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electric potential into an electric fi eld gradient. [ 6–10 ]  Because the 
piezoelectric response originates not from the intrinsic property 
but from the gradient-generating structures and geometries, the 
material can be deemed a metamaterial. [ 6–8 ]  In conventional pie-
zoelectric materials, a phase transition between noncentrosym-
metric and centrosymmetric phases at certain temperatures 
causes the disappearance of piezoelectric properties. [ 1 ]  However, 
unlike piezoelectricity, there is no symmetry requirement for a 
material to have fl exoelectricity, and piezoelectric metamaterials 
can exhibit a high-temperature stable piezoelectric response. [ 11 ]  

 One key issue that remains unresolved is how to design 
lead-free piezoelectric metamaterials with a functionality and 
piezoelectric response comparable to those of lead-oxide-based 
piezoelectrics. The piezoelectric properties of conventional pie-
zoelectrics are mainly dependent on the compositions of the 
materials. However, the piezoelectric response of piezoelectric 
metamaterials is not only related to the compositions of the 
materials, which determine the magnitude of fl exoelectricity 
or effective fl exoelectricity (characterized by the fl exoelectric 
coeffi cients or apparent fl exoelectric coeffi cients  µ  ijkl ), but also 
dependent on the designs of gradient-generating structures 
and geometries, which affect the effectiveness of the conver-
sion from the applied stress or electric potential into gradi-
ents. [ 6,7,14–16 ]  It is not a straightforward task to design such 
structures and geometries, and at present, only two designs 
of piezoelectric metamaterials have been realized experimen-
tally. [ 7,14–16 ]  Flexure-mode piezoelectric composite metamate-
rials have part of the functionality of conventional piezoelec-
trics, exhibiting an intriguing direct piezoelectric response but 
no converse piezoelectric response because the design can be 
used to generate only a strain gradient but not an electric fi eld 
gradient. [ 14 ]  Piezoelectric metamaterials with a truncated pyr-
amid geometry exhibit both direct and converse piezoelectric 
responses, but the piezoelectric response is much weaker than 
that of lead-oxide-based piezoelectrics. [ 7,15,16 ]  Here, we demon-
strate that a new design of piezoelectric metamaterials can be 
created by applying an asymmetric chemical reduction to ferro-
electric oxides. Two gradient-generating mechanisms, curvature 
structure and chemical inhomogeneity, were induced by the 
reduction. The apparent fl exoelectric coeffi cient of the ceramics 
was also signifi cantly enhanced after reduction. Consequently, a 
single piece of reduced ceramic behaves as a real piezoelectric 
material, exhibiting high effective direct and converse piezoelec-
tric responses (effective piezoelectric coeffi cient  d  33  > 3500 pC 
N −1 ) that could be stable at high temperatures (above 400 °C), 
outperforming existing lead-oxide-based piezoelectrics. 

 Ferroelectrics normally have much stronger fl exoelectricity 
than common dielectrics because of their high dielectric 
properties. [ 7,10 ]  Here, we use lead-free (1 −  x )Na 1/2 Bi 1/2 TiO 3 − x 
BaTiO 3  (0 <  x  < 0.9) (NBBT or NBBT x , where  x  denotes the 

  Lead-oxide-based piezoelectric materials have been widely used 
in many applications, such as sensors, actuators, transducers, 
and energy harvesting devices. [ 1 ]  These materials contain more 
than 60 wt% lead. Because of increasing concern regarding the 
toxicity of lead, there have been considerable efforts in the past 
decade to develop high-performance lead-free piezoelectrics. [ 2–5 ]  
Several lead-free material systems, such as Na 1/2 Bi 1/2 TiO 3 -based 
and K 0.5 Na 0.5 NbO 3 -based materials, have been explored, but 
their piezoelectric properties are still inferior to those of lead-
oxide-based materials. [ 2–5 ]  Furthermore, it has been observed 
that an increase of piezoelectric properties through the compo-
sition modifi cation of these materials normally leads to a lower 
temperature stability of the properties and hence a reduction of 
operating temperature. [ 2 ]  Consequently, it is diffi cult to achieve 
good piezoelectric properties and a high-temperature stable 
response comparable to that of lead-oxide-based materials in 
existing lead-free piezoelectric materials due to the reverse cor-
relation of the two parameters. [ 2 ]  

 Piezoelectric metamaterials, in which the piezoelectric 
response of the materials originates from their special geome-
tries or structures and fl exoelectricity (or effective fl exoelectricity, 
see the Supporting Information for details), were proposed in 
recent years and the concept can provide a solution for this 
issue in conventional piezoelectrics. [ 6–13 ]  Generally, piezoelec-
tricity is observed in materials with noncentrosymmetric crystal 
structures. However, by exploiting fl exoelectricity (or effective 
fl exoelectricity), the electromechanical coupling defi ned as the 
generation of electric polarization by a strain gradient (direct 
effect) or stress by an electric fi eld gradient (converse effect) 
in solid dielectrics, even a centric material can exhibit a piezo-
electric-like response if the material has special geometries or 
structures to convert the applied stress into a strain gradient or 
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system to demonstrate the feasibility of our approach to achieve 
high-performance fl exoelectric piezoelectric metamaterials. [ 2 ]  
NBBT ceramics were fabricated using the conventional solid-
state reaction method, and one-surface asymmetric chemical 
reduction was applied to the ceramic wafers. [ 17 ]  Unless other-
wise specifi ed, the dimensions of the ceramic wafers used in 
this work were ≈20 mm in diameter and 0.5 mm in thickness, 
and the materials were reduced at 825 °C for 2 h. After the 
reduction, the reduced surfaces of the ceramic wafers turned 
black in color ( Figure    1  a). From the cross-section of the reduced 
samples, a gradual change in color between the reduced and 
unreduced surfaces can be discerned by eye, indicating a pos-
sible chemical inhomogeneity between the two surfaces. 
Figure  1 b presents the X-ray diffraction (XRD) patterns of an 
NBBT8 ceramic wafer. Before reduction, the NBBT8 ceramic 
has a tetragonal perovskite structure. [ 18 ]  After reduction, the 
reduced surface of the NBBT8 ceramic exhibits complex dif-
fraction patterns, which are from NBBT8, Bi, and Na 2 Ti 6 O 13 . 
After one layer that was ≈60 µm thick was removed from the 
reduced surface, the material exhibited a structure close to that 
of the unreduced NBBT8, and no obvious structural change 
was observed after the material was further polished. Although 
no obvious structure change can be observed by XRD after the 
bismuth-containing surface layer is removed, the continuous 
shifting of X-ray photoelectron spectroscopic (XPS) peaks for 
Ti2 p  toward a higher binding energy after the reduced sample 
was polished toward the unreduced surface, which is cor-
responding to a valence change from Ti 3+  to Ti 4+ , indicates a 
chemical inhomogeneity across the thickness of the ceramic 
wafer (Figure  1 c). A progressive decrease of the polarization 
response (Figure  1 d) under high electric fi eld and weak fi eld 
dielectric constant (Figure S1, Supporting Information) after 
the reduced sample was polished toward the unreduced surface 
further supports the existence of the chemical inhomogeneity 
in the thickness direction. Figure  1 e shows that the reduced 
sample has a smaller thermal expansion than the unreduced 
sample, indicating that the thermal expansion of the highly 
reduced portion in the reduced sample is smaller than that of 
the unreduced or slightly reduced portion of the sample. The 
chemical inhomogeneity and variation of thermal shrinkage 
from the reduction lead to a small curvature of less than 15 
µm toward the reduced surface of the ceramic wafer after the 
ceramic wafers are reduced and cooled down from the high 
temperature (Figure  1 f; the measurement method is described 
in the Supporting Information and Figure S2). These results 
suggest a curvature structure can be formed due to the reduc-
tion-induced chemical inhomogeneity in the reduced NBBT 
ceramics.  

 The curvature formation may induce a static strain gradient 
across the thickness, which could polarize the ferroelectric 
materials, as observed in nanoscale ferroelectrics in which the 
fl exoelectric effect is enhanced due to the size effect of fl exoelec-
tricity. [ 19–24 ]  Recent study has also shown that chemical inhomo-
geneity could possibly cause a polar structure and weak piezo-
electric response in ferroelectrics. [ 25 ]  However, the experimental 
results of impedance spectra indicate that the reduced ceramics 
were in a nonpiezoelectric state. As shown in  Figure    2  a 
and Figure S3 (Supporting Information), abrupt changes in 

impedance and phase angle at resonance and antiresonance 
frequencies due to the piezoelectric effect can be observed on 
the impedance spectra measured in the poled unreduced and 
reduced NBBT8 ceramic wafers, but such anomalies cannot be 
observed in reduced ceramic wafers without poling, indicating 
that the reduced materials are not polarized by the static strain 
gradient or chemical inhomogeneity.  

 Even if the reduced NBBT8 ceramics are nonpiezoelectric, 
a strong piezoelectric response can be measured if the mate-
rials are placed on a plate with the concave surface facing the 
plate (the point–plane method, Figure S4a, Supporting Infor-
mation). With this measurement method, the force applied 
to the reduced surface can cause a bending-like deformation, 
and a strain gradient can be generated. [ 14,17 ]  Consequently, an 
effective  d  33  of 110–170 pC N −1  was measured in the reduced 
NBBT8 wafers due to the fl exoelectric (or effective fl exoelec-
tric) effect. If the samples were measured using the point–ring 
test (Figure S4b, Supporting Information),  d  33  was close to the 
value measured using the point–plane test. Therefore, with the 
reduction-induced curvature, a single NBBT8 ceramic wafer 
becomes a piezoelectric metamaterial when it is supported by a 
substrate, such as a plate or ring. 

 The temperature stability of the piezoelectric properties is 
always a concern for piezoelectrics. [ 1,26,27 ]  To characterize the 
temperature stability of the metamaterials, the reduced NBBT8 
and NBBT10 ceramic wafers were treated at temperatures 
between 300 and 650 °C for 5 h in air, and after each treat-
ment,  d  33  was measured at room temperature. As observed in 
Figure  2 b, the piezoelectric response of the materials can be 
sustained after heat treatment at 450 °C. The effective  d  33  of 
a reduced NBBT8 ceramic wafer was also directly measured at 
400 °C. The effective  d  33  is ≈117 pC N −1  at 400 °C, which is close 
to the value measured at room temperature (≈121 pC N −1 ), as 
shown in Table S1 (Supporting Information). These results 
indicate that the metamaterials could have a high-temperature 
stable (>400 °C) piezoelectric response. In contrast, most com-
mercial lead-oxide-based piezoelectrics lose piezoelectricity 
well below 400 °C. [ 1,2,28 ]  The disappearance of the piezoelectric 
response above 450 °C is due to the destruction of the reduc-
tion-induced structures at high temperatures in the air because 
we found the black color of the reduced samples turned into 
gray if they were heat treated at a high temperature close to 
650 °C, and it is unrelated to the phase transition between a 
ferroelectric phase and a nonpolar phase in NBBT ceramics, 
which occurs at a temperature below 200 °C. [ 2,18 ]  

 The aforementioned tests used a silver electrode that was 
fabricated at 650 °C for 0.5 h. To avoid exposure to high tem-
peratures, a low-temperature electrode fabrication technique, 
DC sputtering, was used to prepare the electrode for the pie-
zoelectric tests. As expected, the effective  d  33  of the NBBT8 
metamaterials was greatly improved to 340–600 pC N −1  when 
using sputtered gold as the electrode. Although the piezoelec-
tric response can be improved using the gold electrode, one 
drawback of the gold electrode is that the adhesion between 
the ceramic sample and the sputtered gold electrode seems to 
not be strong, especially above 300 °C. When the piezoelectric 
response was measured in the samples with a gold electrode 
after heat treatments, the gold electrode was reprepared after 
each heat treatment. As shown in Figure  2 b, the piezoelectric 
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response of the metamaterials with the gold electrode can also 
be sustained after the heat treatment at 450 °C for 5 h. 

 The effective  d  33  of the piezoelectric metamaterials can 
be tuned by various factors. As shown in Figure  2 c, with the 
same dimensions, reduction conditions and a sputtered gold 

electrode, the effective  d  33  can be greatly enhanced by changing 
the compositions of NBBT ceramics. A maximum effective 
 d  33  of ≈3500 pC N −1  was measured in the reduced NBBT20 
ceramics. This value is higher than that of piezoelectric single 
crystals ( d  33  ≈ 2500 pC N −1 ), the piezoelectric materials with 
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 Figure 1.    Effect of the chemical reduction on the microstructure and properties of NBBT8 ceramics. a) Reduction induced color change in NBBT 
ceramics. b) XRD patterns before and after the reduction. 1, Perovskite structure; 2, Bi; and 3, Na 2 Ti 6 O 13 . c) Ti2p XPS spectra of NBBT8 before and 
after the reduction. Two vertical dash lines mark the peak positions of Ti2p spectra obtained from the surface after a layer that is ≈80 µm is removed. 
The peak positions for each curve are also marked on the curves. d)  P–E  hysteresis loops before and after the reduction. In (b–d), the reduced sample 
was polished from the reduced surface by the thickness indicated in the plots. e) Temperature dependence of the thermal expansion of the ceramic 
before reduction (black curve) and after (blue curve). f) Change of the distance relative to a fl at marble surface of the points on the surfaces of an 
NBBT ceramic wafer after it was reduced. These points are on four diametral lines. Two perpendicular lines are on the reduced surface (solid square 
and circle symbols), which are parallel to the other two on the opposite surface (solid upward and downward triangle symbols). 
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the best piezoelectric properties. [ 1,26,28 ]  The effective  d  33  of the 
metamaterials is also much higher than the intrinsic  d  33  meas-
ured in poled NBBT ceramics (Figure  2 c), which is typically 
below 160 pC N −1 . The piezoelectric response of the metama-
terials is size dependent due to the size-dependent effect of 
fl exoelectricity. [ 7,11,23,24 ]  For example, as shown in  Table    1  , for 
the same diameter (20 mm), reducing the thickness of the 
NBBT8 ceramic wafer from 0.5 mm (reduced at 825 °C for 2 h) 
to 0.3 mm (reduced at 825 °C for 45 min) could enhance the 
 d  33  value of the materials from below 170 to ≈320 pC N −1  (with 

the silver electrode); for the same thickness (0.5 mm) and the 
same reduction conditions, reducing the diameter to 10 mm 
could reduce  d  33  to less than 40 pC N −1 . The effective  d  33  is also 
dependent on the reduction conditions, and reduction at 825 °C 
for 2 h is nearly the optimum reduction condition for NBBT8 
ceramics (with the silver electrode) to achieve the highest  d  33  
(Figure  2 d).  

 Because the mechanical properties of NBBT ceramics 
can be enhanced by the reduction (Figure S5, Supporting 
Information) and there is a chemical inhomogeneity in the 

Adv. Mater. 2015, 27, 6349–6355

www.advmat.de
www.MaterialsViews.com

80 100 120 140 160 180 200 220

100

1,000

Frequency (kHz) 

Im
p
ed

an
ce

 (

(a)

-100

-80

-60

-40

-20

0
 NBBT8, unreduced, not poled

 NBBT8, unreduced, poled

 NBBT8, reduced, not poled

 NBBT8, reduced, poled

 P
h
as

e 
an

g
le

 (
o
)

-100 0 100 200 300 400 500 600 700 800
0

100

200

300

400

500

600

700

 

 

E
ff

ec
ti

v
e 

d
3

3
 (

p
C

/N
)

Treatment temperature 

 NBBT8, silver electrode

 NBBT10, silver electrode

 NBBT8, gold electrode

(b)

0.0 0.2 0.4 0.6 0.8 1.0
60
80

100
120
140

500

1000

1500

2000

2500

3000

3500

d
3
3
 o

r 
ef

fe
ct

iv
e 

d
3
3
 (

p
C

/N
)

Molar fraction of BaTiO
3

 Effective d
33

 of unpoled reduced samples

 Intrinsic d
33

 measured from poled unreduced samples

(c)

680 700 720 740 760 780 800 820 840 860

20

40

60

80

100

120

140

160

180(d)

 

 

E
ff

ec
ti

v
e 

d
3

3
 (

p
C

/N
)

0.2 0.4 0.6 0.8 1.0
0

200

400

600

800

1,000
 

E
ff

et
iv

e 
d

3
3
 (

p
C

/N
)

Sample thickness (mm)

(e)

0 10 20 30

0.0

0.4

0.8

1.2

 

 

D
is

p
la

ce
m

en
t 
(

m
)

Electric voltage (V)

(f)

o
( C)

Reduction temperature 
o

( C)

 Figure 2.    Piezoelectric response of NBBT piezoelectric metamaterials. a) The impedance spectra of unreduced and reduced NBBT8 ceramics before 
and after the materials were poled under a DC electric fi eld. The measurement frequency range is from 90 to 210 kHz, which is corresponding to the 
fi rst resonance/antiresonance mode (radial vibration) of the poled unreduced ceramic in Figure S3a (Supporting Information). b) The effective  d  33  
of NBBT8 and NBBT10 metamaterials after heat treatment at different temperatures. The  d  33  at the lowest temperature is from the samples without 
heat treatment. c) Dependence of the effective  d  33  of the metamaterials (unpoled reduced ceramic wafers) and  d  33  of poled unreduced ceramic wafers 
on the composition of the NBBT ceramics. d) Dependence of  d  33  of the reduced NBBT8 ceramic on the reduction temperature. The reduction time is 
2 h. In (c) and (d), the average of the  d  33  values of four to fi ve samples is shown for each data point and the error bar shows the standard deviation. 
e) Thickness dependence of the effective  d  33  of the reduced NBBT8 ceramic after the curvature was removed. The effective  d  33  was measured by the 
plane–plane test (squares) and point–plane test (circles) with a gold electrode. f) Electric fi eld-induced displacement of a reduced NBBT8 ceramic 
wafer measured when the concave surface (squares) or convex surface (circles) was facing the fl at plate. 
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materials, a variation of mechanical properties across the 
thickness is expected. As a result, even if the curvature of the 
reduced ceramic wafer is removed by polishing to eliminate 
the bending-like deformation under a stress, when a force is 
applied on the polished fl at samples by using plane–plane test 
method (Figure S4c, Supporting Information), an inhomoge-
neous deformation in the materials could be generated because 
of the variation of mechanical properties in the materials, 
leading to a fl exoelectric (or effective fl exoelectric) response and 
an apparent piezoelectric response. Therefore, the chemical 
inhomogeneity combined with variations in the mechanical 
properties (Figure S5, Supporting Information) caused by the 
reduction could be another strain gradient-generating mecha-
nism in the reduced materials. For example, after one reduced 
NBBT8 plate (9.50 mm long, 9.40 mm wide, and 1.25 mm thick, 
reduced at 825 °C for 5 h) was polished down to various thick-
nesses to remove the curvature, a thickness-dependent effective 
 d  33  (Figure  2 e) could be measured using the plane–plane test 
method (Figure S4c, Supporting Information). When the thick-
ness was reduced to 0.26 mm,  d  33  increased to ≈300 pC N −1 , 
much larger than the intrinsic piezoelectric response of NBBT8 
ceramics (Figure  2 c). 

 Because the reduced NBBT ceramics exhibit a progressive 
variation in the dielectric property (Figures  1 d and S1, Sup-
porting Information) across the thickness, when an electric 
voltage is applied on the reduced sample, an electric fi eld gra-
dient (the electric fi eld in each component is inversely propor-
tional to the dielectric constant in dielectric composite mate-
rials) can be generated, leading to a converse fl exoelectric (or 
effective fl exoelectric) response. Consequently, the reduced 
ceramic materials also exhibit a large electric fi eld-induced 
strain, which is equivalent to a converse piezoelectric response 
in conventional piezoelectrics. Figure  2 f shows the electric 
fi eld-induced displacement of an NBBT8 ceramic wafer with a 
gold electrode measured by placing the material on a fl at sur-
face (Figure S4d, Supporting Information). A displacement of 
≈1.2 µm was obtained under a low voltage of 29 V when the 
concave surface of the reduced sample was facing the plate, 
equivalent to an effective  d  33  > 4 × 10 4  pm V −1 . However, if the 
convex surface faces the plate, the displacement under a sim-
ilar voltage is less than 0.1 µm. In the latter case, the contribu-
tion from the bending deformation of the curvature structure 
to the measured displacement is eliminated and the material 
exhibits a smaller displacement, indicating that the curvature 
could amplify the displacement from the converse fl exoelectric 
effect. [ 17 ]  

 We demonstrate that two types of gradient-generating mech-
anisms can be induced by the chemical reduction. We further 

fi nd that the reduction can also greatly enhance the apparent 
fl exoelectric coeffi cient in NBBT ceramics, which is the reason 
for the enormous piezoelectric response observed in this study. 
During the point–plane or point–ring tests, the applied force 
causes the bending-like deformation of the ceramic wafers, 
and the fl exoelectric coeffi cient (or apparent fl exoelectric 
coeffi cient) with the largest contribution to the piezoelec-
tric response is  µ  12 . [ 7,14 ]  The apparent  µ  12  was measured by 
bending a ceramic beam (see the Supporting Information for 
details). [ 7,29 ]  The fl exoelectric current versus tip displacement 
curves of reduced and unreduced NBBT20 ceramic beams are 
shown in  Figure    3  a, and the apparent  µ  12  was calculated from 
the slopes of the curves. The apparent  µ  12  of NBBT20 ceramics 
increased from ≈2.4 µC m −1 , which is close to the values meas-
ured in many ferroelectrics, [ 7,30,31 ]  to ≈100 µC m −1  (with the 
gold electrode) after reduction; however, after the fabrication 
of the silver electrode under a high temperature, the  µ  12  of the 
reduced sample was ≈13 µC m −1 . With the measured apparent 
 µ  12  of ≈100 µC m −1 , the effective  d  33  measured by point–ring 
test (Figure S4b, Supporting Information) can be estimated at 
≈3500 pC N −1  (see the Supporting Information for details) and 
the experiment results (Figure  2 c) are close to this value. [ 12 ]  
Those results could explain the observed high piezoelec-
tric response in the metamaterials and why the piezoelectric 
response was reduced after the fabrication of the silver elec-
trode. The mechanisms for the enhancement of the apparent 
fl exoelectric coeffi cient after reduction are unknown and the 
enhancement might mainly originate from the extrinsic con-
tributions of the effective fl exoelectric response (see the Sup-
porting Information for details). We also observed that the 
phase transition temperature between the ferroelectric and 
nonpolar phases shifted to a lower temperature, manifested 
by a decrease in the depolarization temperature (Figure  3 b) 
after reduction. [ 18 ]  A sharp depolarization current peak appears 
at 140 °C on the thermally stimulated current (TSC) curves 
because of the disappearance of the low-temperature ferroelec-
tric phase. [ 18 ]  For the reduced sample, this peak shifts toward 
room temperature, indicating destabilization of the ferroelec-
tric phase by the reduction process. [ 32 ]  The enhancement of the 
apparent fl exoelectric coeffi cient and dielectric properties could 
be related to the change of phase transition behavior after the 
reduction (see the Supporting Information for details).  

 As an indication of the strong effective fl exoelectric response 
in the reduced NBBT ceramics, the materials are sensitive to 
an asymmetric mechanical load. When a fl at sample is placed 
on a plate and pressed by a point force, strong strain gradient 
can be generated near the point force. [ 21 ]  As demonstrated in 
Figure  2 e, a strong effective  d  33  can be measured by the point–
plane test (Figure S4a, Supporting Information) from the afore-
mentioned rectangular sample after the curvature is removed 
by polishing. When the thickness of the sample is polished to 
≈0.26 mm, the effective  d  33  can be higher than 900 pC N −1 . As 
a comparison, the piezoelectric response of unreduced NBBT8 
ceramics (0.5 mm in thickness, not poled) measured by this 
method is lower than 10 pC N −1 . 

 We present a unique but simple approach to design high 
performance piezoelectric materials based on fl exoelectricity 
(or effective fl exoelectricity) in ferroelectrics. The materials 
are achieved by applying an asymmetric chemical reduction 
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  Table 1.    Effect of the sample size on the effective  d  33  of the reduced 
NBBT8 ceramics. 

Diameter 
[mm]

Thickness 
[mm]

Reduction 
conditions

Effective  d  33  
[pC N −1 ]

Electrode

20 0.5 825 °C/2 h 110–170 a) Fired-on silver

20 0.3 825 °C/45 min 321 b) Fired-on silver

10 0.5 825 °C/2 h 18–40 a) Fired-on silver

    a) Measured in at least four samples;  b) Measured in one sample.   
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to lead-free Na 1/2 Bi 1/2 TiO 3 -based ferroelectrics. After reduc-
tion, two gradient-generating mechanisms, curvature structure 
and chemical inhomogeneity, and a signifi cant enhancement 
of apparent fl exoelectric response are induced. The reduced 
materials become piezoelectric metamaterials with an enor-
mous piezoelectric response, outperforming the existing piezo-
electrics. The primary reason for the conversion of a ceramic 
piece into a piezoelectric metamaterial is the chemical inhomo-
geneity, which could be caused by the formation and diffusion 
of oxygen vacancies during the reduction, [ 33 ]  and the reduction 
approach can likely also be applied to other ferroelectric oxides. 
The results presented indicate that piezoelectric metamaterials 
are a feasible approach to achieve high-performance lead-free 
piezoelectrics to replace lead-oxide-based piezoelectrics. This 
work opens a new avenue of design for piezoelectric materials 

with sensing and actuating properties superior to those of 
existing piezoelectrics.  

  Experimental Section 
 NBBT ceramics were fabricated by a conventional solid-state reaction 
method. The raw materials, Na 2 CO 3 , BaCO 3 , Bi 2 O 3 , and TiO 2  (all 99.9% 
except TiO 2 , which is 98%, Sinopharm Chemical Reagent Co., Ltd., 
Shanghai, China), were mixed in a ball-milling machine and calcined 
at 850–900 °C for 2 h. The calcined powder was then ball milled to 
reduce the particle size. Polyvinyl alcohol binder (5 wt%) was added to 
the milled powder. The powder was pressed into samples of different 
shapes and sizes. After the binder was burned out at 800 °C for 2 h, 
the samples were sintered at 1160–1350 °C for 1–2 h. To fabricate 
fl exoelectric piezoelectric metamaterials, an asymmetric one-surface 
chemical reduction was applied to the NBBT ceramics. One piece of the 
NBBT ceramic sample was placed on a graphite block, and an alumina 
plate was then placed on the ceramic sample to maintain intimate 
contact between the ceramic and graphite. The assembly was then 
placed in a furnace and heat treated at 650–850 °C for 1–5 h. After the 
heat treatment, the assembly was removed from the furnace and cooled 
to room temperature in the air. The structures of the unreduced and 
reduced samples were determined by X-ray diffraction using a Rigaku 
Smartlab diffractometer (Rigaku, Tokyo, Japan). The XPS Analysis 
was performed on an Escalab 250 X-ray Photoelectron Spectrometer 
(Thermo Fisher Scientifi c, UK). The thermal expansion of the 
unreduced and reduced NBBT8 ceramic wafers (≈20 mm in diameter 
and 1.60 mm in thickness, reduced at 825 °C for 2 h) was characterized 
using a Q400 thermomechanical analyzer (TA Instruments, New Castle, 
DE, USA). The mechanical properties of the unreduced and reduced 
ceramics were characterized by the three-point bending method using 
a Q800 dynamic mechanical analyzer (TA Instruments, New Castle, 
DE, USA). The dimensions of the samples were 19.00 mm in length, 
10.30 mm in width, and 1.45 mm in thickness. The ceramic plate was 
reduced at 825 °C for 2 h. 

 For electrical tests, silver or gold electrodes were applied to the 
surfaces of the ceramic samples. To prepare the silver electrode, 
silver paste was coated on the sample, and the sample was then 
fi red at 650 °C for 0.5 h. The gold electrode was prepared using a DC 
sputtering method in a sputter coater (EMS150T, Electron Microscopy 
Sciences, Hatfi eld, PA, USA). The effective  d  33  of the fl exoelectric 
piezoelectric metamaterials was measured using a quasi-static  d  33  
meter (ZJ-6A, Institute of Acoustics, CAS, Beijing, China). Several 
test methods were used (see the Supporting Information for details 
and Figure S4, Supporting Information). The high-temperature 
piezoelectric response was measured on a high-temperature 
piezoelectric measurement system, which was composed of a quasi-
static  d  33  meter (ZJ-3AN, Institute of Acoustics, CAS, Beijing, China), 
a furnace and a modifi ed test fi xture in the furnace. For each test, the 
sample was held at the measurement temperature for 1 h to make 
sure that the temperature is homogeneous before the measurement. 
Point–plane method (Figure S4a, Supporting Information) was used 
for this test. The electric-fi eld-induced displacement of the reduced 
ceramic wafer was measured using an inductive microdisplacement 
probe (DGS-6C/D, Zhongyuan Measuring, Sanmen Xia, Henan 
Province, China) when the sample was placed on a fl at surface 
(Figure S4d, Supporting Information). The temperature dependence 
of the weak-fi eld dielectric properties of the materials was measured 
using an automated measurement system composed of a furnace, an 
E4980 LCR meter (Agilent Technology, Santa Clara, CA, USA), and a 
computer. The polarization versus electric fi eld ( P – E  loop) curves 
were measured using a modifi ed Sawyer-Tower circuit (Polyktech, 
State College, USA). The impedance spectra of the poled and unpoled 
ceramic wafers were measured using an Agilent 4294 impedance 
analyzer (Agilent Technology, Santa Clara, CA, USA). For the poled 
samples, a DC electric fi eld of 2–4 kV mm −1  was applied on the 
samples at room temperature for 5 min before the measurement. 
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 Figure 3.    a) Typical fl exoelectric current versus displacement curves for 
reduced and unreduced NBBT20 ceramics. Squares, unreduced ceramic 
sample; upward triangles, reduced sample with the silver electrode; cir-
cles, reduced sample with the gold electrode. b) Thermally stimulated 
current curves for reduced (red line) and unreduced (black line) NBBT8 
ceramics.
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The thermally stimulated current (TSC) was measured on the poled 
samples using a system composed of a furnace, a computer and a 
Keithley 6517B electrometer (Keithley Instruments, Inc., Cleveland, 
Ohio, USA).  

  Acknowledgements 
 This research was supported by the National Natural Science Foundation 
of China (Grant No. 51373161), 1000 Young Talents Program, and 
Fundamental Research Funds for the Central Universities (Grant No. 
WK206014001). The authors thank Partulab Technology Co. Ltd (Wuhan, 
China) for their assistance with the high-temperature piezoelectric 
measurements.   

Received:  May 29, 2015 
Revised:  August 10, 2015 

Published online: September 24, 2015    

[1]     G. H.    Haertling  ,  J. Am. Ceram. Soc.    1999 ,  82 ,  797 .  
[2]     J.    Rödel  ,   W.    Jo  ,   K. T. P.    Seifert  ,   E. M.    Anton  ,   T.    Granzow  , 

  D.    Damjanovic  ,  J. Am. Ceram. Soc.    2009 ,  92 ,  1153 .  
[3]     D.    Damjanovic  ,   N.    Klein  ,   J.    Li  ,   V.    Porokhonsky  ,  Funct. Mater. Lett.   

 2010 ,  3 ,  5 .   
[4]     T. R.    Shrout  ,   S. J.    Zhang  ,  J. Electroceram.    2007 ,  19 ,  111 .  
[5]     Y.    Saito  ,   H.    Takao  ,   T.    Tani  ,   T.    Nonoyama  ,   K.    Takatori  ,   T.    Homma  , 

  T.    Nagaya  ,   M.    Nakamura  ,  Nature    2004 ,  432 ,  84 .  
[6]     J.    Fousek  ,   L. E.    Cross  ,   D. B.    Litvin  ,  Mater. Lett.    1999 ,  39 ,  287 .   
[7]     L. E.    Cross  ,  J. Mater. Sci.    2006 ,  41 ,  53 .   
[8]     P.    Zubko  ,   G.    Catalan  ,   A. K.    Tagantsev  ,  Annu. Rev. Mater. Res.    2013 , 

 43 ,  387 .  
[9]     S. M.    Kogan  ,  Sov. Phys. Solid State    1964 ,  5 ,  2069 .  

[10]     A. K.    Tagantsev  ,  Phys. Rev. B    1986 ,  34 ,  5883 .  
[11]     B. J.    Chu  ,   W.    Zhu  ,   N.    Li  ,   L. E.    Cross  ,  Funct. Mater. Lett.    2010 ,  3 ,  79 .  

[12]     P. V.    Yudin  ,   A. K.    Tagantsev  ,  Nanotechnology    2013 ,  24 ,  432001 .  
[13]     J.    Narvaez  ,   S.    Saremi  ,   J.    Hong  ,   M.    Stengel  ,   G.    Catalan  ,  Phys. Rev. 

Lett.    2015 ,  115 ,  037601 .  
[14]     B. J.    Chu  ,   W.    Zhu  ,   N.    Li  ,   L. E.    Cross  ,  J. Appl. Phys.    2009 ,  106 ,  104109 .  
[15]     W.    Zhu  ,   J. Y.    Fu  ,   N.    Li  ,   L. E.    Cross  ,  Appl. Phys. Lett.    2006 ,  89 ,  192904 .   
[16]     J. Y.    Fu  ,   W.    Zhu  ,   N.    Li  ,   N. B.    Smith  ,   L. E.    Cross  ,  Appl. Phys. Lett.   

 2007 ,  91 ,  182910 .  
[17]     G. H.    Haertling  ,  Proc. SPIE    1997 ,  3040 ,  81 .  
[18]     B. J.    Chu  ,   D. R.    Chen  ,   G. R.    Li  ,   Q. Y.    Yin  ,  J. Eur. Ceram. Soc.    2002 , 

 22 ,  2115 .  
[19]     D.    Lee  ,   A.    Yoon  ,   S. Y.    Jang  ,  Phys. Rev. Lett.    2011 ,  107 ,  057602 .  
[20]     T. D.    Nguyen  ,   S.    Mao  ,   Y. W.    Yeh  ,   P. K.    Purohit  ,   M. C.    McAlpine  ,  Adv. 

Mater.    2013 ,  25 ,  946 .  
[21]     H.    Lu  ,   C. W.    Bark  ,   D. E.    Ojos  ,   J.    Alcala  ,   C. B.    Eom  ,   G.    Catalan  , 

  A.    Gruverman  ,  Science    2012 ,  336 ,  59 .  
[22]     G.    Catalan  ,   A.    Lubk  ,   A. H. G.    Vlooswijk  ,   E.    Snoeck  ,   C.    Magen  , 

  A.    Janssens  ,   G.    Rispens  ,   G.    Rijnders  ,   D. H. A.    Blank  ,   B.    Noheda  , 
 Nat. Mater.    2011 ,  10 ,  963 .  

[23]     M. S.    Majdoub  ,   P.    Sharma  ,   T.    Cagin  ,  Phys. Rev. B    2008 ,  77 ,  125424 .   
[24]     A. K.    Tagantsev  ,   V.    Meunier  ,   P.    Sharma  ,  MRS Bull.    2009 ,  34 ,  643 .   
[25]     A.    Biancoli  ,   C. M.    Fancher  ,   J. L.    Jones  ,   D.    Damjanovic  ,  Nat. Mater.   

 2015 ,  14 ,  224 .  
[26]     S. J.    Zhang  ,   C. A.    Randall  ,   T. R.    Shrout  ,  Appl. Phys. Lett.    2003 ,  83 , 

 3150 .  
[27]     P.    Mandal  ,   A.    Manjón-Sanz  ,   A. J.    Corkett  ,   T. P.    Comyn  ,   K.    Dawson  , 

  T.    Stevenson  ,   J.    Bennett  ,   L. F.    Henrichs  ,   A. J.    Bell  ,   E.    Nishibori  , 
  M.    Takata  ,   M.    Zanella  ,   M. R.    Dolgos  ,   U.    Adem  ,   X.    Wan  , 
  M. J.    Pitcher  ,   S.    Romani  ,   T. T.    Tran  ,   P. S.    Halasyamani  ,   J. B.    Claridge  , 
  M. J.    Rosseinsky  ,  Adv. Mater.    2015 ,  27 ,  2883 .  

[28]     S. E.    Park  ,   T. R.    Shrout  ,  Mater. Res. Innovations    1997 ,  1 ,  20 .  
[29]     B. J.    Chu  ,   D. R.    Salem  ,  Appl. Phys. Lett.    2012 ,  101 ,  103905 .  
[30]     W.    Ma  ,   L. E.    Cross  ,  Appl. Phys. Lett.    2001 ,  78 ,  2920 .  
[31]     J.    Narvaez  ,   G.    Catalan  ,  Appl. Phys. Lett.    2014 ,  104 ,  162903 .  
[32]     R. C.    DeVries  ,  J. Am. Ceram. Soc.    1960 ,  43 ,  226 .  
[33]     Q. M.    Wang  ,   L. E.    Cross  ,  Mater. Chem. Phys.    1999 ,  58 ,  20 .   




