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1 |  INTRODUCTION

Pb(Zr,Ti)O3-based solid solution ceramics occupy a predom-
inant position in the piezoelectric electronic devices due to 
their excellent piezoelectric properties. However, Pb element 
seriously pollutes the environment and harms the human 
health. Therefore, many lead-free piezoelectric systems in-
cluding (Na,K)NbO3 (NKN)- and (Bi0.5Na0.5)TiO3-based 
ceramics have been explored to replace Pb-based ceramics 
in the past decades. Since the nontextured ceramics with ex-
cellent piezoelectric performances (piezoelectric coefficient 
d33 ~ 570 pC/N) were developed, NKN-based piezoceramics 
attracted much attention.1,2

Among various device applications of piezoelectric ce-
ramics, multilayer monolithic structures, for example, piezo-
electric actuators for focusing of cameras or weaving of warp 
knitting machines, provide many advantages such as low driv-
ing voltage, large displacement, and so on, in which precious 

metals Ag/Pd are usually used as inner electrodes.3 However, 
Ag elements easily diffuse into perovskite ceramic layers in 
service especially under high external electric fields, leading 
to the degradation of piezoelectric devices probably through 
sharply rising leakage current.4 Besides, the increased man-
ufacturing cost, especially from the inner electrodes, should 
not be welcomed. Therefore, base metal inner electrodes, 
such as Cu/Ni, are strongly recommended.

To prevent inner electrodes from oxidation, sintering 
process should be finished in low oxygen partial pressure 
to enable NKN-based piezoelectric multilayer structures 
based on Cu/Ni inner electrodes to work appropriately.5,6 
Unfortunately, it is a common fact that their piezoelectric 
properties would degrade seriously when NKN-based ce-
ramics are sintered in low oxygen partial pressure.7 The 
relevant mechanism was especially in this work ascribed to 
rapidly increased electron concentration in low oxygen par-
tial pressure, because conventional NKN-based ceramics 
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Abstract
The reduction-resistant properties of piezoelectric ceramics are of great importance 
for multilayer monolithic structures based on base metal inner electrodes, particu-
larly for recently reported niobate-based lead-free perovskites. In this letter, the Hall-
effect measurement and impedance analysis indicate that conventional (K,Na)NbO3 
(NKN)-based ceramics exhibit an n-type electronic conduction. Rapid increase in 
the concentrations of oxygen vacancies and electrons is responsible for severe deg-
radation of resistivity and piezoelectric properties as sintered in N2. By comparison, 
p-type NKN-based ceramics by Mn doping exhibit excellent electrical properties 
(d33 = 368 pC/N, d∗

33
 = 643 pm/V, tanδ = 0.019, and IR = 39.9 GΩ · cm) in N2 sinter-

ing atmosphere, as well interpreted by a series of proposed defect chemistry equa-
tions. The experimental results suggest that an introduction of the p-type conduction 
behavior should be an effective strategy to enabling NKN-based ceramics and Cu/Ni 
electrodes to well co-fire in a weakly reducing atmosphere.
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exhibit an n-type conduction mechanism. A special de-
sign of p-type NKN-based ceramics by defect engineering 
was reported, considering the low oxygen partial pressure 
during sintering process can depress the generation of the 
holes, resulting the high resistivity. As a result, excellent 
electrical properties of piezoelectric coefficient d33 of 368 
pC/N and resistivity of 39.9 GΩ · cm were obtained in the 
0.3 mol% MnO-doped NKN-based lead-free ceramics sin-
tered in N2 sintering atmosphere.

2 |  EXPERIMENTAL PROCEDURE

0.95(Na0.5K0.5)NbO3-0.05(Bi0.5Na0.5)ZrO3 (abbreviated to 
Mn0-A/Mn0-N) and 0.95(Na0.5K0.5)NbO3-0.05(Bi0.5Na0.5)
ZrO3-0.3  mol% MnO (abbreviated to Mn-A/Mn-N) ceram-
ics were prepared using a conventional solid-state reaction 
method. A or N means that the ceramics were sintered in 
air or N2, respectively. The ceramics were sintered at 1090-
1120°C for 2 hours. The carrier type was investigated by a 
Hall-effect measurement system as follows. The sample was 
exposed to a magnetic field and a fixed current of 10 nA was 
applied through a digital multimeter (2700 Multimeter acqui-
sition system, Keithley). The Hall voltage was detected by the 
digital multimeter (2400 Source Meter, Keithley). Impedance 
spectrum over frequencies from 40 Hz to 1 MHz under a Vrms 
of 100 mV AC signal was measured by an impedance ana-
lyzer (Agilent 4294A, Agilent). Further details about experi-
mental methods can be found in Supplementary Materials.

3 |  RESULTS AND DISCUSSION

Defect structure of undoped NKN-based samples is shown 
in Figure 1. The carrier type and concentration are directly 
determined using a Hall-effect measurement as sketched in 
Figure 1A and Figure S1.8 The variation of Hall voltage (VH) 
with respect to applied magnetic field is plotted in Figure 1B 
and the measurement parameters are summarized in Table 
S1. The dominant charge carriers of Mn0 ceramics are elec-
trons. The carrier concentration (c) can be calculated by the 
following expression:

where B, I, e, and d represent magnetic field, current, electronic 
charge, and thickness of the bulk ceramic, respectively. The 
electron concentration of Mn0-A is 5.21 × 107 cm−3, which is 
smaller than that of Mn0-N (9.77 × 107 cm−3).

The oxygen ions in the lattice would turn into oxygen gas, 
accompanied by the formation of an ionized oxygen vacancy 
(V ∙∙

O
) and two electrons (e′) when the perovskite-type piezo-

electric ceramics are sintered at high temperature. The reac-
tion can be given by:

In the meantime, the alkali metal can volatilize during sin-
tering process, accompanied by the loss of their associated 

(1)c=1∕

(

e×
V

H
d
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)

(2)O×

O
↔1∕2O2 ↑+V

∙∙

O
+2e

�

F I G U R E  1  Defect structure of 
Mn0 ceramics: A, schematic diagram of 
Hall-effect measurement; B, hall voltage 
as a function of applied magnetic field; C, 
schematic illustration of defect structure 
for Mn0 ceramics; D, Impedance spectra 
of Mn0-A sample at 600°C measured in 
different atmospheres [Color figure can be 
viewed at wileyonlinelibrary.com]
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suboxides. The volatilization process of alkali metal can be 
expressed as following equations7,9,10

The low oxygen partial pressure minimizes the volatiliza-
tion of the alkali suboxide, leading to suppress the formation 
of intrinsic alkali vacancies and holes.11 Therefore, the dom-
inant defect structure of Mn0 ceramics is oxygen vacancies 
and free electrons as sketched in Figure 1C. When the Mn0 
ceramics are exposed in the low oxygen partial pressure, the 
reaction equilibrium of Equation (2) shifts toward right hand, 
resulting in the rapidly raising concentrations of electron and 
oxygen vacancy. As the mobility of charged oxygen vacan-
cies is notably weaker than electron carriers,12 the change in 
resistivity should be mainly attributed to the change of the 
electron concentration.

To get a better insight into the influence of defect structure 
on electrical properties, impendence spectroscopy was per-
formed on Mn0-A samples under different atmospheres in-
cluding pure nitrogen (PO2 ~ 10−5 atm), air (PO2 ~ 0.2 atm), 
and pure oxygen (PO2 ~ 1 atm), as displayed in Figure 1D. 

There is no clear evidence for the presence of a spike or arc 
associated with Warburg diffusion and oxygen ion conduc-
tion at low frequency down to 40 Hz as observed from the 
Nyquist plots, which means that electron charges are primar-
ily responsible for the conductivity response.13,14 In addition, 
Z* semicircle in N2 exhibits a relatively small radius com-
pared with that in O2 and air, indicating that the resistance of 
Mn0-A ceramics gradually decreases with reducing oxygen 
partial pressure of ambient.15

The electron concentration of Mn0-A and Mn0-N ce-
ramics is quantitatively analyzed by impedance spectra in 
Figure 2. The Nyquist plots were fitted with the assumed 
equivalent circuits to evaluate the equivalent R (resistance) 
and C (capacitance) component values.16,17 Only one broad 
peak in Z″ spectra in Figure 2C and Figure S2A confirms 
one RC element in the assumed equivalent circuit. All 
the complex plane plots are slightly depressed instead of 
being centered on the abscissa axis.18 Thus, a constant 
phase element, CPE, replaces the standard capacitance C 
element to provide a better fitting result.19 Accordingly, an 
equivalent electrical circuit comprising of Rb and CPEb in 
Figure 2D is proposed. An excellent agreement between 

(3)2A
×

A
+1∕2O2 ↔A2O↑+2V

�

A
+2h

∙

F I G U R E  2  Impedance spectra of A Mn0-A and B Mn0-N; C, Z″ spectroscopic plots of Mn0-A and Mn0-N samples at 600°C; the 
proposed electrical equivalent circuit for (D) Mn0-A and (E) Mn0-N; experimental (black scatter) and fitting curves (red continuous line) of 
the impedance spectrum for (F) Mn0-A and (G) Mn0-N at 500°C; (H) Arrhenius plots of conductivity vs 1000/T [Color figure can be viewed at 
wileyonlinelibrary.com]
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the experimental and fitting curves for Mn0-A ceramics in 
Figure 2F confirms that the proposed electrical equivalent 
circuit is reliable.

The extracted capacitance values are about 10−9 F in 
Figure S3A, which are of the same order of magnitude as 
typical capacitances associated with ferroelectric materials.20 
Conductivity (σ) is calculated by the extracted Rb and plotted 
in Figure 2H. It can be found that σ decreases by orders of 
magnitude with decreasing temperature, declaring the con-
duction behavior is a process caused by thermally activated 
charge carriers.21 lnσ shows a linearly associated with T−1, 
demonstrating that the conductivity is commonly governed by 
the Arrhenius law, which can be expressed as the following 
equation.

where σ0 is the high-temperature limit of the conductivity, kB 
is the Boltzmann constant, and T is the temperature in Kelvin 
scale. The activation energy for conduction (Econ) of Mn0-A 
is calculated as ~1.25 eV, which is associated with electrons 
derived from V ∙∙

O
 with respect to References 22,23.

Impedance plane plots of Mn0-N are much different 
from those of Mn0-A sample as shown in Figure 2B. Mn0-N 
samples look electrically heterogeneous, where the high-fre-
quency and intermediate-frequency arcs are assigned to the 
grain and grain boundary responses, respectively.27 The 
incomplete semicircle at low frequency is associated with 
ceramic-electrode interaction contribution (Supplementary 
Materials). In addition, a main peak and a shoulder are pres-
ent in Z″ spectroscopic plots (Figure 2C and Figure S2B). 
Therefore, two R-CPE elements superimposed on each other 
are proposed to model the experimental impedance data, as 
sketched in Figure 2E, where g and gb stand for grain and 
grain boundary, respectively. The experimental data coincide 
well with the simulated curve fitted in Figure 2G.

The extracted capacitances related to the high-frequency 
and intermediate-frequency semicircles are ~10−9 and 10−7 
F in Figures S3B–C, which are typical capacitances asso-
ciated with grain and grain boundary responses, respec-
tively.20,28 The conductivity calculated by the extracted 
resistance is plotted in Figure 2H. The resistivity of Mn0-N 
is much smaller than that of Mn0-A at the same measuring 
temperature, indicating the higher electron concentration 

(4)�=�0 exp
(

−Econ∕k
B
T
)

F I G U R E  3  SEM images of (A) Mn0-A, (B) Mn0-N, (C) Mn-A, and (D) Mn-N ceramics [Color figure can be viewed at wileyonlinelibrary.
com]

(A)

(C) (D)

(B)
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in Mn0-N in accordance with the Hall-effect measurement. 
The activation energies calculated by the Arrhenius law from 
grain and grain boundary contribution are 0.70 and 0.75 eV, 
respectively, which demonstrates that the conduction mech-
anism is predominately controlled by electrons.25,26,29 The 
activation energy value of Mn0-N is much smaller than that 
of Mn0-A ceramics. Considering Econ is the migration free 
energy of charge carriers over a long distance,21 the elec-
trons in Mn0-N ceramics have higher migration rate.

The XRD patterns of Mn0-A and Mn0-N ceramics are 
shown in Figure S5. The site occupancies, lattice parame-
ters, cell volumes, and refinement parameters are summa-
rized in Tables S2 and S3. The lattice lengths of Mn0-N are 
a little smaller than that of Mn0-A samples, which should 
be ascribed to the higher oxygen vacancy concentration in 
Mn0-N ceramics. A significant different microscopic mor-
phology is observed between the Mn0 ceramics sintered 
in air and N2 atmosphere as displayed in Figure 3A,B. 
Observed from the SEM images, Mn0-A ceramics exhibit 
cubic or rectangular grains with a clear and well-defined 

grain boundary marked with the red squares. Whereas the 
grain morphology becomes round-shaped (marked with the 
red circles) for Mn0-N, indicating the high defect concen-
tration based on the two-dimensional nucleation-controlled 
theory.5,7 Besides, it is found that the grain growth of the 
NKN-based ceramics is slightly supressed in low oxygen 
partial pressure, which is similar with some previous re-
ports.5 The compactness of Mn0-N sample is obviously 
lower than that of Mn0-A ceramic, which is in consistent 
with the relative density measured by Archimedes method 
as summarized in Table 1.

Figure 4A–D illustrate P–E hysteresis loops and unipolar 
S–E curves measured at 1  Hz of the undoped NKN-based 
ceramics sintered in air and N2. The piezoelectric properties, 
normalized strain (d∗

33
) at 1 kV/mm, dielectric properties and 

insulation resistivity (IR) are summarized in Table 1. The co-
ercive electric field (Ec) of Mn0-N (~1.25 kV/mm) is larger 
than that of Mn0-A (~1.13 kV/mm). Additionally, the dielec-
tric loss tanδ and IR degrade severely when the Mn0 ceram-
ics are sintered in N2, indicating the high defect concentration 

T A B L E  1  Electrical properties of the NKN-based ceramics sintered in different atmospheres

Sample d33 (pC/N) d
∗

33
 (pm/V) kp (%) �

T

33
tanδ IR (GΩ · cm)

Relative 
density (%)

Mn0-A 304 561 0.336 1704 0.025 33.6 95.3

Mn0-N 257 451 0.292 1395 0.056 8.8 94.3

Mn-A 359 605 0.404 1967 0.021 39.3 97.6

Mn-N 368 643 0.428 1978 0.019 39.9 97.9

F I G U R E  4  P–E hysteresis loops of (A) Mn0-A, (C) Mn0-N, (E) Mn-A, and (G) Mn-N ceramics; Unipolar S–E strain curves of (B) Mn0-A, 
(D) Mn0-N, (F) Mn-A, and (H) Mn-N ceramics [Color figure can be viewed at wileyonlinelibrary.com]
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in Mn0-N ceramics. These defects will pinch the domain 
wall motions, resulting in the low saturated polarization and 
remnant polarization of the Mn0-N ceramics as displayed 
in Figure 4C. Accordingly, the dielectric property (�T

33
) and 

piezoelectric properties (including d33, d∗

33
, and kp) degrade 

seriously for Mn0-N ceramics. To sum up, the electron con-
centration increases rapidly when the undoped NKN-based 
ceramics with an n-type conduction mechanism are sintered 
in low oxygen partial pressure, which is responsible for the 
severely degraded electrical properties.

To explore the defect structure of Mn-doped NKN-based 
ceramics, the valence states of elements are checked by XPS 
analysis in Figure S6 and Figure 5A,B. The Mn 2p XPS 
spectra are fitted by Gaussian-Lorenz function and content 
of Mn elements in different valance state are listed in Table 
S4. The fitting results and asymmetrical XPS spectra con-
firm the multiple Mn valance states.30 The crystal structure 
of Mn-doped ceramics is investigated by Rietveld refinement 
in Figure 5C,D. The site occupancies, lattice parameters, 
cell volumes, and refinement parameters are summarized in 
Tables S5 and S6. The refinement results demonstrate that 
the Mn ions prefer to substitute B site. XPS analysis in Figure 
S6 indicates that multiple Mn valance states including Mn2+, 

Mn3+, and Mn4+, exist in the ceramics. In addition, the con-
tent of Mn2+ is lower than the combined content of Mn3+ 
and Mn4+. The ionic radius of Mn2+ with 6 CN is larger than 
that of B-site ions (Nb5+ and Zr4+), while the ionic radius 

F I G U R E  5  Defect structure of Mn-doped ceramics: XPS of Mn 2p for (A) Mn-A and (B) Mn-N samples; Rietveld refinement XRD patterns 
of (C) Mn-A and (D) Mn-N ceramics; (E) Hall voltage as a function of applied magnetic field; (F) Impedance spectra of Mn-A sample at 600°C 
measured in different atmosphere [Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E  6  Schematic illustration of defect structure for Mn-
doped ceramics [Color figure can be viewed at wileyonlinelibrary.
com]
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of Mn3+/Mn4+ with 6 CN is smaller than that of B-site ions 
as shown in Table S7. Therefore, the lattice parameters of 
Mn-doped ceramics are smaller than that of pure NKN-based 
ceramics. The incorporation reactions of Mn ions into ABO3 
lattices are expressed by the following equations:

The generated V ∙∙

O
 can promote the reaction equilibrium of 

Equation (2) to shift toward left hand, suppressing the volatil-
ization of oxygen ions. It can be inferred that ionic defects of 
Mn′′′

Nb
, Mn′′

Nb
, and Mn′

Nb
 are dominating defects as sketched in 

Figure 6. These negatively charged ionic defects would cap-
ture positively charged holes. Hence Equation (8) occurs in 
the p-type NKN-based ceramics.

The reaction equilibrium shifts toward right hand in the 
low oxygen partial pressure, resulting in the decreasing hole 
concentration in the ceramics.

The dominant charge carriers of Mn-doped ceramics are 
holes, which were verified by Hall-effect measurement in 
Figure 5E. And the hole concentration decreases accompa-
nied by the increasing Hall resistivity when the Mn-doped 
ceramics are sintered in N2 as shown in Table S1. Z* semi-
circle in O2 exhibits a smaller radius than that in N2 and air, 
indicating that the resistance of the Mn-doped ceramics de-
creases with increasing oxygen partial pressure of ambient as 
observed from Figure 5F. Therefore, the free holes are pre-
dominantly responsible for the conductivity response in Mn-
doped ceramics.

The hole concentration of Mn-doped ceramics sintered 
in air and N2 is quantitatively evaluated using the impedance 
spectroscopy in Figure 7. The Nyquist plots of Mn-doped 
ceramics are fitted with the equivalent equivalent circuits in 
Figure 2D. The extracted conductivity σ of Mn-doped samples 
is plotted in Figure S10. It is noted that the resistivity of Mn-N 
is larger than that of Mn-A ceramics, which is an indication 
of the lower hole concentration in Mn-N ceramics. And Econ 
of Mn-N (~1.03 eV) is larger than that of Mn-A (~0.72 eV), 
which means the higher hole mobility in Mn-A ceramic.

Low hole concentration and mobility in the Mn-N sample 
have a positive influence on electrical properties, such as the 
higher resistivity, lower dielectric loss, and smaller coercive 
electric field in Figure 4E,H and Table 1. It also enhances the 
poling efficiency as verified by the larger spontaneous and 
remnant polarization as observed from P–E hysteresis loops. 
Accordingly, better piezoelectric properties (including d33, d∗

33

, and kp) and dielectric property (�T

33
) are obtained in the Mn-N 

sample. The microscopic morphology of Mn-doped ceramics 
is shown in Figure 3C,D. It can be found that the ceramics 
sintered in N2 and air exhibit a similar microstructure. In ad-
dition, the relative density of Mn-N and Mn-A ceramics are 
comparatively high, which are both higher than that of un-
doped ceramics as shown in Table 1. The high compactness 
of Mn-doped ceramics is beneficial to enhance their electrical 
properties.

4 |  CONCLUSIONS

In summary, the correlation between defect configuration, 
sintering atmosphere, and electrical properties for NKN-
based lead-free ceramics was systematically investigated in 
this work. Conventional NKN-based ceramics are proved to 
exhibit an n-type electronic conduction mechanism based on 
the impedance analysis and Hall-effect measurement. The 
electron concentration would increase rapidly when the ce-
ramics are sintered in N2, inducing the severe degradation of 

(5)2MnO⟶Nb2O52Mn���
Nb

+2O×

O
+3V

∙∙

O

(6)2MnO⟶Nb2O52Mn��
Nb

+2O×

O
+3V

∙∙

O
+2e

�

(7)2MnO⟶Nb2O52Mn�
Nb

+2O×

O
+3V

∙∙

O
+4e

�

(8)O×

O
+2h

∙↔V
∙∙

O
+1∕2O2 ↑

F I G U R E  7  Impedance spectra of (A) 
Mn-A and (B) Mn-N [Color figure can be 
viewed at wileyonlinelibrary.com]
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resistivity and piezoelectric properties. To sinter the ceramics 
in low oxygen partial pressure, p-type NKN-based ceramics 
by doping 0.3 mol% MnO are designed under the guidance 
of defect chemistry theory. The experimental results confirm 
that the low oxygen partial pressure can depress the genera-
tion of holes during sintering process, resulting the high  
resistivity and excellent electrical properties (d33 = 368 pC/N, 
d
∗

33
 = 643 pm/V, and IR = 39.9 GΩ · cm). This work dem-

onstrates that designing p-type ceramics would be a rational 
strategy to manufacturing the NKN-based piezoelectric mul-
tilayer monolithic devices based on Cu/Ni inner electrodes.
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