space group Pm [49] was
observed. The secondary phase of the sinters was established
to be tetragonal K¢Nb,, ¢O3, with the group P4/mbm [39].
The unit cell parameters of the KNN phase decreased with
increased Eu,0; content. The ionic radius of Eu** (coor-
dination number (CN) =38, ionic radius (R;)=1.07 A) is
smaller than those of K* (CN=12, R,=1.64 A) and Na™*
(CN=12,R,=1.39 A) and larger than that of Nb°* (CN =6,
R,=0.64 IOA) [50]. Thus, Eu** ions occupy the A-position in
the ABO; perovskite unit cell, replacing sodium and potas-
sium, which causes the unit cell to shrink. The A-site sub-
stitution of europium, resulting in a donor doping effect, can
be represented by the following equation:

’

KNN
Eu,0; — 2Eu 4V,

vk + 300 3)

Nk T

The bulk densities of KNN:Eu0.025-1100 and
KNN:Eu0.05-1100 samples were 4.11 and 4.02 g cm™,
respectively, whereas the corresponding values for the
KNN:Eu0.025-1200 and KNN:Eu0.05-1200 sinters were
equal to 3.97 and 4.03 g cm'3’ respectively. The apparent
density of the sinters containing 0.025 mol% of Eu,0;
decreased considerably as sintering temperature increased,
while the apparent density of the KNN:Eu0.05 sinters
increased slightly. Similar tendencies had been observed ear-
lier for KNN ceramics for which a liquid phase precipitates
during the sintering process [42, 51]. To underline these
differences in the density of sinters for which phase com-
position changes after thermal treatment, relative density
was determined based on theoretical density. The theoreti-
cal density of the sinters (dxgp) Was determined based on
the XRD data listed in Table 3. The relative density of the
KNN:Eu0.025-1100 and KNN:Eu0.05-1100 samples was
equal to 90.8 and 88.8%, respectively, while its values for
KNN:Eu0.025-1200 and KNN:Eu0.05-1200 were equal to
86.2 and 87.3%, respectively. The conclusion from these
data is that the density of the sinters was lower for higher
thermal treatment temperatures. This fact suggests that for
higher sintering temperatures, grain growth was more preva-
lent than densification. In addition, the drop in the relative
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density of the samples obtained at the higher of the two
temperatures might have been caused by a more intense
evaporation of alkali elements.

Figure 9 shows the emission spectrum of the
KNN:Eu0.05-1200 sinter after excitation with continuous
light with a wavelength of 405 nm. Eu** ions were the emis-
sion center in the KKN sinter, with a main transition peak
at ca. 610 nm. Three characteristic luminescence peaks of
Eu’* were observed in the visible region at 590, 609, 625 nm
and can be attributed to the *Dy—F,, and °Dy~'F,, transi-
tions. It is known that the >D,—'F| transition originates from
a magnetic dipole transition, and D,~'F, is related to an
electrical dipole transition [34]. The intensity of luminescent
emissions is strongly dependent on the local symmetry of the
Eu** ions and the properties of the neighbor ions (ligands).
Eu’" ions replace the Na/K ions in the host crystal structure
of KNN out of symmetry, because red light °Dy-'F,,) is
dominant.

The temperature-dependent variations in complex
dielectric permittivity (e =€’ +1i¢’’, i — imaginary num-
ber) at different frequencies for KNN:Eu0.025-1100,
KNN:Eu0.05-1100, KNN:Eu0.025-1200 and
KNN:Eu0.05-1200 samples are shown in Fig. 10.

Two dielectric permittivity peaks associated with dif-
ferent types of phase transition in KNN-type materials can
be seen. The first point (P1) corresponds to the transition
from orthorhombic to tetragonal, while the second one (P2)
corresponds to the transition from a ferroelectric tetragonal
phase to a paraelectric cubic one, respectively. The dielec-
tric studies showed low values of the dielectric constant for
all investigated samples in a low-temperature range. The
maximum values of complex dielectric permittivity were
observed at the highest peaks corresponding to points P1 and
P2, and they are listed in Table 4. Generally, the dielectric
constant increases with an increase in frequency across the
entire temperature range. The evolution of ¢ for the KNN
sinters as a function of temperature during heating and cool-
ing processes at a given frequency is shown in an inset in
Fig. 10. The KNN samples exhibited slightly higher values
during cooling. The observed shifts of the P1 and P2 points
can be explained by a difference in the microstructure and
thermal hysteresis [52]. It was concluded that the highest ¢
values for KNN:Eu0.025-1100 sample are observed when
a combination of dense microstructure, uniform grain size
and single-phase composition occurs. The P1 temperature
increased with the sintering temperature of the sample.

The results show that the first transition occurs below
473 K for the samples sintered at 1373 K, and above this
temperature for the KNN samples sintered at 1473 K. This
is different in the case of the P2 transition, where a higher
sintering temperature causes a decrease or increase in the P2
temperature for the KNN:Eu0.025 and KNN:Eu0.05 sinters,
respectively.
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Fig.8 XRD  patterns recorded for  KNN:Eu0.025-1100,
KNN:Eu0.05-1100, KNN:Eu0.025-1200 and KNN:Eu0.05-1200

The influence of Eu,0; content on ¢ is clearly visible.
As can be seen in Fig. 10, the two KNN:Eu0.025 sinters
generally present higher values of dielectric permittiv-
ity than KNN:Eu0.05 sinters across the entire tempera-
ture range. Eu,0; affects the temperature at which phase
transitions occur, shifting it toward lower values at higher
concentrations. Given the same Eu,0; concentration in
the host material, the shifts of points P1 and P2 are evi-
dently more pronounced for the sintering temperature of
1473 K. As can be seen, in the KNN:Eu0.05-1200, the
P1 point is diffused and the maximum cannot be distin-
guished accurately, whereas the P2 point is sharp and
relatively well-defined. Both KNN:Eu0.025-1200 and
KNN:Eu0.05-1200 samples showed a strong shift of the
P2 point toward higher temperatures at high frequencies.
The ceramic gradually transforms from a ‘normal’ phase
to a diffuse one with increasing sintering temperature. This
is a consequence of the presence of other phases in the
sinters. This was confirmed by applying the Curie—Weiss
law, which can be presented as follows:

Ln(1/e —1/ey,) = yLn(T - T¢) + LnC 4)

where £, —the maximum value of the dielectric constant,
T.—the phase transition temperature, and C—the Curie-
like constant. The y parameter is the slope of the best-fitted
straight line in the graph.

The values of the y parameter and the Curie—Weiss plots
for the KNN:Eu0.025-1100 and KNN:Eu0.025-1200 sin-
ters, recorded for a frequency of 50 kHz, are shown in
Fig. 11.

The value of y for ferroelectric materials is typically 1, but
for an ideal relaxor material y=2. This parameter decreased
with increasing sintering temperature, but it remained close
to 1. The effect of the concentration of dopant ions on the
dielectric properties was therefore less pronounced than that
of the microstructure.

The influence of Eu,0; concentration and sintering tem-
perature was also observed in Fig. 12, in which the loss
tangent (tand, where 6 =¢’’/ ¢’) of KNN:Eu0.025-1100,
KNN:Eu0.025-1100, KNN:Eu0.025-1200 and
KNN:Eu0.05-1200 sinters is displayed as a function of
temperature.
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Fig.9 Luminescence spectrum of the KNN:Eu0.05-1200 sinter after
excitation with continuous light with a wavelength of 405 nm

Table 3 Rietveld refinement results for KNN:Eu0.025-1100, KNN:Eu0.05-1100, KNN:Eu0.025-1200 and KNN:Eu0.05-1200 sinters

Sample a [10\] b [A] c [/0\] \%4 [AZ’] dxrp /8 cm?  Mass fractions of detected phases

KNN:Eu0.025-1100 3.944 5.643 5.671 126.216 4.53 100%: Amm2 K, sNay sNbO; wR =9.0%

KNN:Eu0.05-1100 3944 5.642 5.670 126.177 4.53 95.5%: Amm2 K sNay sNbO3 4.5%: P4/mbm K¢Nb, 05, WR=9.2%

KNN:Eu0.025-1200 5.596 3.905 5.569 121.685 4.60 85.2%: Pm K, ;Na, ;NbO; 14.8%: P4/mbm KcNb (039 WR=6.3%,
$=89.77 deg

KNN:Eu0.05-1200  5.590 3.901 5.559 121.223 4.62 64.1%: Pm K ;Na,, ;NbO; 35.9%: P4/mbm KNb, 905, WR=5.8%,
=289.86 deg

pure KNN [32] 3.043 5.644 5.669 126.17 4.524
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For all specimens, tand shifted toward higher values when
temperature increased and frequency decreased. The loss
tangent showed strong dispersion, especially in the high-
temperature range.

The increase in the tand values around P1 was almost
negligible. Nevertheless, the values of tand around P2 rose
significantly, and the shape of tand peaks became sharp

Table4 Maximum values of dielectric  permittivity for
KNN:Eu0.025-1100, KNN:Eu0.05-1100, KNN:Eu0.025-1200 and
KNN:Eu0.05-1200 sinters at selected temperatures, determined at a
frequency of 0.5 MHz and a voltage of under 1 V

Sample P1 P2

KNN:Eu0.025-1100
KNN:Eu0.05-1100
KNN:Eu0.025-1200

T=475K e=1203
T=468 K £¢=1005
T=498 K £¢=940

T=682 K £=4453
T=664 K ¢=3887

T=675K
e=3152

KNN:Eu0.05-1200 T=~493 K =800 T=474 K £=2562

@ Springer

due to the increased tetragonal phase fraction. However,
higher Eu,0; content was associated with a decrease in
the temperature at which points P1 and P2 had appeared.
Moreover, an increase in tand was observed for both phase
transitions when dopant level increased. The values of
the static dielectric constant of all samples were similar
because of the same concentration of oxygen vacancies,
which generated the same number of harmonic oscilla-
tions. The reason for this abnormal tané rise was the pres-
ence of different phases forming under different vapor
pressures and diffusion velocities of sodium and potas-
sium during the thermal treatment. Other reasons included
direct current conduction, space charge migration (interfa-
cial polarization contribution), and dipole loss from move-
ment of the molecular dipoles.

Figure 13 and Fig S2 (in the supplementary part)
show the evolution of dielectric permittivity (&) of the
KNN:Eu0.05-1200 and other samples during measure-
ment with applied ac voltage from 0.01 mV to 2 V for
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Fig. 11 Plots representing the dependence Ln(l/e-1/e,) for the
KNN:Eu0.025-1100 and KNN:Eu0.025-1200 as a function of Ln(T-
T,)

selected frequencies. The dielectric properties of the
KNN:Eu samples show little AC voltage dependence.

The dielectric permittivity evolution as function of
frequency at selected applied voltage is presented as the
inserts in Fig. 13. The maximal permittivity &,,, does not
change significantly with applied measuring voltage for
all samples.

Generally, dielectric permittivity values decrease with
the increasing frequency undergoing an exponential decay.
The anomaly phenomenon is observed in the low-temper-
ature region between 633 and 673 K due to the presence
of the additional relaxation process.

EIS analyses were conducted to investigate the dielec-
tric properties of the KNN:Eu0.025-1100 sample. Imped-
ance spectroscopy was used to determine the contribution
of resistivity from the bulk and the grain boundaries in
the studied sinter. The imaginary part (Z’’) of imped-
ance curves as a function of real parts (Z’) was measured
using the RLC meter at selected temperatures. As shown
in Fig. 14, the Nyquist plots consist of a quasi-semicircle
similar to a semi-ellipse.

The magnitude of Z’ vs. Z’’ decreases with increasing
temperature for all samples, as expected with dielectrics.
Total impedance (Ry) was calculated as the sum of the
grain resistivity (Rg) and the grain boundary resistivity
(Rgg) at low and high frequency ranges, respectively.
The presence of a single semicircle indicates that the
grain resistivity of the material had a dominant contri-
bution to the total impedance. Non-separated semi-arcs
were observed due to the similar time constant of R and
Rgg. In order to trace the changes in the EIS spectra of

KNN:Eu0.025-1100 during heating, the equivalent electri-
cal circuits (EECs) shown in Fig. 14 were applied.

An analysis of the corresponding Nyquist plot shows
that the applied EEC is a very adequate representation of
the impedance data for this sinter. The R and Ry ele-
ments represent the grain and grain boundary resistivity,
respectively. The temperature dependences of EIS data—
including R, Rgg and Rt—are shown in Fig. 15.

Higher conductivity is associated with higher frequency
of charge carrier hopping between ions. The energy of
activation (E,) of KNN:Eu0.025-1100 sinter was calcu-
lated based on a modified Arrhenius equation, expressed
as follows:

E'd
- re(-E5) 5

where: R,-pre-exponential factor representing the high-tem-
perature limit of conduction.

The total activation energy for the KNN:Eu0.025-1100
sinter was equal to 1.35 eV. The activation energy of Rg
(1.12 eV) is lower than that for Rgg (1.21 eV) in the temper-
ature range from 673 to 873 K. The obtained values clearly
suggest that the conductivity of grains is higher than that of
grain boundaries and confirm a thermally activated process.
The results show that the charge carrier hopping is the pre-
dominant mechanism of electrical conduction.

The frequency evolution of the real and imaginary parts
of the EIS spectra recorded for the KNN:Eu0.025-1100
sinter at higher temperatures (773—873 K) is presented in
Fig. 16.

In the imaginary Z’’ plot, a single peak can be seen,
which is typical of pure KNN materials and suggests the
dielectric relaxation process. Temperature-dependent relaxa-
tion in the investigated ceramic materials was confirmed by
the expansion of the peak with temperature. As can be seen,
the maxima of the curves shift toward lower frequencies
at lower temperatures. The relaxation frequency shifted to
higher values when the sample was being heated. Both the
delayed relaxation of space charge and faster recombination
at high frequencies intensified at increased temperatures.

The frequency evolution of the electric modulus of the
KNN:Eu0.025-1100 sample—M’ and M’’—at selected tem-
peratures can be seen in Fig. 17.

Only a single relaxation peak can be seen in the M*’
dependence. The M’’ of this sinter increased with fre-
quency, reached a maximum (M;m) at a certain point,
and then decreases. At the same time, the maximum peak
shifted toward higher frequencies as the KNN samples is
heated. This behavior confirmed a decrease in the relaxa-
tion time and also indicated that the dielectric relaxation
process was thermally activated because of electron hop-
ping [53]. Figure 17 also shows that M increased with
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Fig. 12 Temperature and
frequency variation of
dielectric loss tangent for:
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increasing frequency. The real part of the electric modulus
peak shifted toward higher frequencies and at the same
time, the peak became more narrow. The sample thus

clearly exhibits dispersion.

The relaxation time (7) was calculated from the maxi-
mum value of M’’ as a function of frequency and is given

by the relation [54]:
T=1/2xf

(6)

where: f—the frequency of relaxation in maximum point of
M’’. This relation is presented in Fig. 3S (the supplement

part).

The value of E, estimated from the Arrhenius equation for
the KNN:Eu0.025-1100 sample was 2 eV (See supplement).
The Cole—Cole diagram of the complex dielectric modu-
lus M (the imaginary M’’ as a function of the real M’ parts)
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determined for the KNN:Eu0.025-1100 sample at selected
temperatures is shown in Fig. 18.

Each curve is represented by a single semicircle, and all
curves are complete. This semi-arc shape indicates that the
effect of grain boundaries was more significant than the
effect of grains in the conduction process. Grain resistance
only became significant in the conduction process below
723 K, which is manifested as a distortion in the high fre-
quency region (right side of the arc). The area under the
arc decreased with decreasing temperature, confirming a
thermally activated process. The shift of the center of the
semi-arcs toward lower M’values represents a decrease in
capacitance. It can be explained as follows—increasing tem-
perature produced new vacancies and shifted the equilibrium
center positions of the cations and, in consequence, led to
a decreased relaxation time of the specimen. Semi-circles



Synthesis of Eu-doped K, ;Na, sNbO; ceramics and their luminescent and dielectric... 2045

. 7000
KNN:Eu0.05-1200 ] = 10mV
e 100mV
5000 6000__ ! A soozv
5000 — M
é ] ¢ 2V
W
4000 ] .
3000 — [
4000 ] L P
2000 —Hm—rrrrm—rrrrm—rr——r
10° 104 10° 10°
frequency/Hz
@
3000
2000
Y ‘.’&‘\‘.'
10mV: « - - 10*Hz- - - 10°Hz- - - 10° Hz[]
100 mV: —---10*Hz—---10°Hz—-- - 10° Hz|
500 mV: —-=10*Hz—-=10° Hz—- = 10° Hz
1V: — — 10*Hz— — 105Hz— — 10°Hz'Y
1000 ~ 2V: ——10*Hz 105 Hz 10° Hzpd
U T+ T ' T * T
633 653 673 693 713 733 753 773
Temperature/K

Fig. 13 Temperature dependence of electric permittivity & for
KNN:Eu0.05-1200 measured for different AC field amplitudes and
selected frequencies. Inset: maximum dielectric permittivity as a
function of frequency at different applied AC voltage
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Fig. 14 Nyquist plot for the KNN:Eu0.025-1100 sinter at different
temperatures between 723 and 873 K. Inset: the equivalent electrical
circuit model

become incomplete as typical relaxation phenomena disap-
pear, and non-Debye relaxation is generated.

The KNN:Eu0.025-1100 sinter was selected for ferro-
electric measurements. The studies were conducted under
an electric field of 15 kV cm™. The polarization (P) of
this sample vs. the electric field (E) measured over a range
from room temperature to 648 K and with a 25 K step is
shown in Fig. 19.

Well-saturated P-E loops confirmed a typical ferro-
electric nature across the entire temperature range. Under
the same voltage, the KNN:Eu0.025-1100 ceramic mate-
rial exhibits a lower coercive field and higher remanent
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Fig. 15 Arrhenius plot representing the resistivity of the

KNN:Eu0.025-1100 sinter. Markers indicate experimental points,
and the solid line is the line fit
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Fig. 16 Frequency dependences of Z’ and Z’’ for the
KNN:Eu0.025-1100 sinter at selected temperatures

polarization than the pure KNN ceramic obtained in
the same way, for which the corresponding values were
18 p Cecm™?and 10 kV em™! [32].

Figure 20 presents the temperature dependence of P
and E of the KNN:Eu0.025-1100 sample across the entire
measurement range.

The following figure shows a global minimum at the tem-
perature around 498 K. It can be seen that the intensity of the
P.and E_ decreased with an increasing temperature up to P1
point, where the phase transition takes place. Again, P, and
E, parameters reached their maximum values at the highest
temperatures, since the tetragonal-to-cubic phase transition
causes the polarization state to be unstable, which is why
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Fig. 18 Cole—Cole plot for the KNN:Eu0.025-1100 sample at
selected temperatures

polarization vectors can be rotated more easily by external
electric fields.

Conclusions

KNN ceramics powders were prepared by means of a modi-
fied Pechini method utilizing citric acid. The effect of doping
KNN ceramics with two different amounts of Eu,05 (0.025
or 0.05 mol%) and sintering the obtained powders at two
different temperatures (1373 K or 1473 K) was assessed
in this work. The structure, microstructure, and dielec-
tric as well as spectroscopic properties of the sinters were
studied. A small addition of Eu,0Oj; slightly improved the
microstructural parameters of KNN ceramics. When the
amount of Eu,05 dopant increased, the points at which phase
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Fig. 19 Hysteresis loops of the KNN:Eu0.025-1100 ceramics meas-
ured at temperatures in the range from 300 to 648 K, and with 25 K
step
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Fig.20 Temperature dependence of remanent polarization (P,) and
coercive field (E,) for KNN:Eu0.025-1100

transitions occur shifted toward lower temperature. When
the sample was sintered at 1473 K, a liquid phase precipi-
tated, promoting significant grain growth as well as sodium
and potassium segregation. This led to the formation of two
different phases in the investigated sinters. The presence of
these phases induces a transition from a ‘normal’ phase to
a diffuse one and causes the electrical properties to grow
worse. The sample that was found to exhibit the optimal
physicochemical values was the KNN:Eu0.025-1100 sinter.
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