
Improved piezoelectric and energy harvesting characteristics
in lead-free Fe2O3 modified KNN ceramics

Indrani Coondoo & Neeraj Panwar & Hiroshi Maiwa &

Andrei L. Kholkin

Received: 4 July 2014 /Accepted: 12 January 2015 /Published online: 29 January 2015
# Springer Science+Business Media New York 2015

Abstract Lead-free piezoelectric ceramics gained an in-
creased attention due to their high piezoelectric properties
combined with the absence of lead and other potentially haz-
ardous elements. In this work, we used a unimorph cantilever
beam arrangement to study piezoelectric energy harvesting in
pristine K0.5Na0.5NbO3 (KNN) and Fe2O3 modified KNN
(KNFN) ceramics that are potential candidates for PZT re-
placement. The piezoelectric ceramics were synthesized using
conventional solid state reactionmethod. The KNFN ceramics
exhibited a superior piezoelectric performance: d33=100
pC/N and mechanical quality factor (Qm=135) as com-
pared to KNN (d33=83 pC/N; Qm=76). In addition, the
planar electromechanical coupling factor kp was higher
in case of KNFN having a value of 0.39 as compared to
0.34 for KNN. The KNFN harvester generated an out-
put power of 0.38 mW/cm3 at a load resistance of 470
kΩ for a transverse displacement amplitude of 1.2 mm.
The prospects of using lead-free ceramics for piezoelec-
tric energy harvesting are discussed.

Keywords Lead free . Piezoelectrics . Energy harvesting .

Ceramics

1 Introduction

With the advent of low-power and lightweight electronic de-
vices, highly efficient power generation approaches are
demanded. The energy requirements of these low and self-
powered electronics cannot solely rely on the conventional
batteries, where size, weight, safety or lifetime constraints
are of major concern. This paved way for research in energy
scavenging technologies which has received much global
attention recently.

Energy harvesting is the process of converting available
ambient energy into usable electrical energy via a transduction
mechanism. Several conversion mechanisms that can be used
to harvest energy are available: photovoltaic coupling, ther-
moelectric coupling and electromechanical coupling. Among
the various available techniques, vibration energy harvesting
is the most flexible method being developed. The vibration
harvesters use one of the following three methods: electro-
magnetic (inductive), electrostatic (capacitive) or piezoelec-
tric. The simplicity of piezoelectric transduction and the rela-
tive ease of implementation of piezoelectric systems into a
wide variety of applications as compared to electrostatic or
electromagnetic methods, makes it the foremost choice. The
working principle is simple, wherein placing the piezoelectric
device in a vibration rich environment (input vibration), the
electromechanical coupling exhibited by piezoelectric mate-
rials causesmechanical strain or stress to develop in the device
which is converted to electrical charge via piezoelectric effect.
The most common piezoelectric energy harvesting configura-
tion is the cantilever beam arrangement as shown in Fig. 1a. It
consists of a cantilever that is made up of an upper piezoelec-
tric element sandwiched between a pair of metal electrodes
and a lower non-piezoelectric (passive) part. When the base of
the system is subjected to vibrations, the input force causes a
mechanical stress on piezoelectric material. As a consequence,
an electric charge is induced owing to the piezoelectric effect
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whose magnitude is proportional to the mechanical stress.
Optimal performance of the harvesting system is obtained
when the frequency of ambient vibration closely matches the
resonant frequency of the harvester beam. The current piezo-
electric harvesting technologies can harvest electrical power
in the level of μW-mW, usually at a specific resonance fre-
quency [1–3]. This low power output necessitates not only the
design of ultra-low power logic circuits but also the efficient
power delivery interface circuits that can extract the maximum
power available out of the energy harvesters. Figure 1b por-
trays the schematic diagram of the measurement set-up. In
general, the power generated from vibration to electrical
energy conversion can be approximated at the resonance
frequency of the system by Eq. 1 [4]:

P ¼ mY 2
oω

3
n

4 ς
; ðEq:1Þ

where ωn ¼
ffiffiffiffiffiffiffiffiffi
k=m

p
is the system resonant frequency, m is the

proof mass, k, is the spring constant, Yo is the amplitude of
vibration and ς is the total damping ratio (electrical and me-
chanical ς=c/2mωn), where c is the damping coefficient.
Equation 1 signifies that power is inversely proportional to
the damping ratio which should be minimized through proper
selection of materials and design. Thus, keeping all the factors
constant, the power of energy harvester can be enhanced by
selecting a piezoelectric material with higher quality factor.
Also, since P is directly proportional to proof mass of the

system, therefore reducing the size of harvester reduces the
conversion efficiency. The metal mass on the tip of the
cantilever is used to decrease the structure’s natural fre-
quency for application under low-frequency vibrations
(most frequently used for energy harvesting). The effi-
ciency of converting mechanical energy into electrical en-
ergy (η) has been evaluated using Qm and kp values [5]. It
is given by Eq. 2:

η ¼ k2

2 1−k2
� �

. 1

Qm
þ k2

2 1−k2
� �

 !
ðEq:2Þ

where k is the electromechanical coupling factor andQm is the
quality factor. Therefore, the selection of proper piezoelectric
materials and piezoelectric transducer configuration are key
factors for their implementation in useful technology [6–10].
Fundamentally, to minimize degradation of the output power
from a piezoelectric energy harvester, not only the quality
factor but the coupling coefficient should be maximized by
choosing the largest piezoelectric strain coefficient d and the
smallest dielectric constant ε (k ∝ dffiffi

ε
p ).

There are numerous reports in the literature on the bulk and
thin film based piezoelectric harvesting devices. Umeda et al.
[11] were among the pioneers to fabricate and to study a PZT-
based generator and proposed an electrical equivalent model
describing a transformation of the mechanical impact energy
into electrical energy stimulated by an impact with a steel ball.
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(a) Fig. 1 Schematic of a a typical
cantilever beam arrangement and
b measurement set-up for
piezoelectric energy harvesting
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Jeon et al. [12] obtained an output power of 1.01μWacross a
5.2 MΩ load at the resonance frequency of 13.9 kHz. They
used piezoelectric cantilevers having dimensions of 100×60×
0.48μm3with inter-digitated electrodes. Sufficiently high har-
vesting energy density was demonstrated by Uppal et al. in the
system Pb(Zr0.52Ti0.48) O3-Pb(Zn1/3Nb2/3) O3 (80.84 mJ/cm3)
[13]. Simulation conducted on a PZT film based energy har-
vesting structure showed that a power density of 80 μW/cm3

at the operating frequency of 800 Hz could be obtained [14].
Beeby et al. reviewed the potential of piezoelectric energy
harvesting and reported that power density of piezoelectric
micro energy harvesting devices ranges between 10 and 40
μW/cm3 in the acceleration and frequency range of 2.3–78.4
m/s2 of 0.08–1 kHz, respectively [15]. For a curved-shape
PZT unimorph, a power output of 250mW with RMS voltage
of 1.8 Vacross a 10Ω resistor at 2 Hz frequency was reported
[16]. A modified vibration energy harvesting device based on
r e c t a n g u l a r c ymb a l t r a n s d u c e r c ompo s e d o f
0.71PbMg1/3Nb2/3O3- 0.29PbTiO3 single crystal generated a
high peak voltage of 45.7 Vand maximum power of 14mWat
500 Hz under a cyclic force of 0.55 N peak value [17]. Re-
cently, Choi et al. obtained a high output energy density of 231
mW / cm 3 f o r t h e h a r v e s t e r f a b r i c a t e d u s i n g
0.69Pb(Zr0.47Ti0.53) O3-0.31Pb[(Zn0.4Ni0.6)1/3Nb2/3] O3)
[18]. Halim et al. obtained 377 μW peak power at 14.5 Hz
under 0.6 g acceleration with corresponding power density
58.8 μWcm−3 in PMN-PT single crystals [19]. Recently,
nanogenerator based on PZT aligned nanofibers has been re-
ported with an output voltage peak of 1.63 V and a power of
0.03 μW [20]. As one of the first examples of environmental
concern, BaTiO3 nanogenerator was fabricated on a plastic
substrate and showed an output voltage up to 1.0 V and a
power density of 7 mW/cm3 [21].

Previous work has been mainly conducted on Pb-based
ceramics and single crystals. However, environmental con-
cerns and possible ban of using lead [22] have stimulated
research on lead free alternatives, in particular, (Na0.5K0.5)
NbO3 (KNN)-based ceramics because of their relatively high
piezoelectric properties and elevated Curie temperatures [23].
However, not much work has been done in this direction so
far. In the present report energy harvesters based on pure KNN
and 0.25 mol% Fe2O3-added KNN (KNFN) ceramics were
fabricated and their harvesting performance was evaluated
aiming at their potential use in energy harvesting applications.

2 Experimental

The following lead-free piezoelectric compositions were syn-
thesized using the conventional solid state reaction method:

K0:5Na0:5NbO3 KNNð Þ
K0:5Na0:5NbO3 þ 0:25 mol% Fe2O3 KNFNð Þ

Stoichiometric ratio of the metal oxides and carbonates
(Sigma-Aldrich): Na2CO3 (99.8%), K2CO3 (99.9%), CaCO3

(99.9%), Nb2O5 (99.95%) and Fe2O3 (99.0%) were mixed
thoroughly and calcined at 875 °C for 4 h. The calcined pow-
ders were pressed at 300 MPa and sintered at 1090 °C (KNN)
and 975 °C (KNFN) for 2 h in air. The crystalline structure of
the sintered samples was examined using x-ray diffraction
(XRD) technique. The microstructure was observed using a
field emission scanning electron microscope (Hitachi S4100).

The piezo-elements in the shape of square parallelopiped
were polished to a dimension: 4×6×0.4 mm3 and thereafter
adhered to the Fibre-reinforced plastic (FRP) beam (105mm×
10mm×1.6mm). The unimorph structure having a natural fre-
quency of 57 Hz was oscillated by a vibration generator. The
displacements of the unimorph were monitored with an accel-
eration meter attached to the other end. The voltages across
the load resistor were measured by oscilloscope.

3 Results and discussion

Figure 2a shows the XRD patterns of KNN and KNFN ce-
ramics. Both compositions demonstrate an orthorhombic
structure without any detectable secondary phases. It may
therefore be assumed that Fe3+ ions in the KNFN ceramic
are incorporated into the matrix of the KNN phase. Owing
to their similar sizes, the Fe3+ ions (0.69 Å) enter Nb5+ (0.68
Å) sites and act as an acceptor dopant. Oxygen vacancies will
be introduced into the lattice to compensate for the charge
imbalance with the doping of acceptor Fe. When one Fe3+

replaces one Nb5+, an oxygen vacancy is created to maintain
the charge neutrality. This can be expressed using the Kr ger-
Vink notation as follows:

Fe2 O3 → Fe
0 0
Nb þ V••

o ðEq:3Þ

where FeNb
′ ′ and Vo

• • epresent Fe occupying the Nb site and an
effectively doubly positive charged oxygen vacancy,
respectively.

The microstructures of the KNN and KNFN ceramics were
observed by FESEM. Figure 2b presents the surface FESEM
images of the samples having characteristic quadratic grains.
KNFN had a high relative density of 94% having a dense
microstructure with a few larger grains (~9 μm). The generat-
ed oxygen vacancies in KNFN accelerate the mass transport
process and improves the grain growth. Thus, KNFN is ex-
pected to exhibit lower dielectric losses than that of the KNN
ceramics because of the lower grain boundary area which acts
as defects. Table 1 enlists various dielectric and piezoelectric
parameters of the respective compositions. It is observed that
dielectric constant is higher for KNN (650) as compared to
KNFN (430). Whereas the quality factor (Qm), piezoelectric
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charge coefficient (d33) and planar electromechanical cou-
pling factor (kp) are higher for KNFN. In addition, KNFN
ceramic is expected to have a higher Qm than KNN, because
of the hardening effect of the acceptor Fe3+ ions. The intro-
duced oxygen vacancies act as pinning points for the domain
walls causing a reduced domain wall motion, thereby increas-
ing Qm [24, 25]. Since piezoelectric coupling coefficient k is
proportional to piezoelectric constant and inversely to dielec-
tric constant (as discussed in the introduction section), hence a
higher k is observed for KNFN. The efficiency of the har-
vesters, fabricated in this work was calculated using Qm and
kp values in Eq. 2 [18] and was estimated to be around 83%
and 92% for KNN and KNFN, respectively. Based on these

parameters, the KNFN composition is expected to exhibit bet-
ter harvesting characteristics as compared to pure KNN.

Figure 3 represents the output voltage and power of the
KNN harvester measured at various frequencies and load re-
sistances. Figure 3a depicts the frequency dependence of the
output voltage generated by KNN over a frequency range of
40–70 Hz. The energy harvester was subjected to a constant
base acceleration to measure voltage generated across the load
resistor. The output voltage increases gradually as the operat-
ing frequency increases up to the resonant frequency and
thereafter drops off when the exciting frequency exceeds the
resonant frequency (57 Hz for KNN). The resonant frequency
of a vibration energy harvester is one of the most important
design parameters, because the maximum output power can
be obtained when the vibration frequency matches the reso-
nant frequency. It is well-known that the power output will be
dramatically reduced when the driving vibration frequency
deviates from the resonant frequency of the device [4]. It
was also noted that the resonance frequency values for both
the compositions were similar, because of the similar size of
the harvesters [18]. The peak-to-peak voltage (Vp) of the gen-
erating beam versus load resistance under various displace-
ments is shown in Fig. 3b. As expected, it is observed that
the generating beam’s output voltage increases with increas-
ing resistive load and displacement. The output voltage at 10
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Fig. 2 a XRD patterns and b
SEM images of KNN and KNFN
ceramics

Table 1 Dielectric and
Piezoelectric properties Properties KNN KNFN

ρ (g/cm3) 4.19 4.39

εr 650 430

Qm 76 135

d33 (pC/N) 83 100

g33 (10
−3 Vm/N) 14 26

d33.g33 (m
2/N) 1162 2600

kp 0.34 0.39
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MΩ load resistance increased from ~0.38 V for a 2 mm dis-
placement to ~2.25 V for a displacement of 6 mm. Figure 3c
represents the variation of the output voltage at various fre-
quencies for a fixed base acceleration. The output voltage
value increased with an increase in frequency value from 40
to 70 Hz. It is found that higher operating frequency results in
higher voltage. The optimal load for maximum power transfer
was determined by varying the load resistance values under
various displacement deformation as shown in Fig. 3d. In
general, there are two ways to determine electric power from
piezoelectric unimorph ceramic harvester. Electric power
available from periodic excitation of the piezoelectric
unimorph is given as [26]:

Pe ¼ 2� Ec � f ðEq:4Þ

where Ec (Ec ¼ 1
2CpV 2

p

� �
is the energy stored in a capacitor,

Cp is the equivalent source capacitance,Vp is the voltage at full

compression and f is the operating frequency. Alternatively,
the power, P, generated from a stand-alone piezoelectric
harvesting device irrespective of its geometry (cantilever,
membrane, etc.) can be written as [27]:

P ¼ V 2
oRL

RS þ RLð Þ2 ðEq:5Þ

where Vo is the open voltage generated from the piezoelectric
beam. When the applied external resistive load at which the
output power is harvested is equal to the source resistance/
impedance RS condition referred to as impedance matching),
maximum piezoelectric power output is obtained [28]. Thus,
the maximum output power Pmax is given as:

Pmax ¼ V 2
o

4RS
ðEq:6Þ
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Fig. 3 a Frequency response of output voltage b Output voltage as a
function of load resistance at different displacements at 60 Hz c Output
voltage as a function of load resistance for different frequencies at a

displacement of 3.6 mm and d Output power measured at various load
resistances of the KNN energy harvester at 60 Hz and various
displacements
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Experimentally, the piezoelectric power output is equal to
VL
2/4RLwhereVL is the measured peak-peak voltage across the

load resistance RL. Further analysis shows that Vo and the
corresponding power output from the piezoelectric mecha-
nism is inversely proportional to ε (the dielectric constant of
the piezoelectric material) and directly related to d3i (d3i is the
piezoelectric strain constant, where i is either 1 or 3 depending
on whether the piezoelectric mode is d31 or d33). Also, since
mechanical input power employed on the unimorph, Pm=
F×d× f, the larger the displacement d of piezoelectric
unimorph ceramic, the greater electric power is obtained. As
observed for KNN harvester (Fig. 3d), a maximum power of
0.02 μW was transferred to a 470 kΩ resistor for a transverse
displacement amplitude 1.2 mm which increased up to 0.56
μW for 6 mm displacement.

Figure 4a and b compares the obtained peak output voltage
and power delivered by KNN and KNFN at the optimal load
under a fixed base acceleration (transverse displacement: 2.4
mm). The output voltage is observed to increase with load
resistance. It is confirmed that the power generated from

KNFN is much higher than that for pure KNN which could
be a result of the large d33 and d31 values of the former. A peak
power of 3.67 μW is generated at 470 kΩ for KNFN as com-
pared to pure KNN (0.089 μW). The value obtained for
KNFN is higher than that obtained in textured 0.945
(Bi0.5Na0.5) TiO3–0.55BaTiO3 (BNTBT) ceramics containing
SrTiO3 (STO) templates [29]. The output power in our case is
also higher than that for thick film bimorph PZT harvester
[30], and that reported for KNN (1.1 μW) and PZT (1.0
μW) thin-films [31] and 1.6 μW for KNN in [32]. However,
it is lower than that reported for CuO-added (K0.5Na0.5) NbO3

[33]. Figure 4c shows the power densities for the studied com-
positions as a function of the load resistance. A peak power
density value of 0.38 mW/cm3 is observed for KNFN. Since
KNFN had a higher kp value, which influences the energy
transformation efficiency, it is also responsible for the im-
provement of the output power of the KNFN harvester. Addi-
tion of iron oxide in KNN, not only improved piezoelectric
coefficients but also enhanced the Qm. Quality factor is in-
versely proportional to the damping in an oscillating system
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caused by energy loss via heat transfer and therefore is an
important design issue in order to optimize the power harvest-
ing ability. A system with a high Qm value, does not dissipate
much energy to heat, thereby making more energy available
for harvesting through a piezoelectric device. Therefore, it
may be concluded that adding Fe2O3 in KNN is effective in
enhancing the properties suitable for vibration energy harvest-
ing application.

4 Conclusions

Single phase KNN and KNFN ceramics were synthesized by
the conventional solid state reaction method. The KNFN ce-
ramics have higher piezoelectric charge coefficient values and
smaller permittivity as compared to the KNN ceramic. More-
over, the Qm value almost doubled with the addition of Fe2O3

in KNN. This resulted in higher power output in KNFN com-
position. The KNFN harvester fabricated in the present case,
generated a high output power of 3.67 μW as compared to
0.089 μW for KNN at a load resistance of 470 kΩ . The
efficiency for the harvesters fabricated in this work was esti-
mated as 83% and 92% using the kp and Qm values for KNN
and KNFN, respectively. Hence Fe2O3 serves as an effective
sintering aid that not only reduces the synthesis temperature
but also improves the harvesting capabilities than pure KNN.
Therefore, KNFN ceramics are considered as potential candi-
date materials for piezoelectric energy harvesting application.
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