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This paper is concerned with direct energy conversion of waste heat into electrical energy by per-
forming the Olsen cycle on lead nickel niobate zirconate titanate (PNNZT) pyroelectric ceramics
undergoing a relaxor-ferroelectric phase transition. First, isothermal bipolar displacement vs. electric
field hysteresis loops were measured for different temperatures and electric field spans. The Curie
temperature varied between 150 °C and 240 °C as the electric field increased from zero up to 3MV/m.
The energy and power densities of the Olsen cycle on PNNZT were measured by cycling the speci-
mens over a wide range of temperatures, electric fields, and frequencies. A maximum energy density
of 1417 J/L/cycle was recorded with 200 μm thick PNNZT cycled at 0.033Hz between temperatures
20 °C and 240 °C and electric fields 0.3MV/m and 9.0MV/m. To the best of our knowledge, this is
the largest energy density ever obtained experimentally for any pyroelectric material. In addition, a
maximum power density of 78W/L was measured by cycling the material temperature between 20 °C
and 220 °C and applying the electric field between 0.3MV/m and 9.0MV/m at 0.09 Hz. Published by
AIP Publishing. https://doi.org/10.1063/1.5037112

NOMENCLATURE

A electrode surface area, m2

b sample thickness, m
Cp specific heat of the ferroelectric material, J/kg/°C
D electric displacement, C/m2

E electric field, V/m
Ec coercive electric field, V/m
EH high electric field in Olsen cycle, V/m
EL low electric field in Olsen cycle, V/m
f cycle frequency, Hz
ND energy density, J/L
PD power density, W/L
Pr remnant polarization, C/m2

Psat saturation polarization, C/m2

Q charge, C
Tcold cold temperature reached by the sample, °C
TCurie Curie temperature, °C
Thot hot temperature reached by the sample, °C
TH hot oil bath temperature, °C
TL cold oil bath temperature, °C
Tp polarization transition temperature, °C

Greek symbols

ε0 vacuum permittivity (= 8.854 × 10−12 F/m)
εr relative permittivity

εr, H relative permittivity at high electric field
εr, L relative permittivity at zero electric field
ρ density of the ferroelectric material, kg/m3

τij duration of Process i-j, s
τ12 duration of electric field increased from EL to EH, s
τ23 duration of temperature increased from Tcole to Thot, s
τ34 duration of for electric field decreased from EH to EL, s
τ41 duration of temperature decreased from Thot to Tcold, s

I. INTRODUCTION

Research and development in waste heat recovery and
re-use have received significant attention in recent years. In
2017, around 68% of the energy consumed in the United
States was wasted, without having performed any useful
function, mainly in the form of low grade heat discharged to
the environment.1 Technologies capable of harvesting such
low-temperature thermal energy are attractive for increasing
the process efficiencies.2,3 Organic Rankine cycles use organic
working fluids with low boiling points to convert thermal
energy at relatively low temperatures into useful mechanical
work and electricity.4 Stirling engines can also convert thermal
energy into mechanical energy in a variety of applications such
as heat pumps, cryogenic refrigeration, and air liquefaction.5

Alternatively, thermal energy can be directly converted into
electricity thanks to thermoelectric materials and devices taking
advantage of the Seebeck effect resulting in electric potential at
the junction of two dissimilar metals or semiconductors
induced by a temperature difference.6,7
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In the last decade, pyroelectric energy harvesting has
also received significant attention.8–10 Pyroelectric materials
are capable of converting time-dependent temperature and/or
stress directly into electrical energy.11–28 They can be used to
harvest waste heat in industrial applications to increase the
process efficiency13,15 or to convert solar energy used as the
hot source while air or water at room temperature can be
used as the cold source.29–31 Pyroelectric materials are a sub-
class of piezoelectric materials while ferroelectric materials
are a subclass of pyroelectric materials. Pyroelectric materials
possess a temperature- and stress-dependent spontaneous
electric polarization. Linear pyroelectric energy conversion
takes advantage of the temperature-dependent spontaneous
polarization to passively produce electricity.32 Unfortunately,
such an approach generates only a small amount of electrical
energy.8 By contrast, the Olsen cycle is performed by cycling
the temperature and the electric field imposed on the pyro-
electric element (PE). The process describes a cycle in the
electric displacement vs. electric field diagram of a given
pyroelectric material and can greatly enhance the energy and
power densities of pyroelectric devices.8 Various materials
have been considered including ceramics (e.g., PZST,12–15

PLZT,26,33,34 BaTiO3
9,10), single crystals (e.g., PMN-PT,18,35,36

PZN-PT20,21), and polymers (e.g., PVDF-TrFE3,16,22,37–40).
Each material can be operated in different temperature ranges
centered around their Curie temperature. Despite progress in
material selection, the search for materials with better energy
and/or power densities remains essential.8

The present study reports experimental measurements of
the electrical energy generated by performing the Olsen
cycle on commercial Pb(Zr, Ti)O3-Pb(Ni, Nb)O3 (PNNZT)
ceramic films. The material performance was assessed under
different cycle temperatures, electric fields, and frequencies
to determine the optimum conditions that maximize their
energy and power densities.

II. BACKGROUND

A. Dielectric hysteresis loops

Figure 1 shows a schematic of isothermal bipolar hyster-
esis curves of the electric displacement D versus electric field
E (D-E loops) exhibited by a pyroelectric/ferroelectric mate-
rial at two different temperatures Tcold and Thot (>Tcold).
These D-E loops travel in a counterclockwise direction.
When the temperature of a pyroelectric material exceeds its
Curie temperature, the crystallographic structure of the mate-
rial transitions from ferroelectric to paraelectric and the spon-
taneous polarization decreases from Psat(Tcold) to Psat(Thot).
The coercive field Ec is defined as the minimum electric field
required to reach zero displacement, i.e., D(Ec) = 0.41 The
remnant polarization Pr corresponds to the electric displace-
ment at zero electric field. The electric displacement D of the
material at temperature T under large electric field E can be
expressed as32,42

D(E, T) ¼ ε0εr(E, T)E þ Psat(T): (1)

The large-field relative permittivity can be estimated by
[∂D(E,T)/∂E]EH

= ε0εr(EH,T),
33 where ε0 is the vacuum per-

mittivity (= 8.854 × 10−12 F/m), εr(E,T) is the material

relative permittivity, and E is the applied electric field. The
saturation polarization Psat(T) and high field relative permit-
tivity εr(EH,T) can be estimated from the linear fit of D
versus E at high electric field extrapolated to zero electric
field. As the electric field E decreases from EH to zero, the
remnant polarization Pr(T) and low field relative permittivity
εr(EL,T) can be observed at 0MV/m, as illustrated in Fig. 1.

B. Olsen cycle

The Olsen cycle was developed by Olsen and co-workers
between 1978 and 1985.37,39,43–47 It is the electric analog of

FIG. 1. Electric displacement versus electric field for a typical pyroelectric
material at different temperatures. The Olsen power cycle is also shown and
represented by the area between 1-2-3-4.

FIG. 2. Photograph of a PNNZT sample used in this study. The electric
field was applied across both the silver electrodes of the PNNZT sample
though the connected copper electric wires.
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the Ericsson cycle in the electric displacement-electric field
(D-E) diagram of a pyroelectric material, instead of in the
pressure-volume diagram of a working fluid. Figure 1 illus-
trates the Olsen cycle performed on typical ferroelectric
material. It consists of two isothermal and two isoelectric
field processes. During process 1-2, the pyroelectric element
(PE) at temperature Tcold is charged by increasing the applied
electric field from EL to EH. Process 2-3 consists of a dis-
charge caused by increasing the pyroelectric element temper-
ature from Tcold to Thot under a constant high electric field
EH. Process 3-4 further discharges the PE by reducing the
electric field from EH to EL under constant temperature Thot.
Finally, process 4-1 closes the cycle by cooling the PE from
Thot to Tcold under constant electric field EL.

The area enclosed by the clockwise 1-2-3-4 loop in the
D-E diagram represents the electric energy converted per unit

volume of material per cycle denoted by ND (in J/L per
cycle) and defined as15

ND ¼
þ
EdD: (2)

The corresponding power density PD (in W/L) produced by
the pyroelectric element is defined as

PD ¼ fND, (3)

where f is the cycle frequency defined as f = 1/(τ12 + τ23 + τ34 +
τ41), where τij is the duration of process i-j. For example, τ12
and τ34 for increasing/decreasing the electric field between
EL = 0.3 MV/m and EH = 9.0 MV/m were around 4.2 s while
τ23 and τ41 for heating/cooling between Tcold = 20 °C and
Thot = 220 °C were around 11 s, yielding f = 0.034 Hz. Note

FIG. 3. Bipolar isothermal electric displacement versus electric field (D–E) hysteresis curves at various temperatures. The D-E loops travel in a counter-
clockwise direction. The electric field was cycled between (a) −3 and +3MV/m, (b) −5 and +5MV/m, (c) −7 and +7MV/m, and (d) −9 and +9MV/m at 0.2
Hz and temperature between 20 and 260 °C.

174104-3 Siao et al. J. Appl. Phys. 124, 174104 (2018)



also that the electric field scan rate used in this study was
2.1MV/m/s. As the material is heated above its Curie tem-
perature TCurie, the isothermal D-E loops gradually become
narrow and nearly linear as the material undergoes a phase
transition from ferroelectric to paraelectric above TCurie. The
electric displacement D also becomes relatively small.
Therefore, the energy density ND enclosed by the cycle
1-2-3-4 (Fig. 1) is larger when phase transition occurs, i.e.,
when Thot > TCurie. Similarly, it can be enlarged by increasing
the electric field spans (EH–EL). Note, however, that ND

decreases with increasing frequency f as the material may not
have time to reach the temperature of the cold and hot sources.
Consequently, increasing the power density PD consists of
finding a tradeoff between increasing the cycle frequency f
without excessively reducing ND.

C. Materials

The large piezoelectric constant and electromechanical
coupling factor of lead zirconate titanate (PZT) materials
make it widely used in sensors, transducers, multilayer capac-
itors, and haptic/thermal actuators.48–52 In addition, PZT
undergoes a typical ferroelectric to paraelectric phase transi-
tion at its Curie temperature, varying from 225 °C to 525 °C
depending on its composition.53 For the purpose of decreas-
ing the sintering temperature and increasing the dielectric
properties of PZT, low melting additives and high permittiv-
ity materials such as lead nickel niobate [Pb(Ni, Nb)O3]
(PNN) can be doped into PZT.54–57 PNN is a well-known
ferroelectric with anomalously large dielectric constant and a
broad diffuse phase transition.58,59 Adding PNN into PZT
effectively reduces the PZT Curie temperature while main-
taining a high electromechanical coupling factor and a low
mechanical quality factor at the morphotrophic phase boun-
dary (MPB).60–63 Overall, these properties extend the adapt-
ability of PZT in multilayer capacitors, piezoelectric
actuators, and energy harvesting devices.62,63

The material efficiency η of the Olsen cycle can be
expressed as18,36

η ¼ ND

Qin
, (4)

where Qin is the energy required to heat and cool the material
to the desired temperatures, i.e.,

Qin ¼
þ
ρCp(T)dT : (5)

Here, ρ and Cp are the density and specific heat of the ferro-
electric material in kg/m3 and J/kg/°C, respectively. For
example, McKinley et al.28 achieved a material efficiency η
of 15.9% with Olsen cycle performed on PMN-28PT.

To date, various structural designs of pyroelectric materi-
als (e.g., micropatterning and microchannels) using microma-
nufacturing and/or sand blasting techniques have been
proposed to enhance heat transfer by convection or radiation
in PVDF thin films64,65 and PZT ceramics66–72 in order to
improve the energy conversion efficiency of materials and
devices. Note that reducing the sample thickness should not
change the energy per volume ND achieved under

quasiequilibrium conditions. However, it would have several
advantages: (1) it would allow the material to heat and cool
more quickly leading to larger power density; (2) it would
enable us to achieve the same range of electric fields EL to
EH with a smaller voltage; (3) it would reduce the risk of
breaking sample due to thermal stress or high electric
field.73–76 On the other hand, decreasing the thickness would
also reduce the dielectric constant77 and the robustness of
free-standing bulk ferroelectric thin film ceramic and compli-
cate handling.

III. EXPERIMENT

A. Samples

Samples of pyroelectric material PNNZT with dimen-
sions 45 mm × 45 mm × 0.2 mm were purchased from
Eleceram Technology Co., Ltd., Taoyuan, Taiwan. Each 45
mm × 45 mm face of samples was coated with a 7 μm thick
silver electrode using screen printing technique. The samples
had been poled under an electric field of 3.5 MV/m at 120 °C

FIG. 4. (a) Coercive field Ec(T) and (b) remnant polarization Pr(T) extracted
from isothermal bipolar D-E loops measured with electric field cycled
between −3 and +3MV/m at 0.2 Hz as functions of temperature. The solid
lines represent polynomial fits and are plotted to guide the eye.
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silicone oil for 20 min. Each specimen was cut into square
samples of 10 mm × 10 mm × 0.2 mm by a dicing saw
machine. Copper electrical wires were attached to the elec-
trodes with a silver conductivity epoxy. Figure 2 shows a
photograph of a representative sample tested in this study.

B. Experimental setup

The electrical subsystem employed in this study consisted
of a Sawyer-Tower bridge circuit (impedance = 1015Ω78) iden-
tical to that previously used34,35,38 to measure isothermal D-E
loops at different temperatures and to monitor and perform the
Olsen cycle. The wires bonded to the PNNZT samples were
connected to a high voltage power supply imposing the desired
electric fields EL and EH. They were also connected in series
with a capacitor measuring the change in charge Q accumu-
lated at the sample electrodes to determine the electric displace-
ment D =Q/A where A is the PE electrode surface area. In
addition, a voltage divider in parallel with the sample and the
resistor was used to measure the electric potential V across the
sample and the electric field E = V/b where b is the sample
thickness.

The thermal subsystem consisted of two glass beakers
filled with Dow Corning 200 cSt dielectric silicone oil held
at constant temperatures TL and TH. The hot bath was kept at
constant temperature TH, thanks to a temperature-controlled
hot plate, while the cold bath was kept at room temperature
TL. The bath temperatures were monitored with J-type ther-
mocouples. The samples were alternatingly immersed in the
two oil baths to create the time-dependent temperature oscil-
lations synchronized with cycling in the electric field EL and
EH, as required by the Olsen cycle (Fig. 1).

C. Experimental procedure

1. Isothermal D-E Loops

The samples were immersed in a dielectric silicone oil
bath long enough to achieve thermal equilibrium conditions
before isothermal bipolar D-E loops were measured. Loops
were measured at various temperatures between 20 °C and
260 °C in 20 °C increments. To do so, the electric field was
applied using a triangular voltage signal across the samples

FIG. 5. (a) Relative permittivity εr(E,T) as a function of temperature T and
(b) maximum relative permittivity εr,max(E) and Curie temperature TCurie(E)
as functions of electric field E between 0MV/m and 3.0MV/m for PNNZT.

FIG. 6. (a) D-E diagram and (b) electric field E(t) and displacement D(t) as
functions of time for four consecutive Olsen cycles performed on PNNZT
for EL = 0.3MV/m, EH = 3.0MV/m, Tcold = 20 °C, and Thot = 200 °C.
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at a frequency of 0.2 Hz. This low frequency was chosen to
match that at which the Olsen cycle was performed. At such
a low frequency, D-E loops were not frequency-dependent.
D-E loops were collected under different high electric field
EH ranging between 3.0 MV/m and 9.0MV/m in 2.0MV/m
increment.

2. Olsen cycle

In this study, the Olsen cycle was performed on PNNZT
specimens with various electric fields EL and EH, oil bath
temperatures TL and TH, and operating frequency f. The low
electric field EL varied between 0.0 and 0.6 MV/m, the high
electric field EH between 3.0 and 9.0MV/m, and the
operating frequency f between 0.03 Hz and 0.12 Hz. The cold
oil bath temperature TL was maintained at 20 °C while the
hot oil bath temperature TH varied from 180 °C to 260 °C.
The resulting energy ND and power PD densities were

systematically estimated using Eqs. (2) and (3) in order to
identify the optimum operating conditions. The trapezoidal
rule was utilized to estimate the integral of Eq. (2).

IV. RESULT AND DISCUSSION

A. Material characterization

1. Isothermal bipolar D-E loops

Figure 3 shows the isothermal bipolar D-E loops mea-
sured at temperatures ranging from 20 °C to 260 °C for elec-
tric field oscillating between (a) −3 and +3MV/m, (b) −5
and +5MV/m, (c) −7 and +7MV/m, and (d) −9 and +9
MV/m. It indicates that (i) the electric displacement
decreased with increasing temperature and (ii) the D-E loops
degenerated into narrow and quasilinear loops as the material
underwent phase transition from ferroelectric to paraelectric.
The D-E loops for temperatures below ∼220 °C correspond

FIG. 7. Experimental Olsen cycles performed on PNNZT plotted in the D-E diagram for EH = 3.0MV/m and EL varying from 0MV/m to 3.0MV/m and for
temperature Tcold = 20 °C and (a) Thot = 200 °C, (b) Thot = 220 °C, (c) Thot = 240 °C, and (d) Thot = 260 °C at low frequency f around 0.04 Hz.
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to the ferroelectric phase while those at 240 °C and 260 °C
indicate that the material was in the ergodic relaxor phase.

Figure 4 shows the coercive field Ec and the remnant
polarization Pr as functions of temperature for the PNNZT
samples considered. At 20 °C, the D-E loop had large coer-
cive field Ec around 1.2MV/m and large remnant polariza-
tion Pr of 0.3 C/m2 indicative of high coercive strength
typical of hard ferromagnetic materials.41,79 The remnant
polarization gradually decreased and dropped below the tran-
sition polarization of ∼0.02 C/m2 observed at polarization
transition temperature Tp around 220-225 °C. Here, the polar-
ization transition temperature Tp was defined as the tempera-
ture corresponding to a negligibly small remnant polarization
(Pr < 0.02 C m−2). Similarly, Ec reached its minimum near 0
MV/m at 220-225 °C.

2. Curie temperature

For a given electric field E, the temperature correspond-
ing to the maximum dielectric constant is usually defined as
the Curie temperature TCurie(E).

79 Figure 5(a) plots the rela-
tive permittivity as a function of temperature for electric field
varying between the small field (0 MV/m) and the high field
(3.0 MV/m) for PNNZT at 0.2 Hz as functions of tempera-
ture. It also shows the associated fit based on Lorentzian or
Cauchy-Lorentz distribution function (R2 > 0.95). The relative
permittivity was estimated from the partial derivative (∂D/∂E)T
for the portion of isothermal bipolar D-E loops near 0MV/m
and EH. Figure 5(b) shows the maximum relative permittivity
εr,max and Curie temperature TCurie as functions of imposed
electric field E corresponding to (∂εr/∂T)E = 0 estimated from
the Lorentzian fit of εr(T). It indicates that the Curie tempera-
ture at zero field TCurie(E = 0) was around 150 °C falling
below the polarization transition temperature of 220 °C and
increased to TCurie(EH) around 240 °C under high electric field
EH = 3.0MV/m. This can be attributed to the fact that large
electric fields induce a ferroelectric state at temperatures above
the zero-field Curie temperature. Indeed, the large electric field
forcibly converts relaxor polar nanoregions into ferroelectric
micron-sized domains responsible for an increase in TCurie
with increasing electric field.80 Based on the Curie tempera-
ture, we speculate that the mole fraction of PNN in the
PNNZT samples investigated was around 50mol. %.81

B. Olsen cycle

The Olsen cycle was performed on the PNNZT samples
between different electric fields and temperatures, and at dif-
ferent frequencies. Note that at low frequencies (f < 0.04 Hz),
the minimum and maximum sample temperatures reached the
cold and hot bath temperatures, i.e., Tcold = TL and Thot = TH.
To make sure the results were repeatable for each testing con-
dition, the Olsen cycles were performed at least 3-4 times
before changing the operating conditions (e.g., the high elec-
tric EH). Figure 6(a) presents, in the D-E diagram, four con-
secutive Olsen cycles performed experimentally on PNNZT
with Tcold = 20 °C, Thot = 200 °C, EL = 0.3 MV/m, and EH =
3.0MV/m at 0.033 Hz. It is interesting to note that the suc-
cessive Olsen cycles overlap and closely followed the iso-
thermal bipolar D-E loops at 20 °C and 200 °C at 0.033 Hz.

It also clearly illustrates that the samples were repolarized
with increasing E during process 10-20 of the subsequent
Olsen cycle. Figure 6(b) presents the electric field E and elec-
tric displacement D as functions of time corresponding to the
Olsen cycles plotted in Fig. 6(a). During each process, 2-3
and 4-1 thermal equilibrium was reached and the temporal
evolution of the electric field and displacement of the
PNNZT sample were repeatable from one cycle to the next.

3. Effect of low electric field EL and high sample
temperature Thot

Figure 7 shows various Olsen cycles in the D-E diagram
performed on PNNZT with low electric field EL ranging
from 0MV/m to 0.6 MV/m and high sample temperature Thot
equals to (a) 200 °C, (b) 220 °C, (c) 240 °C, and (d) 260 °C.
The high electric field, low sample temperature, and

FIG. 8. (a) Energy ND and (b) power PD densities generated by PNNZT as
functions of EL for high temperatures Thot between 200 °C and 260 °C corre-
sponding to the Olsen cycles plotted in Fig. 7.
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frequency were set at EH = 3.0 MV/m, Tcold = 20 °C, and f≈
0.04 Hz, respectively. Figure 7 indicates that during process
4-1 of the Olsen cycle, the amplitude changes in the electric
displacement (D1-D4) decreased with decreasing EL. In fact,
the subsequent process 1-2 in the Olsen cycle did not follow
the isothermal bipolar D-E loops at any given temperature
Thot. This was due to the fact that the PNNZT sample lost its
polarization and was not able to fully repolarize during
process 4-1 performed under low electric field. For EL≤ 0.2
MV/m, the sample recovered its polarization during process
1-2 as the electric field increased. Furthermore, ideally, the
electrical impedance of the PNNZT samples is infinite. In
practice, however, the impedance decreased with increasing
temperature.82 This is evident in Fig. 7(d) when the PNNZT
was heated to 260 °C under EH = 3.0 MV/m (process 2-3).
The electric displacement did not follow the D-E isothermal
loop at Thot indicating the presence of leakage current

through the sample. In addition, the sample loses most of
polarization when Thot exceeds TCurie, and the dipoles are
harder to realign at low electrical field EL during the cooling
process due to the slow dipole relaxation inherent to
ferroelectric-relaxor materials.33,83

Figure 8 shows (a) the energy ND and (b) power PD den-
sities generated by PNNZT as functions of EL for EH = 3.0
MV/m and, Thot varying from 200 °C to 260 °C, correspond-
ing to the cycles shown in Fig. 7. Figure 8 indicates that
the maximum energy and power densities were obtained for
EL = 0.3 MV/m and Thot = 260 °C. This can be attributed to
the fact that, at 260 °C, the D-E loop of PNNZT was slim
and quasilinear due to phase transformation to paraelectric.
For Thot = 200 °C, the energy density reduced from 590 to
491 J/L/cycle as EL decreased from 0.3 to 0MV/m due to the
loss of polarization upon cooling during process 4-1, as pre-
viously discussed. Furthermore, increasing the low electric

FIG. 9. Experimental Olsen cycle performed on PNNZT plotted in the D-E diagram for EL = 0.3MV/m and EH varying from 3.0MV/m to 9.0MV/m and for
temperature Tcold = 20 °C and (a) Thot = 200 °C, (b) Thot = 220 °C, or (c) Thot = 240 °C at low frequency f around 0.04 Hz.
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field EL from 0.3 to 0.6 MV/m reduced the energy density
from 590 to 559 J/L/cycle due to the smaller electric field
span (EH-EL). Therefore, the optimum low electric field EL

corresponded to a tradeoff between increasing the electric field
span (EH-EL) and ensuring that the sample quickly recovered
its polarization upon cooling during process 4-1. Similarly,
Fig. 8(b) indicates that the largest power density of 24W/L
was found for f≈ 0.04 Hz with EL = 0.3MV/m and Thot = 260
°C. Finally, when Thot was below 220 °C, the maximum
energy and power densities were reached for EL = 0.2MV/m.

4. Effect of high electric field EH and high sample
temperature Thot

Figure 9 shows the different Olsen cycles performed on
PNNZT in the D-E diagram with EH ranging from 3.0 MV/m

to 9.0 MV/m and Thot equals to (a) 200 °C, (b) 220 °C, and
(c) 240 °C for f≈ 0.04 Hz with EL and Tcold fixed at 0.3MV/m
and 20 °C, respectively. It indicates that increasing the electric
field span (EH-EL) led to larger energy density. Note that, here,
the Olsen cycle loops overlapped with the isothermal bipolar
D-E loops at the corresponding temperatures.

Figure 10 shows (a) the energy ND and (b) power PD

densities measured as functions of high electric field EH cor-
responding to the Olsen cycles reported in Fig. 9. It is
evident that both the energy and power densities increased
almost linearly with increasing high electric field EH for a
given high temperature Thot. They also increased with
increasing Thot for a given EH. For example, the energy
density increased from 432 to 1188 J/L/cycle as EH increased
from 3.0MV/m to 9.0MV/m at Thot = 200 °C. In addition,
the maximum energy density achieved was 1417 J/L/cycle
for EH = 9MV/m and Thot = 240 °C. To the best of our
knowledge, this is the largest energy density achieved experi-
mentally using the Olsen cycle for all pyroelectric materials
reported to date exceeding the 1060 J/L/cycle recently
obtained with 150 nm thick PMN-PT thin film.84

Furthermore, other large energy density ND reported in the
literature include (i) 900 J/L/cycle for 60/40 P(VDF-TrFE)16

and (ii) 1013 J/L/cycle for 7/65/35 PLZT.33 This maximum
energy density achieved was limited by the dielectric
strength of the sample reported to be in the range 10-25
MW/m.85,86 Finally, operation under high electric field
and/or temperature in excess of EH = 9.0 MV/m and Thot =
240 °C significantly stressed the PNNZT samples and
resulted in leakage current and microcrack formation
within the sample.87,88

5. Effect of cycle frequency f and high electric field EH

Figure 11 plots both the energy ND and power PD densi-
ties achieved by PNNZT samples as functions of cycle fre-
quency for EH = 7.0MV/m and 9.0MV/m and oil bath
temperature TH equals to (a, b) 180 °C, (c, d) 200 °C, and
(e, f ) 220 °C. In all cases, the low electric field and cold oil
bath temperature were EL = 0.3MV/m and TL = 20 °C, respec-
tively. Figure 11 indicates that, as the electric field and temper-
ature increased, the energy density ND reached a maximum of
1379 J/L/cycle at the lowest frequency of 0.034Hz and
decreased almost linearly with increasing cycle frequency.
This can be attributed to the fact that, during processes 2-3
(heating) and 4-1 (cooling), the dipole could not be fully
realigned with increasing frequency due to the slow dipole
relaxation inherent to ferroelectric-relaxor materials particu-
larly since TH was below TCurie(EH).

33,72 In addition, Figs.
11(a)–11(e) indicate that the power density PD reached its
maximum around 0.1 Hz for all conditions tested. These
results illustrate the tradeoff previously mentioned between
increasing frequency without excessively decreasing ND(f) in
order to maximize the power density.

Table I summarizes the operating conditions correspond-
ing to the maximum energy density ND,max, and power
density PD,max for Thot equals 180 °C, 200 °C, 220 °C, and
240 °C. It indicates that maximum energy density ND,max

increased from 911 J/L/cycle to 1417 J/L/cycle as TH

FIG. 10. (a) Energy ND and (b) power PD densities generated by PNNZT as
functions of EH for high temperatures Thot between 200 °C and 240 °C corre-
sponding to the Olsen cycles plotted in Fig. 9.
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increased from 180 °C to 240 °C. In all cases, the optimum
electric fields were EL = 0.3 MV/m and EH = 9.0MV/m while
the operating frequency was small around 0.03-0.04 Hz.
Table I also shows that the maximum power density PD,max

was 78W/L for a cycle frequency of 0.09 Hz and a corre-
sponding ND of 866 J/L/cycle. For comparison, linear pyro-
electric energy conversion using PZT-5H can achieve energy
ND and power PD densities typically around 0.9 J/L/cycle and

FIG. 11. Energy and power densities obtained with PNNZT as a function of cycle frequency for EL = 0.3MV/m, TL = 20 °C with (a) EH = 7.0MV and TH =
180 °C; (b) EH = 9.0MV and TH = 180 °C; (c) EH = 7.0MV and TH = 200 °C; (d) EH = 9.0MV and TH = 200 °C; (e) EH = 7.0MV and TH = 220 °C; (f ) EH = 9.0
MV and TH = 220 °C.
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0.4W/L, respectively, and cycled temperature between 50
and 110 °C.89

V. CONCLUSION

This study presented experimental measurements of energy
and power densities generated by the Olsen cycle performed on
PZT doped with lead nickel niobate [Pb(Ni, Nb)O3] (PNN).
First, the polarization transition temperature Tp and Curie
temperature TCurie under zero-field of the PNNZT samples
were found to be 220 °C and 150 °C, respectively. In addi-
tion, Curie temperature TCurie under large field (3.0 MV/m)
was 240 °C due to relaxor polar nanoregions being forcibly
converted into ferroelectric micron-sized domains by the
large electric field. Performing the Olsen cycle such that the
material underwent an ergodic relaxor-ferroelectric phase
transition enhanced the energy and power densities of
PNNZT. A maximum energy density of 1417 J/L/cycle was
generated by PNNZT under thermal quasiequilibrium condi-
tions (i.e., low frequency) by cycling the temperature
between 20 and 240 °C and the electric field between 0.3 and
9.0MV/m. To the best of our knowledge, this is the largest
energy density produced by any pyroelectric material to date.
Finally, a maximum power density of 78W/L was recorded
at 0.09 Hz operating between 20 °C and 220 °C.

SUPPLEMENTARY MATERIAL

The data for the experimental D-E loops shown in Fig. 7
are available in digital format in the supplementary material.
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