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ABSTRACT
The comprehensive study on the impact of different synthesis techniques on the 
structural, electrical, and photocatalytic properties of perovskite ferroelectric 
ceramics K

0.5
Na

0.5
NbO

3
(KNN). The solid-state reaction and hydrothermal meth-

ods are used to prepare the KNN ceramics, and the effects of grain size on the 
physical characteristics these ceramics are examined. The KNN-S prepared by 
solid-state method have significantly larger grain size as compared to that for 
KNN-H prepared by hydrothermal method. Furthermore, the KNN-S is found 
to exhibit higher dielectric, piezoelectric and ferroelectric properties as compared 
to KNN-H. On the other hand, the increased photocatalytic activity is observed 
in KNN-H as compared to KNN-S. As compared to the hydrothermal synthesis, 
the solid-state synthesis causes an increase in the relative dielectric permittivity 
(

�
′
)

 from 2394 to 3286, remnant polarization 
(

P
r

)

 from 15.38 to 20.41 μC/cm2 , 
planer electromechanical coupling factor 

(

k
p

)

 from 0.19 to 0.28 and piezoelectric 
coefficient 

(

d
33

)

 from 88 to 125 pC/N. The KNN-S ceramics are also found to have 
a lower leakage current density, and higher grain resistance than KNN-H ceramic. 
The enhanced photocatalytic activity of KNN-H is attributed to relatively smaller 
particle sizes. The KNN-S and KNN-H samples are found to have degradation 
efficiencies of RhB solution of 20% and 65%, respectively. The study highlights 
the importance of synthesis methods and how these can be exploited to tailor the 
dielectric, piezoelectric and photocatalytic properties of KNN.
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has been found to be quite promising as a potential 
method to eliminate harmful substances from waste-
water without producing secondary contamination 
[12]. As the primary difficulty in photocatalysis is the 
recombination of photoexcited electrons and holes, 
the separation of electrons and holes produced by the 
internal field in ferroelectric crystals prevents charge 
carrier recombination, which increases the duration 
of the photocatalytic activity [13]. This makes ferro-
electric materials very promising candidates for their 
use as photocatalysts. However, not many ferroelec-
trics have been explored as photocatalysts [14–16]. In 
addition, it is also worth exploring that how particle 
or grain size of the ferroelectric material impacts the 
photocatalysis process. It is generally known that the 
response efficiency of smaller particles is higher due 
to high availability of active surface sites. The physi-
cal properties may also be expected to depended on 
factors such as microstructure, which in turn may 
depend on different synthesis methods. Therefore, 
it is important to understand as to how different 
synthesis processes affect physical properties. Thus, 
different preparation techniques present an oppor-
tunity to enhance and tailor the physical properties 
via engineering grain size or microstructure [17–20].

The synthesis of pure KNN via solid-state reac-
tions [21, 22], hydrothermal processes [23, 24], sol-
gel techniques [25, 26] and solution routes [27, 28] 
has been reported over the years. However, stud-
ies that explore the correlation between the electri-
cal characteristics and various synthesis methods of 
KNN are scarce [29, 30]. Additionally, the impact of 
grain size on electrical characteristics have received 
minimal consideration in case of KNN system 
[31–34]. This may have been due to the difficulty in 
producing KNN ceramics with various grain sizes. 
It may be noted that optimisation of the sintering 
temperature is a critical and challenging issue with 
KNN ceramics for a number of reasons [35]. This 
renders the synthesis of dense sintered KNN ceram-
ics quite difficult. KNN-based ceramics prepared by 
spark plasma sintering and hot-pressed sintering 
have been reported to achieve the necessary den-
sification [36, 37]. Although these techniques can 
produce KNN ceramics with higher densities and 
piezoelectric capabilities ( (d

33
= 160 pC∕N, via hot-

pressed sintering [36]) than those made via the solid-
state reaction (d

33
= 96 pC∕N) [38], nevertheless these 

(techniques) are not suitable for mass production of 
KNN. The pressure-less or conventional sintering of 

1 Introduction

Piezo/ferro-electric ceramics are important class of 
materials with enormous applications in electrical 
devices such as sensors, transducers and actuators 
[1]. In particular, Pb(Zr

1−xTix)O3
 or PZT based ceram-

ics have long dominated the piezoelectric device 
industries due to their excellent piezoelectric proper-
ties ( d

33
= 410 pC∕N, k

p
= 0.60 ) [2]. However, over the 

years, the toxic nature of lead in these materials have 
raised enormous concern for environment and human 
health. This has led to vigorous push for search and 
development of high performance lead-free piezo/fer-
roelectrics as substitute for PZT [3].

Among the potential materials, the lead-free piezo-
electric sodium potassium niobate ( (K,Na)NbO

3
 , here-

after KNN) based materials have been found highly 
promising with potential to replace lead-based piezo-
electric materials because of their piezoelectric proper-
ties ( d

33
= 171 − 490 pC∕N, k

p
∼ 0.64 ) and high Curie 

temperature (T
c
= 178 − 475

◦
C) [4–6]. Solid solutions 

of antiferroelectric NaNbO
3
 and ferroelectric KNbO

3
 

constitute the KNN ceramic. It has been suggested that 
KNN system possesses the best piezoelectric, ferro-
electric and electromechanical properties when the K/
Na ratio is near to 50/50 [7]. Among the KNN composi-
tions, the K

0.5
Na

0.5
NbO

3
 has received the most of the 

attention due to its superior ferroelectric and piezo-
electric properties over the other compositions along 
with a high Curie temperature around 420 °C [8] and 
low coercive field of 11.52 kV/cm [9]. K

0.5
Na

0.5
NbO

3
 

ceramic undergoes three distinct phase transitions 
from high to low temperature: cubic to tetragonal 
(Curie temperature), tetragonal to orthorhombic 
(≈ 210 °C), orthorhombic to rhombohedral (≈ -123 °C) 
[4].

The interest in KNN as photocatalytic agent stems 
from the concern over organic dye wastes as envi-
ronmental pollutants from the textile industries. 
Though these water pollutants have grown over sev-
eral years, there hasn’t been much progress made 
to remove them [10]. Although several chemical 
treatment methods are used to remove dangerous 
elements from dye wastewater, not all of them are 
completely effective in degrading organic colours. In 
particular, Rhodamine-B (RhB) is one of the hardest 
dyes to break because of its complex structures. Thus, 
development of simple and cost-effective wastewater 
treatment methods is highly desirable [11]. In recent 
years, a phenomenon known as “Photocatalysis” 
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these materials is more appropriate for large scale 
production.

Therefore, in this work, we present a compara-
tive study of structural, dielectric, piezoelectric / 
ferroelectric and photocatalytic properties of KNN 
synthesised using a conventional solid-state proce-
dure and a hydrothermal approach. In our study, the 
hydrothermal method is also chosen along with the 
solid-state technique since it offers advantages such 
as uniformity in compositions, stoichiometry and 
lower sintering temperature. Our results suggest that 
these two synthesis methods influence the grain size, 
that in turn affects relative dielectric permittivity, fer-
roelectric polarisation and impedance of the KNN. 
We also explore the efficacy of KNN as a potential 
photocatalytic material and the impact of different 
synthesis methods on its photocatalytic properties. 
Because of the higher calcination temperature, the 
particles obtained by the solid-state process are gen-
erally larger in size as compared to powder obtained 
using the hydrothermal method. The efficiency and 
photocatalytic activity of the two types of samples are 
found to display noticeable variation.

2 �Experimental details

2.1 �Synthesis of materials

K
0.5
Na

0.5
NbO

3
 ceramics are prepared using two sepa-

rate synthesis procedures: a conventional solid-state 
method and a hydrothermal method. The samples pre-
pared by these methods are indicated as KNN-S and 
KNN-H, respectively. High purity precursors such 
as K

2
CO

3
 (99.99% Sigma Aldrich Chemicals, USA), 

Na
2
CO

3
 (99.5% Sigma Aldrich Chemicals, USA) and 

Nb
2
O

5
 (99.99% Sigma Aldrich Chemicals, USA) are 

used to prepare compounds for the synthesis of KNN-
S. Stoichiometric proportions of powders are mixed 
using agate mortar pestle and grounded manually for 
10 h using Isopropyl alcohol (IPA) as a medium. There-
after, the combined powder is calcined for 3 h in an 
environment of air at 850 °C.

In case of hydrothermal synthesis, the KOH (85% 
Sigma Aldrich Chemicals, USA), NaOH (97% Sigma 
Aldrich Chemicals, USA) and Nb

2
O

5
 powders are 

used as the starting materials. First, 70 mL of deion-
ized (DI) water is used to dissolve KOH with a weight 
equivalent to 10 M concentration. Then, a specific 
proportion of Nb

2
O

5
 is added with KOH solution in 

accordance with the final composition of KNbO
3
 solu-

tion and the mixture are magnetically stirred until a 
homogenous white solution formed. The mixture is 
transferred into a 100 mL Teflon vessel. The same 
procedure is followed to make NaNbO

3
 solution by 

using NaOH instead of KOH precursor. Teflon ves-
sel of KNbO

3
 and NaNbO

3
 solutions is placed in the 

autoclave and heated at 210 °C under automatically 
produced pressure for 24 h. The autoclave is thereafter 
allowed to naturally cool to ambient temperature. The 
resultant powders are rinsed several times with deion-
ized water until the pH level of the solution becomes 
neutral. Thereafter, the solution is heated at 100 °C 
temperature for 120  min to obtain as-synthesized 
KNbO

3
 and NaNbO

3
 powders. KNbO

3
 and NaNbO

3
 

powders were mixed in a molar ratio of 1:1 to synthe-
size K

0.5
Na

0.5
NbO

3
 ceramic. To achieve the to NaNbO

3
 

molar ratio of 1 in the ceramics, the amounts were 
0.523 g and 0.476 g respectively. Then, this powder 
was ground with alumina mortar and pestle; finally, 
K
0.5
Na

0.5
NbO

3
 powders are prepared for characteri-

zations. The Fig. 1 shows a schematic diagram of the 
hydrothermal synthesis process. The resulting cal-
cined powders from solid-state and hydrothermal syn-
thesis are further grounded and combined with poly-
vinyl alcohol (PVA, 5 wt%) as a binder. Thereafter, the 
powders are compressed into a circular pellet (diam-
eter = 8 mm) by applying 4 Ton hydraulic pressure. 
Finally, the KNN-S and KNN-H pellets are sintered in 
a closed alumina crucible at optimized conditions of 
1100 °C for 4 h and 1025 °C for 6 h, respectively, with 
heating and cooling rates of 2 °C/min. Since potassium 
is a volatile element, all pellets are covered with their 
equivalent calcined powders throughout the sinter-
ing process to prevent volatilization of potassium and 
sodium elements. Energy Dispersive Spectroscopy 
(EDS), as indicated in the supplementary file, confirms 
the compositional distribution of the elements.

2.2 �Characterization of materials

The phase formation study is performed using a pow-
der X-ray diffractometer (Rigaku, SmartLab) with a 
nickel filter for Cu-Kα radiation ( �

1
 = 1.544 Å, �

2
 = 

1.541 Å) at room temperature where 2� angle ranges 
from the 20° to 80° with the step size of 0.0168 ( 2� ) and 
at a scan rate of 2 °/min. The Archimedes approach 
is used to determine the apparent density. Where, 
deionized water is used as the immersion liquid. The 
surface morphology of sintered pellets is observed via 
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scanning electron microscopy (SEM) (Zeiss, Supra 40) 
at an acceleration voltage of 10 kV, where a thin layer 
of gold sputtering is used to electrode the samples. For 
further electrical measurements, silver paste is fired 
on both sides of the samples at 200 °C for 2 h to form 
the electrodes.

Then temperature dependence dielectric and 
impedance studies at different frequencies are car-
ried out using an impedance analyzer (Wayne Kerr 
6500B) in the temperature range of 30–500 °C with 
the heating rate of 3 °C/min; where the temperature 
controlling equipment used for dielectric and imped-
ance measurements is Eurotherm. A range of frequen-
cies between 1 kHz and 1 MHz are used to measure 
the temperature dependence of the relative dielec-
tric permittivity 

(

�
′
)

 and dielectric loss (tanδ). The 
impendence data are analysed using the resonance 
and anti-resonance method in order to calculate the 
planer electromechanical coupling factor (k

p
) . The 

parameters such as Polarization (P), switching cur-
rent (I) and leakage current density (J) as a function 
of applied electric field are measured at room tem-
perature using TF-Analyzer 2000 (aixACCT systems, 
GmbH) at 1 Hz frequency. The piezoelectric coeffi-
cient 

(

d
33

)

 is determined at room temperature using 
a quasi-static metre (Piezotest, PM300). The Perkin-
Elmer Lambda 1050 UV(Ultraviolet)/Vis(Visible)/
NIR(near-infrared) spectrophotometer is used to 
measure Ultraviolet–Visible (UV–Vis) diffuse reflec-
tance spectra. BET(Brunauer–Emmett–Teller) analyzer 
(Quantachrome, NOVA 2200e) is used to measure the 
surface area.

Photocatalytic activity of KNN-S and KNN-H pow-
ders is estimated by degrading rhodamine B (RhB) 

dye (Merck, with assay of ≥ 97.0%) under visible light 
irradiation using the halogen lamp (500 W). For each 
sample, 50 mL of 10 mg/L dye solution is mixed with 
0.25 g of KNN. Before exposure to the light source, the 
solution is kept under dark conditions for 30 min, so 
that the adsorption-desorption equilibrium is achieved 
between the RhB dye and photocatalyst KNN. The 
sample is irradiated by the visible light. At fixed time 
intervals of 30 min within 3 h, 4 mL of suspension is 
taken out and centrifuged at 8000 rpm for 10 min in 
order to separate the dye solution from the photocata-
lyst. The dye degradation process is studied by analys-
ing the visible absorption spectrum.

3 �Results and discussion

3.1 �Structural and microstructural analysis

The Fig. 2 shows the X-ray diffraction (XRD) patterns 
of the KNN ceramics prepared with different synthesis 
methods at room temperature. Both samples are found 
to crystallize in pure perovskite structure devoid of 
any impurity phases. The room temperature crystal 
structure of KNN ceramic is reported to be orthorhom-
bic [39–43]. A clear splitting of (220) and (200) peaks at 
2� ∼46°, in the XRD pattern (see Fig. 2) suggests that 
the structure is orthorhombic in KNN-S and KNN-H 
ceramics [41]. 

The (111) peak in the KNN-H shifts slightly towards 
higher angles as compared to that in KNN-S (See inset 
of Fig. 2). The shift ( 2� ∼0.0158(1)° at (111) peak ) may 
be attributed to the variation in the lattice strain. The 
generated lattice strain may be attributed to the 

Fig. 1   Schematic diagram 
of the hydrothermal process 
of KNbO

3
 and NaNbO

3
 

synthesis
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processing dependent volatilization of K+ , Na
+ and 

associated oxygen vacancies [44]. The Table 1 shows 
the structural parameters obtained by Rietveld refine-
ment, crystallite size and lattice strain for KNN-S and 
KNN-H samples. The lattice strain is higher in the case 
of KNN-H as can be seen in Table 1. The crystallite size 
and lattice strain are determined using the Willamson 
Hall equation: �cos� =

(

K�

D

)

+ 4�sin� (see supplemen-
tary materials) [45] (where, K=0.94). The crystallite size 
is smaller in KNN-H as compared to that in KNN-S 
and is consistent with microstructural studies. The 
Rietveld refinement of the XRD patterns was carried 
out using FULLPROF(2000) software [46]. In general, 
the structural models such as Amm2 (orthorhombic), 
Bmm2 (orthorhombic) and P1m1 (monoclinic) are used 
in Rietveld refinements of the reported XRD patterns 
of KNN [40, 41, 47–50]. However, in our study, the 
Amm2 (orthorhombic) model (JCPDS data file 32–0822) 

Fig. 2   The XRD pattern of a KNN-S and b  KNN-H ceramics. 
The orthorhombic pattern is indexed according to JCPDS data 
file 32–0822 [43]. The inset displays the magnified XRD patterns 
of the KNN-H and KNN-S ceramics at 2� ∼32°

Fig. 3   Rietveld refinement of the XRD patterns of a  KNN-S 
and b KNN-H ceramics. The fitting of the KNN-H and KNN-S 
ceramics at 2� nearly 32° are shown in the inset of the corre-

sponding plots. Solid blue line indicates the deviation between 
the calculated and observed patterns. Vertical bars at the bottom 
indicate the 2� positions of all possible Bragg reflections

Table 1   Structural 
parameters obtained by 
Rietveld refinement, 
crystallite size and lattice 
strain for KNN-S and 
KNN-H samples

Sample KNN-S KNN-H

Crystal phase Orthorhombic (Amm2) Orthorhombic (Amm2)
Lattice parameters (Å) a = 3.9451(3)

b = 5.6413(5)

c = 5.6729(1)
� = � = � = 90

◦

a = 3.9437(6)
b = 5.6406(3)
c = 5.6721(5)

� = � = � = 90
◦

Cell volume (Å3) 126.2542(4) 126.1758(7)
Refinement quality  �2

= 3.38,Rp = 6.27,Rwp = 7.42g �2
= 3.74,Rp = 6.67,Rwp = 7.81

Crystallite size (nm) 64 ± 3 39 ± 2

Lattice strain 0.00115 ± 0.00009 0.00191 ± 0.00013



	 J Mater Sci: Mater Electron (2023) 34:22142214 Page 6 of 19

is found to be most appropriate [43]. The Fig. 3 shows 
Rietveld refinement of the XRD patterns of the KNN 
ceramics prepared with different synthesis methods. 
The obtained lattice parameters and refinement qual-
ity factors for both KNN ceramics are listed in the 
Table 1. The lattice parameters and atomic positions 
(see supplementary materials) are consistent with 
those reported in earlier studies [41, 51].

The microstructures of KNN-S and KNN-H are dis-
played in Fig. 4a and b, respectively. KNN-H ceramic 
has the apparent density, �

a
= 4.24 g∕cm3and rela-

tive density �
r
 = 94%. In comparison to the KNN-H 

ceramic, the microstructure of the KNN-S ceramic is 
denser with apparent density, �

a
= 4.36 g∕cm3 and 

relative density, �
r
 = 96%. As expected, the observed 

density is smaller than the theoretical density of 4.51 
g∕cm3 [52]. The grain size is computed using the linear 
intercept approach as implemented in ImageJ software 
[53]. The Gaussian distribution is fitted to estimate the 
average grain size of KNN-S and KNN-H samples, as 
shown in Fig. 4c and d, respectively. The average grain 

size is found to be 2.07 ± 0.05μm and 0.89 ± 0.03μm for 
KNN-S and KNN-H ceramics, respectively. A higher 
percentage of grain boundaries are seen in KNN-H 
than that in KNN-S due to lower rate of diffusion in 
KNN-H which in turn is due to its lower calcination 
temperature. 

3.2 �Dielectric properties

The Fig. 5 shows the temperature dependence of the 
relative dielectric permittivity and dielectric loss (tanδ) 
at different frequencies revealing the phase transition 
behaviour and electrical characteristics of KNN ceram-
ics. The two permittivity peaks (See Fig. 5) indicate 
the phase transition of KNN above room temperature. 
The phase transition from tetragonal to cubic phase 
( T

T−C) is represented by the higher temperature peak, 
while the orthorhombic to tetragonal phase transi-
tion ( T

O−T ) is represented by the lower temperature 
peak [31, 54, 55]. The magnitudes ofT

O−T and T
T−C for 

KNN-S ceramic are found to be ∼ 204 and ∼ 420 °C, 

Fig. 4   SEM images of sintered samples of a  KNN-S and b  KNN-H ceramics. The distribution of the grain size of c  KNN-S and 
d KNN-H ceramics
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respectively (Fig. 5a). The T
O−T and T

T−C values in case 
of KNN-H ceramic are − 198 and − 417 °C, respectively 
(Fig. 5b). The KNN-S ceramic is found to have greater 
relative dielectric permittivity and lower dielectric 
loss (Fig. 5c and d) than those in KNN-H ceramic. For 
KNN-H ceramic, the number of grain boundaries rises 
due to smaller grain size. This results in the possibility 
of space charges accumulation across the grain bound-
aries. As a result, KNN-H ceramic has a lower relative 
dielectric permittivity value than KNN-S ceramic. 

The Curie-Weiss law describes the dielectric permit-
tivity of conventional ferroelectric systems in the par-
aelectric region above the Curie point. The Curie-
Weiss law is given as �� = C

T−T
cw

  ,  where C is 
Curie-Weiss constant and T

cw
 is Curie-Weiss tempera-

ture [56, 57]. The behaviour of the dielectric permittiv-
ity near T

cw
 is studied by plotting the inverse dielectric 

permittivity as a function of temperature at 100 kHz 
frequency as illustrated in Fig. 6a and b. The linear 

nature of the inverse dielectric permittivity at T > T
cw

 
indicates that both the KNN ceramics obey the Curie-
Weiss law. There is no significant mismatch in ionic 
radii (IR) and charge between the K+ (IR = 1.64 Å, CN 
= 12) and Na+ (IR = 1.39 Å, CN = 12) [58] and therefore 
no sizeable disorder in the systems. Based on this the 
PNR (polar nano region) theory suggests that pure 
KNN cannot display relaxor behaviour. In general, the 
dielectric permittivity for diffusive structural phase 
transition deviates from the Curie-Weiss law in the 
temperature rangeT

cw
< T < T

B
 , where T

B
 is the Burn 

temperature at which the linearity starts to deviate.T
B
 

is also the maximum temperature at which local polar-
isat ion begins  [59] .  Here the deviat ion, 
�T

max
= T

B
− T

max
≈ 0 (because of T

B
≈ T

max
 ) for the 

both KNN-S and KNN-H ceramics; where T
max

 is the 
temperature which exhibit maximum relative dielec-
tric permittivity. The obtained values of different tem-
peratures and other parameters of the samples are 

Fig. 5   Temperature dependent relative dielectric permittivity (��) of a KNN-S and b KNN-H ceramics at different frequencies. Tem-
perature dependent dielectric loss (tanδ) is plotted for c KNN-S and d KNN-H ceramics at different frequencies
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listed in Table 2. The modified Curie-Weiss law [60] is 
given as:

where C is the Curie constant and � is the diffusion 
coefficient. A normal ferroelectric system is repre-
sented by � = 1 and an ideal relaxor ferroelectric 
system by � = 2 . The magnitude of � is found to be 
1.18 ± 0.01 and 1.12 ± 0.01 for KNN-S and KNN-H 
ceramics (see supplementary materials), indicating 
predominantly normal ferroelectric nature or the pres-
ence of only the minor degree of relaxor behaviour. 
This is also consistent with PNR (polar-nano-regions) 
theory that suggests the absence of relaxor behaviour 

(1)1

�
�
−

1

�
�
max

=

(

T − T
max

)

�

C

in KNN due to comparable ionic radii and charges of 
K
+ and Na

+ . However, nominal dispersion has been 
observed in KNN-H between 200 and 400 °C which is 
insignificant in case of KNN-S. 

3.3 �Ferroelectric properties

The Fig. 7 shows the hysteresis curves of polarization 
(P) and current (I) as a function of electric field (E) for 
the KNN ceramics. The measurements are performed 
at the room temperature with an applied frequency 
of 1 Hz till electrical breakdown occurs. In general, 
the leakage current and switching current caused 
by domain switching mechanisms are the two forms 
of current signals that are seen when ferroelectric 
materials are subjected to external electric fields. The 

Fig. 6   Variation of inverse dielectric permittivity with temperature for a KNN-S and b KNN-H ceramics at 100 kHz frequency

Table 2   The average grain size, dielectric permittivity, phase transition temperatures, and diffusion coefficient according to modified 
Curie-Weiss law at 100 kHz of KNN-S and KNN-H ceramics. Comparative values with respect to reported systems are also given

*Denotes approximated values based on the plots presented in the references

KNN system Aver-
age grain 
size(μm)

�

′

max
(at 100 kHz) ε′ at room 

temperature
To−T(°C) Tc = Tmax(°C) Tcw(°C) TB(°C) �

KNN-S (This work) 2.07 ± 0.05 3286 315 204 420 400 420 1.18 ± 0.01

KNN-H (This work) 0.89 ± 0.03 2394 227 198 417 394 417 1.12 ± 0.01

Ref. [59] –  4500* 450* 200 403 379 403 1.19
Ref. [61] –  5000* 310 202 429 –  –  1.12
Ref. [62] 5.20 4000* 420* 200* 428 –  –  1.03
Ref. [41] 1.06 3200* 250 190 406 –  –  – 
Ref. [63] 2.00 2400* 300* 206 408 –  –  – 
Ref. [38] 3.90 5000* 338 200 420 –  –  – 
Ref. [7] –  8430* 648 200* 372 –  –  1.25
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ferroelectric nature of KNN ceramics is confirmed 
by the presence of a domain switching current peak 
(Fig. 7) when an electric field is applied. As the applied 
electric field is increased, the amplitude of the domain 
switching current peak grows until it is eventually sat-
urated for both KNN ceramics and the corresponding 
P–E loops exhibit the symmetrical curves. The peak 
in the current signal at the electric field less than the 
maximum value, indicates the occurrence of domain 
switching. The applied electric field corresponds to 
the current peak in the I–E curve denotes the coercive 
field 

(

E
c

)

 . The KNN-H ceramic shows lower polarisa-
tion (i.e., P

r
 and P

max
 ) and a slightly higher E

c
 than 

the KNN-S ceramic (Table 3). Because of small grain 
size more grain boundaries are present in the KNN-H 
ceramic as compared to KNN-S ceramic. The Fig. 8 
shows a schematic diagram of the energy barriers with 
respect to the grain sizes for both ceramics. The ferro-
electric domains are switched when the energy barrier 

is overcome. In general, the energy barrier decreases 
with increasing grain size. As a result, reversal of the 
polarisation of a ferroelectric domain inside a smaller 
grain is much difficult than that in the larger grain 
[64]. 

Hence, domain switching, and domain wall motion 
are comparatively difficult in the KNN-H ceramic 
because of the clamping effect from the surrounding 
grains. It has been found that smaller grains possess 
less crystallinity and are more difficult to switch in 
polarity, as compared to the large grains [65].

There are two aspects to the impact of the grain 
boundaries on polarisation. The grain boundary is 
a low-permittivity area. Thus, ferroelectric order-
ing is poor at the grain boundary. Consequently, the 
polarisation at the grain boundary may be absent or 
minimal. On the other hand, depletion layer can form 
on the grain surface when space charges in the grain 
boundary exclude polarisation charges on the grain 

Fig. 7   Room temperature P–E and I–E loops measured at 1 Hz frequency for a KNN-S and b KNN-H ceramics

Fig. 8   Schematic of the energy barriers with respect to the grain 
sizes for both ceramics. The vertical bars on the left side are 
used for comparison of ferroelectric and piezoelectric property, 

whereas the vertical bars on the right side are used for compari-
son of grain boundary density of KNN-S and KNN-H ceramics
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surface. As a result, there is a polarisation discontinu-
ity on grain surface, which creates a depolarization 
field and polarization decreases [64]. This results in the 
reduction in P

r
 and P

max
 for KNN-H ceramic. The vari-

ation in grain size (t) influences the domain size (d) , 
which in turn significantly influences the ferroelectric 
characteristics. The domain size is directly correlated 
with grain sizes well above 100 nm as d ∝ t

1

2 [66].
The Fig. 9 shows the room temperature leakage cur-

rent as function of electric field varying from − 20 kV/
cm to + 20 kV/cm. For both KNN-S and KNN-H sam-
ples, the leakage current density increases significantly 
with increasing electric field due to formations of 
defect states and K/Na ions vacancies. The evapora-
tion of K/Na ions results in formation of oxygen vacan-
cies that in turn increases the leakage current at higher 
applied electric fields [67]. The leakage current density 

in KNN-S is less in comparison to that in KNN-H 
ceramic at all electric fields. The leakage current den-
sities of KNN-S and KNN-H, at electric field of 20 kV/
cm, are found to be 1.2 × 10

−6
A∕cm2 and 10.5 × 10

−6

A∕cm2 , respectively. The reduction in leakage current 
in the KNN-S ceramic suggests the enhancement of 
insulating nature which is associated with reduction 
of oxygen vacancies. We further perform the imped-
ance spectroscopic measurements and discuss them 
in Sect. 3.4, in order to understand the microscopic 
mechanisms that may improve the leakage current 
density of KNN-S ceramic. 

3.4 �Impedance spectroscopy analysis

Next, we study the dielectric relaxation phenomena 
by analysing the impedance data for KNN in the tem-
perature range from 430 to 500 °C.

The Cole-Cole plots of KNN ceramics in the fre-
quency range (20 Hz − 1 MHz) and above Curie tem-
perature are shown in the Fig. 10. The temperature 
variation of bulk resistivity 

(

�
b

)

 due to the grains is 
plotted for KNN-S and KNN-H ceramics and shown 
in Fig. 11. The temperature dependent resistivity of 
KNN-S ceramic is found to be higher than that for 
KNN-H ceramic. Figure 10 shows the nonlinear (semi-
circle) nature of Z′′(whereZ

∗ = Z
� − jZ

��
) and increases 

with temperature above 430 °C. This indicates the 
decrease in insulating behaviour in the sample at 
higher temperatures. The observed single semi-circu-
lar arc is indicative of the electrical properties arising 
primarily due to the bulk effects. Further, the intercept 
point on the real axis shifts towards the origin as the 
temperature increases, indicating the decrease in the 
resistivity. The bulk resistance R

b
 is estimated using 

an equivalent circuit that consists bulk resistance R
b
 

Table 3   Variation of Pr , 
Pmax , and Ec values with 
different grain size obtained 
from hysteresis loops of 
KNN ceramics

*Denotes approximated values based on the plots presented in the references

KNN system Average grain 
size (μm)

Pr(μC∕cm
2) Ec (kV/cm) Pmax(μC∕cm

2)

KNN-S (This work) 2.07 ± 0.05 20.41 15.17 22.45
KNN-H (This work) 0.89 ± 0.03 15.38 16.24 17.43
Ref. [63] 2.00 16.00* 17.00* 18.00*
Ref. [9] 1.16 16.42 11.52 20.00*
Ref. [38] 3.90 11.40 8.50 15.00*
Ref. [61] – 20.00* 22.00* 25.00*
Ref. [62] 5.20 25.00* 15.00* 30.00*
Ref. [7] –  9.84 10.93 15.00*

Fig. 9   Leakage current density versus electric field plots of 
KNN-S and KNN-H ceramics at room temperature
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and bulk capacitance C
b
 in parallel combination. Using 

this model, the real Z′ (ω) and imaginary Z′′(ω) com-
ponents of complex impedance (Z∗

= Z
� − jZ

��
) can be 

expressed as [68, 69]:

The impedance data with non-ideal behaviour are 
fitted using an equivalent circuit with one R and one 

(2)Z
�
=

R
b

(1 + �C
b
R
b
)2

(3)Z
��
=

�C
b
R
2

b

(1 + �C
b
R
b
)2

CPE or constant phase element (Q) as shown in Fig. 10 
[69, 70]. The capacitance (C), resistance (R) and Q are 
related as [71] :

Where, C = C
b
andR = R

b
 

The CPE admittance is given as [72]:

The Table 4 shows the magnitudes of R as well as 
n which is an empirical constant representing the 
deviation from an ideal Debye behaviour. The n varies 
between 0 and 1 with 0 for the ideal resistor and 1 for 
the ideal capacitor.

The Fig. 12 shows the imaginary part of the elec-
tric modulus (M′′) as function of frequency. As can be 
seen, for the given temperature, the M′′ increases with 
increasing frequency and attains maximum for both 
samples. Further, the maximum value of M′′ increases 
and its peak position shifts towards high frequency as 
the temperature increases. This behaviour indicates the 
relaxation behaviour that is dependent on the tempera-
ture. The frequency at the M′′ peak (f

max
) , the activation 

energy 
(

E
a

)

 for the electrical response and the tempera-
ture (T) are related via the Arrhenius relationship as:

(4)
C = (R

1−n
×Q)

1
∕
n

(5)Y(CPE) = Y
0
�
n

{

Cos

(

n�

2

)

+ j Sin

(

n�

2

)}

f
max

= f
0
exp

(

−E
a
∕k

B
T

)

(6)ln

(

f
max

)

= ln

(

f
0

)

−
E
a

k
B
T

Fig. 10   The real and imaginary part of impedance at different temperatures for a KNN-S and b KNN-H ceramics. The insets of (a, b) 
show the proposed electrical equivalent circuit

Fig. 11   The bulk (grain) resistivity ( �b ) as function of tempera-
ture for KNN-S and KNN-H ceramics
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Where, k
B
 is the Boltzmann’s constant and f

0
 is pre-

exponential factor.
Figure  12c and d show the plots of ln

(

f
max

)

 as 
function of 1∕T for the KNN-S and KNN-H ceram-
ics, respectively. The E

a
 magnitudes for the KNN-S 

and KNN-H ceramics are found to be 0.51 ± 0.03 and 
0.47 ± 0.02 eV, respectively. The E

a
 values for both 

KNN-S and KNN-H ceramics are near to the reported 
value [73]. The slightly lower activation energy for 
KNN-H ceramic, may be attributed to the increased 

Table 4   The parameter n , bulk resistance and bulk capacitance for KNN-S and KNN-H ceramics at different temperatures extracted by 
Cole-Cole fitting

KNN-S KNN-H
Tempera-
ture (°C)

n �b (kΩ.m) Rb (kΩ) × 10
3 Cb (F) × 10

−8 n �b (kΩ.m) Rb (kΩ) × 10
3  Cb (F) × 10

−8

430 0.940 195.97 5.58 4.42 0.879 49.12 1.19 4.76
440 0.932 149.85 4.27 3.53 0.878 39.75 0.969 3.66
450 0.919 137.24 3.91 3.28 0.872 34.11 0.832 3.20
460 0.927 104.02 2.96 2.56 0.862 25.91 0.632 2.92
470 0.932 84.28 2.39 2.06 0.863 23.07 0.562 2.42
480 0.933 71.47 2.03 1.79 0.862 21.54 0.525 2.14
490 0.938 59.62 1.69 1.59 0.862 19.56 0.476 1.93
500 0.928 49.99 1.42 1.51 0.861 17.38 0.423 1.75

Fig. 12   The variation of the imaginary part of the electric modulus (M′′) with frequency at different temperatures for a KNN-S and 
b KNN-H ceramics. The corresponding Arrhenius plots for c KNN-S and d KNN-H ceramics
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hopping of the charge carriers between the neighbour-
ing lattice sites [74].

In KNN ceramics, the Na/K cation vacancies are 
generated due to their volatile nature at high tempera-
tures (> 800 °C). This in turn results in creation of oxy-
gen vacancies. The single and doubly ionized oxygen 
vacancies have been reported to have activation ener-
gies in the range ∼ 0.3–0.5 eV and ∼ 0.6–1.2 eV, respec-
tively [70]. The obtained E

a
 values suggest that the 

single-ionized oxygen vacancies are primarily formed 
in KNN-S and KNN-H ceramics due to formation of 
K
+/Na

+ vacancies during the phase formation of the 
ceramics. The Kröger-Vink notation for this process is 
given as [70, 75]:

Where V ′

Na
 and V ′

K
 are the concentration of the sodium 

and potassium vacancies. The resistance R
b
 decreases 

with increasing temperature indicating the negative 
temperature coefficient of resistance (NTCR) behav-
iour [69]. The KNN-S ceramic shows the enhanced 
grain resistance as compared to that for KNN-H 
ceramic due to the enhancement of the grain growth. 
The grain growth occurs due to increased diffusion 
rate and mass transfer through grain boundaries at 
higher sintering temperatures [76].

3.5 �Piezoelectric properties

Next, we discuss the piezoelectric properties of KNN-S 
and KNN-H ceramics. The Fig. 13 shows piezoelec-
tric coefficient 

(

d
33

)

 of these ceramics as a function of 
poling electric field at room temperature. The KNN 
ceramics are poled in silicon oil at the room tempera-
ture and by applying DC electric field. The applied 
maximum DC electric field is kept at 35 kV/cm for 
40 min on the sintered pellets. The d

33
 is found to 

be almost constant for electric field between 25 and 
35 kV/cm. The dielectric breakdown in both the sam-
ples occur above 35 kV/cm. However, at higher poling 
fields, the contribution from the 180

◦

 domain switching 
is found to be significantly lower than that from non 
180

◦

 domain switching. This results in enhancement 
of d

33
 values as material undergoes deformation at 

(7)Na
Na

→ Na + V
�

Na
+ h

∙

(8)K
K
→ K + V

�

K
+ h

∙

(9)O
O
→

1

2

(O
2
) + V

∙

O
+ e

�

higher poling fields due to induced strains [77]. The 
measured d

33
 values for the poled KNN ceramics are 

shown in Table 5. At every poling field, the d
33

 value 
obtained for KNN-S ceramic (125 pC/N) is greater 
than that of KNN-H ceramic (88 pC/N). In general, 
the piezoelectric coefficient depends on the grain 
size, relative density, and crystal structure [64]. Since 
crystal structures of KNN ceramics do not show sig-
nificant variation, the major factors affecting the d

33
 

value should be grain size and relative density. Also, 
the piezoelectric coefficient is closely correlated with 
relative dielectric permittivity (��) and remnant polari-
zation (P

r
) as: d

33
∼ �

�
P
r
 [78]. In case of the KNN-H 

ceramic, an increase in the space charge layer due to 
large number of grain boundaries would restrict the 
domain switching under the poling field. Therefore, 

Fig. 13   Piezoelectric coefficient 
(

d
33

)

 of a  KNN-S and 
b KNN-H ceramics as a function of poling electric field at room 
temperature

Table 5   Piezoelectric parameters for KNN-S and KNN-H 
ceramics:

KNN System d
33

 (pC/N) kp

KNN-S (This work) 125 0.28
KNN-H (This work) 88 0.19
Ref. [38] 96 0.28
Ref. [61] 106 0.46
Ref. [41] 60 –
Ref. [63] 85 –
Ref. [7] 71 –
Ref. [21] 110 0.39
Ref. [36] 80 0.36
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the domain wall motion is more restrictive leading to 
lower d

33
 value than that for KNN-S ceramic. Thus, 

the higher values of d
33

 obtained for KNN-S ceramic 
is due to higher relative density and higher �′P

r
 value. 

The Fig. 14 shows the frequency dependent imped-
ance of poled KNN ceramics at room temperature. 
The planer electromechanical coupling factor (k

p
) is 

calculated from the measured resonant spectra using 
equation [79]:

Where, f
r
 and f

a
 are resonance and anti-resonance fre-

quency, respectively. The calculated k
p
 value of KNN-S 

and KNN-H ceramics are 0.28 and 0.19, respectively. 
The decrease in k

p
 for KNN-H ceramic with smaller 

grains is likely to be due to fewer domains and less 
mobile domain walls [80]. The higher k

p
 and d

33
 val-

ues for KNN-S ceramic with larger grains indicate the 
enhancement of piezoelectric properties as compared 
to those for KNN-H.

3.6 �Ultraviolet–visible (UV–Vis) diffuse 
reflectance spectra

The UV–Vis diffuse reflectance spectra F(R) are meas-
ured and the Tauc plots are obtained using equation 
as [81]:

Where F(R) , E
g
 and � are Kubelka–Munk function, 

bandgap and light frequency, respectively.
F(R) is the Kubelka–Munk function and it can be 

determined by the following equation-

(10)k
2

p
= 2.51 ×

f
a
− f

r

f
r

(11)
[

F(R)h�
]

n

= A

(

E
g
− h�

)

Where, R is the relative reflectance. The parameter n 
is 2, if the band gap is direct, while n equals 0.5 for the 
indirect band gap. The bandgap for the KNN-based 
materials has been reported to be direct with n = 2 
[82]. The Fig. 15 shows the room temperature UV–Vis 
diffuse reflectance spectra and the Tauc plots for KNN 
ceramics. From these plots, the bandgap (E

g
) values are 

estimated to be 3.48 and 3.40 eV for the KNN-S and 
KNN-H ceramics, respectively. The estimated band-
gap values are in agreement with the earlier reported 
values [29, 83]. The Fig. 15, also shows a slightly higher 
tail structure near the bottom of the absorption edge 
for KNN-H as compared to the KNN-S ceramic. This 
suggests the presence of higher defect concentration 

(12)F(R) = (1 − R)
2
∕2R

Fig. 14   Impedance as function of frequency for a KNN-S and b KNN-H poled ceramics at room temperature

Fig. 15   Tauc plots and UV–Vis diffuse reflectance spectra 
(shown in inset) for KNN-S and KNN-H ceramics
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in KNN-H sample compared to that in KNN-S sample 
[84, 85]. These defect states also result in slightly lower 
value of optical band gap energy of KNN-H ceramic 
[67]. Because of higher band gap value of KNN-S 
ceramic than KNN-H ceramic, insulating property will 
be higher in KNN-S ceramic, which is also reflected 
in impedance data and leakage current measurement.

3.7 �Photocatalytic properties of KNN

Ferroelectric materials are particularly interesting and 
promising as photocatalysts due to presence of sponta-
neous polarization in them. The separation of photogen-
erated charges in photocatalysis mainly relies on the 
internal electric field. In ferroelectrics, the internal elec-
tric field can be usually quite strong due to spontaneous 
electric polarization. The Fig. 16 shows the schematic of 
photocatalytic activity in ferroelectric materials. As can 
be seen, the electrons and holes are accumulated at the 
C
+ and C− surfaces, respectively. This leads to surface 

band bending which in turn promotes the charge carrier 
transport to absorbed intermediates (hydroxyl radicals 
and atomic hydrogen).

As the KNN particles is irradiated by visible light, the 
photo-induced electrons react with oxygen molecules 
(O

2
) at the catalyst surface and produce superoxide radi-

cal (• O2
−). On the other hand, the photo-induced holes 

react with water molecules ( H
2
O ) at the catalyst surface 

and produce hydroxyl radicals (• OH). Both these radi-
cals act as major active species during the photocatalytic 
reaction [86]. The photocatalytic process can be under-
stood by following equations:

(13)K
0.5
Na

0.5
NbO

3
+ hν → K

0.5
Na

0.5
NbO

3
(e

−

cb
+ h

+

vb
)

The Fig. 17 shows the results of photocatalytic activ-
ity of unpoled KNN-S and KNN-H in the degradation of 
the RhB dye solution. The absorbance spectrum exhibits 
the maximum at λ

max
= 553 nm which is the character-

istic of the RhB dye solution [11, 87]. The decreasing 
absorbance of the RhB dye solution with time suggests 
the gradual decomposition of RhB molecules with time. 
The Fig. 17 also suggests that the grain size in KNN-S 
and KNN-H influences the degradation of RhB solution.

Figure 18 shows the change in relative concentration 
(C/C

0
 ) of the RhB solution as time increases. As can be 

seen, the KNN-H degrades the dye solution with deg-
radation efficiency of 65% which is higher than the 
KNN-S degradation efficiency of 20%. The control RhB 
degradation experiment performed with or without 
catalyst under dark, light experiments indicated that the 
decrease in RhB concentration is indeed driven only in 
the presence of catalyst and light. It has been suggested 
that the volume recombination of the charge carriers is 
the dominant process in ferroelectric particles, and can 
be reduced by decreasing the particle size [88]. As the 
particles size decreases, the surface-to-volume ratio 
increase, that in turn, increases the available surface-
active sites [89]. The surface area is measured using the 
BET analyzer and is found to be 4.18 m2∕g for KNN-S 
and 8.24 m2∕g for KNN-H. We explore the rate kinetics 
of the photocatalytic reaction of RhB solution, we plot 
−ln

C

C
0

 as function of time (t) in Fig. 18b. The linear fit 
shows that the degradation process of RhB solution can 
be described by the following pseudo-first-order model 
[88, 90]:

(14)RhB + hν → RhB
*

(15)h
+

vb
+H

2
O → ⋅OH +H

+

(16)e
−

cb
+O

2
→ ⋅O

−

2

(17)
⋅O

−

2
+ RhB

*
→ H

2
O + CO

2

+ Products due to degradation of RhB

(18)
⋅OH + RhB

*
→ H

2
O + CO

2

+ Products due to degradation of RhB

(19)−
dC

dt

= kC or − ln
C

C
0

= kt

Fig. 16   Schematic of photocatalytic activity for ferroelectric 
materials
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Where k and C are the reaction rate constant, and con-
centration of dye molecules at time t, respectively. C

0
 

is the concentration at time t = 0. The Table 6 shows 
the estimated rate constant (k) and the degradation 
percentage (�) at time t = 180 min. As can be seen, the 

dye degradation efficiency is significantly higher for 
KNN-H as compared to that for KNN-S.

4 �Conclusions

In the present study, the microstructure, dielectric, 
ferroelectric, and piezoelectric properties of the KNN 
ceramics synthesized via solid-state reaction (KNN-
S) and hydrothermal reaction (KNN-H) are investi-
gated. From the Rietveld refinement of the XRD, the 
KNN samples at the room temperature are found to 
have the orthorhombic Amm2 space group symmetry. 
The KNN-S ceramics is found to have larger grains 
and a higher relative density as compared to that for 
KNN-H. The �′ , P

r
 , d

33
 and k

p
 values are found to be 

Fig. 17   Visible light absorbance spectra of RhB dye solution with a KNN-S and b KNN-H samples

Fig. 18   a C/C
0
 vs. time plot (First order kinetics) for RhB dye solution and b Plots for rate constant (k) of KNN-S and KNN-H samples

Table 6   Degradation percentage of RhB dye solution and the 
rate constant (k) for KNN-S and KNN-H ceramics

Samples Degradation 
(%)

k values
(

min
−1
)

Surface 
area 
( m2∕g)

KNN-S 20 0.0007 4.18
KNN-H 65 0.0060 8.24



J Mater Sci: Mater Electron (2023) 34:2214	 Page 17 of 19 2214

lower for KNN-H than those for KNN-S possibly 
due to clamping effect arising from large fraction of 
grain boundaries. In comparison to KNN-H ceramic, 
KNN-S has a lower leakage current density value at 
all electric fields due to reduction of oxygen vacan-
cies. The measured activation energy values indicate 
that single-ionized oxygen vacancies are primarily 
generated in KNN-S and KNN-H ceramics during 
the phase formation of the ceramics. Compared to 
KNN-H ceramic, the KNN-S ceramic exhibits greater 
grain resistance due to the enhancement of the grain 
growth. The negative temperature coefficient of resist-
ance (NTCR) behaviour was also confirmed through 
impedance study. Impedance and leakage current 
measurements suggest higher insulating behaviour 
for KNN-S ceramic as compared to that for KNN-H 
ceramic. Using UV–Vis diffuse reflectance spectra, 
a marginally higher bandgap is found for KNN-S 
ceramic as compared to KNN-H ceramic. Photocata-
lytic activity of KNN powders is investigated for the 
degradation of RhB dye under visible light irradia-
tion. Smaller particle sizes obtained from hydrother-
mal method showed enhanced degradation of the dye 
because of the higher surface area, indicating possibil-
ity to utilize for photocatalytic applications. In sum-
mary, our study strongly suggests that the electrical 
and photocatalytic properties of the KNN ceramics are 
affected by the different synthesis techniques as well 
as grain size variations and therefore different synthe-
sis methods can be exploited to tailor the dielectric, 
piezoelectric and photocatalytic properties of KNN.
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