UNIVERSITY OF

BATH

Citation for published version:

Wang, Q, Zhang, X, Bowen, CR, Li, M-Y, Ma, J, Qiu, S, Liu, H & Jiang, S 2017, 'Effect of Zr/Ti ratio on
microstructure and electrical properties of pyroelectric ceramics for energy harvesting applications'’, Journal of
Alloys and Compounds, vol. 710, pp. 869-874. https://doi.org/10.1016/j.jallcom.2017.03.236

DOI:
10.1016/j.jallcom.2017.03.236

Publication date:
2017

Document Version
Peer reviewed version

Link to publication

Publisher Rights
CC BY-NC-ND

University of Bath

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 13. May. 2019


https://doi.org/10.1016/j.jallcom.2017.03.236
https://researchportal.bath.ac.uk/en/publications/effect-of-zrti-ratio-on-microstructure-and-electrical-properties-of-pyroelectric-ceramics-for-energy-harvesting-applications(4551cfbf-3f05-491c-b7c4-ed8047cd8a33).html

Effect of Zr/Ti ratio on microstructure and electrical properties

of pyroelectric ceramics for energy harvesting applications
Qingping Wang™®, Jiahui Ma® , Chris R. Bowen®, Mingyu Li* , Gong Qiu’,

Shenglin Jiang™"
“School of Optical and Electronic Information, Huazhong University of Science and Technology,
Wuhan 430074, PR China
bDepartment of Physics & Mechanical and Electronic Engineering, Hubei University of Education,
Wuhan 430205, PR China
“Materials Research Centre, Department of Mechanical Engineering, University of Bath,
Claverton Down Road, Bath BA2 74Y, UK
Corresponding author: Shenglin Jiang
E-mail: jslhust@gmail.com

Phone and Fax No.: 86-27-87542693

Abstract: In this paper, Pb[(MnNbi)in(MnsSbi)12]y(Zr,Tii,)1,03 (lead
magnesium niobate-lead antimony-manganese-lead zirconate titanate:
PMnN-PMS-PZT) ceramics with three different Zi/Ti compositions of 95/5 (Zr95),
85/15 (Zr85) and (Zr85+Zr95) were successfully fabricated and characterized. The
effect of Zr/Ti ratio on the microstructure and electric properties were studied in detail.
The pyroelectric coefficient of Zr95 ceramic was 5957 uC/cm’K which was more than
2 - 3 times higher than other reported pyroelectric ceramics. The effect on pyroelectric
energy harvesting was systemically investigated via a variation of Zr/Ti compositions
in the ceramics, which was directly evaluated by the output power acquired from the
data acquisition system. The output power was 25.7uW, 4.8uW and 14.2uW at a
composition ratio of Zr95, Zr85 and Zr85+Zr95, respectively under identical
conditions. Among the three Zi/Ti compositions, the best pyroelectric and
ferroelectric properties were achieved with Zr95, which indicated that the pyroelectric

energy harvesting can be efficiently optimized by the appropriate control of phase



structure.

Key words: Zr/Ti molar ratio, pyroelectric ceramic, electrical properties, energy

harvesting

1. Introduction

Energy harvesting is currently a topic of intense interest as a result of the
growing energy demands of society and need to power a large number of wireless
sensors, as demanded by the Internet of Things (IoTs) [1-3]. Applications of energy
harvesters include battery-free portable devices and wireless sensor networks, which
can act as a green power with an extended the lifetime compared with the devices
with battery. Methods to scavenge energy from ambient environment to generate
electrical power have been considered by a number of researchers, one of which is
known as the pyroelectric energy harvesting that offers a direct way to convert waste
heat into electrical energy by harvesting temperatures fluctuations [6]. Specifically,
this approach makes use of the pyroelectric effect to generate a flow of charge to or
from the surface of a pyroelectric material as a result of heating or cooling [1]. The
short circuit electric current (/) generated by a pyroelectric material during heating

and cooling can be defined as

I=A4 p-(dT/dt) (1)

Where p, A and dT / dt are the pyroelectric coefficient, effective electrode area

and rate of change in temperature, respectively [1]. Equation (1) shows that the
amount of current is determined with a combination of the magnitude of the

pyroelectric coefficient p, the size of the electrode area A4 and on the rate of change
in the temperature across the pyroelectric device. Meanwhile, the output power of the

pyroelectric device can be expressed as
P=U}/R )
Where U and# are the output voltage and load resistance.

Therefore, in order to improve the output power, researchers are attempting to



increase pyroelectric coefficient of pyroelectric ceramics via a variation of
composition and structure as well as experiment conditions. For example, the
maximum pyroelectric coefficient of lead strontium titanate (PST) ceramics was
obtained under a DC bias 6000 uC/cm°K [7]. Meanwhile, the pyroelectric coefficient
reached at 9500 uC/cm’Kby using porous barium strontium titanate (BST) ceramics
under DC bias field [8]. Using a melt-blending method, an
organosilicate(OS)/poly(vinylidene fluoride)(PVDF) composite has the highest
pyroelectric coefficient of 26.7 uC/m’K [9]. Gallagher et al. [10] used a commercial
lead indium niobate-lead magnesium niobate-lead titanate (PIN-PMN-PT) single
crystal to investigate the pyroelectric coefficient by an applied voltage experiment,
and the maximum value reached 650u C/m°K. Recently, lead magnesium niobate-lead
titanate (PMN-PT) ceramics has been synthesized by solid-state reaction technique
using colunbite precursor, and a larger value of pyroelectric coefficient with 2739
uC/m°K  was obtained [11]. Similarly, the pyroelectric coefficient of
PMnN-PMS-PZT pyroelectric ceramics could reach 2650 uC/cm’K [12]. Vaish et al.
[13] and Bowen et al. [14] also investigated the pyroelectric properties by using
different methods for application in energy harvesting.

It is important to note that large pyroelectric coefficients are desirable for energy
harvesting applications since naturally occurring temperature fluctuations are
generally slow and hence more attention is needed to propose efficient and
technologically viable solutions .The Zr-rich lead zirconate titanate ceramics (PZT)
are common pyroelectric ceramics, and there is low temperature rhombohedral
(Frp)-high temperature rhombohedral (Fry) ferroelectric phase transition, which is far
lower than the temperature from ferroelectric to paraelectric phase (Tc). Particularly,
there is almost no change of dielectric constant during this phase transition [15].

When the Fr-Fry phase transition is induced by temperature, a nonlinear change of
spontaneous polarization occurs. Therefore, a large pyroelectric coefficient is
obtained, which can be potentially used for heat to electrical conversion such as
pyroelectric energy harvesting and thermal imaging [16]. As mentioned, the output

power response can strongly depend on the pyroelectric coefficient, thus, a significant



improvement on power response can be expected with Zr-rich PMnN-PMS-PZT
ceramics. However, to our knowledge, there are relatively few reports concerning on
the enhanced pyroelectric current obtained from Fgrp-Fry phase transition of Zr-rich
PMnN-PMS-PZT ceramics with different Zi/Ti compositions.

The present study is an attempt to enhance the output voltage of PMnN-PMS-PZT
ceramics fabricated by modified solid-state reaction technique by investigating the
effects of Zr/Ti ratio on the Fri-Fry phase transition and improve the pyroelectric
energy harvesting of PMnN-PMS-PZT ceramics.

2. Experimental procedure

Pb[(MnyNbi_)12(MnsSbi)12]y(Zr,Ti1-,)1y03  (PMnN-PMS-PZT)  pyroelectric
ceramics with varied compositions were prepared by modified solid-state reaction
technique, in which PbO (99%), Zr02(99.9%), TiO, (99.8%), Nb»0s5(99.5%),
Sb,03(99%) were used as the starting raw materials. Mn(NOs) (50%) and deionized
water were used as solvents. A 10 mol% excess of PbO was introduced to compensate
for the lead loss during the following high-temperature sintering and to prevent the
formation of pyrochlore phase in the ceramics. These precursors were
stoichiometrically mixed by ball milling for 4h. Calcination was performed at 700°C
for 3h followed by ball milling for 4h. The polycrystalline powder was subsequently
uniaxailly pressed at 8 MPa into a disk of 15 mm in diameter using polyvinyl acetate
(PVA) as a binder. The compacted pellets were sintered at 1230 °C for 4h in air.
Parallel-sided disk specimens with a thickness of 0.3 mm were polished and silver
electrodes were screen printed onto both surfaces of the samples and they were fired
at 600 "C for 25 min. All the samples were poled under 30 kV/cm dc field at 120 °C
for 30 min in silicon oil and aged for 24 h.

The bulk density of the samples were measured by the Archimedes method and the
average density was approximately 7.8 g/cm’. The microstructures of the samples
were analyzed by X-ray diffraction (X’Pert-PRO, PANalytical B.V.) and
field-emission scanning electron microscopy (FE-SEM Sirion 200, FEI), respectively.
The dielectric constant (relative permittivity) and loss tangent as a function of

temperature were measured with a precision impedance analyzer (Agilent 4294A;



Agilent Technology Inc., Santa Clara, CA). Polarization versus electric field (P-E)
hysteresis loops were obtained at 10 Hz on PMFI1011-277. The pyroelectric
coefficient was measured with a standard Byer-Roundy method by an in-house
pyroelectric parameter tracer.

To study the potential of the materials for pyroelectric energy harvesting, a Peltier
cell and temperature controller were set-up to maintain time fluctuations of
temperature from room temperature (=20°C) to 65°C, and a PC-based data acquisition
system was used to record the output current and voltage of pyroelectric devices.
LabVIEW was used to import data from the data acquisition card (NI-USB6002).

3. Results and Discussion

4500

4000
4000
3500 |
35004 Zr85 . ] Zr85
3 S 3000
< 3000 e o) A e 87 ]
= 2 2500
@ 2500 4 17} ]
5 5
£ 2000 Zr85+7r95 = Zr85+2r95
1500 1 ] L_)‘__J A JL o . 1500 —A
1000 1000
500 Zr95 500+ Zr95
ol T S fL_A_A_A_‘_, 04
T T T T T T T T T T
10 20 30 40 50 60 70 80 30.5 31.0
Bragg angle (2 Theta) Bragg angle (2 Theta)

Fig.1. XRD patterns of PMnN-PMS-PZT ceramic at room temperature

Figure 1 shows the XRD patterns of PMnN-PMS-PZT ceramic at room temperature
after being annealed at 1230°C, which were recorded with a step size of 0.02° at a
scanning rate of 2°/min within 26 from 10° to 90°. The diffraction peaks were
indexed with space group in agreement with the respective Joint Committee on
Powder Diffraction Standards (JCPDS) card no 20-0608. The presence of sharp and
well-defined peaks indicate that this ceramic has pure perovskite phase with a good
degree of crystallinity and no secondary phase formation, such as pyrochlore, was
detected. However, the diffraction peaks shift to a lower angle on increasing the Zr
content, this is because the larger Zr™ replaces the smaller Ti™ [17], which results in
an increase of the unit cell volume.

The lattice constant calculated from the XRD patterns of the ceramics is shown in

Table 1. As the Zr content increased from 0.85 to 0.95, the lattice constant ¢ also



increased. The pyroelectric effect is described in terms of a vector, the pyroelectric

coefficient p given by the rate of change of the spontaneous polarization ( ~.) with
the temperature [18], see equation 3, and 7. is related to the crystal structure. The
direction of 7 in pyroelectric materials with a perovskite phase appears along the ¢
axis. Thus, a larger length along the ¢ _axis should lead to a larger value of 7..
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Table 1 Lattice constant derived from X-ray diffraction patterns of the ceramics with

various Zr contents

Sample c/nm
7185 0.4006
Zr85+71r95 0.4109

(2) (b) (©)

Fig.2. SEM micrographs of the surface morphology of the ceramics (a) Zr/Ti=85/15 (b)

Zr85+7195, (c) Zt/Ti=95/5

Figure 2 shows the SEM images of the surfaces of the ceramics. All the ceramics
exhibited a dense, fine grained and uniform microstructure. There were no
microcracks or other microstructural defects found in all the ceramics. The average
grain size was approximately 5, 8 and 15um for the three ceramics Zr95, Zr85 and
Zr85+71r95 shown in Fig.2 (a), (b) and (c) respectively, which was calculated by using

the Nano Measurer software. As the Zr content increased, the grain size also gradually



increased. This indicated that the increase of Zr content enhanced the sintering which
was beneficial to the crystal growth and density of the ceramics.
The temperature-dependent relative permittivity of the pyroelectric ceramics are

shown in Figure 3, which were measured at 1 kHz during
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Fig.3. Temperature-dependent dielectric constant of the ceramics with various Zr content
heating. Clearly, all the ceramics with different compositions show only a single
dielectric peak during the heating process, and no other phase transformation was
observed. The dielectric constant in all the cases first increased gradually, and then
decreased with increasing temperature. The dielectric peaks correspond to the phase
transition from a ferroelectric to paraelectric phase and were observed at 250°C,
225°C and 214°C for Zr85, Zr85+Zr95 and Zr95, respectively, which correspond to
the ‘Curie temperature’ (T.). It can be seen in Fig.3 that as the Zr content increases in
the ferroelectric ceramics, the T, is shifted to lower temperatures and the peak value
of the relative dielectric constant decreases. This is a result of the change in
crystallographic structure with an increase in Zr content; as in Table 1. According to
[19], the low temperature ferroelectric rhombohedral phase content of the ceramics
had increased and the Curie temperature of rhombohedral is lower than that of
tetragonal, i.e. the Curie temperature of PbZrO; (230°C) is lower than that of PbTiO;

(490°C) [12]. Furthermore, the decrease of the Curie temperature affected the phase



temperature of the low temperature ferroelectric rhombohedral to the high
temperature ferroelectric rhombohedral (Fry-Fry), which will be discussed later.

A small relative permittivity (€ ) is advantageous for the application of ceramics in
pyroelectric energy harvesting. Pyroelectric figure of merits (FOMs) have been

adopted to evaluate the pyroelectric materials selection and design optimization

problems and a high voltage responsivity can be expressed as F = P/C, eg,, where

P, C,,cand g are pyroelectric coefficient, voltage specific heat capacity, relative
permittivity and permittivity of free space, respectively [1]. Here, C, is defined as C,=
p -cpwhere coand p are heat capacity and density, respectively and in the present
work, C, is considered as 2.5x10°J/m’K [6]. Generally, this pyroelectric FOM is used

for material selection for energy harvesting and infrared sensors. In addition, thermal

to electrical energy conversion is also an important application of pyroelectric
materials. An energy harvesting FOM (F.) is proposed, where I = p’ / eC’ [1, 5].

According to the aforementioned FOMs, a low relative permittivity is one
requirement for greater performance of the pyroelectric voltage and thermal to

electrical energy conversion for a given heat input.
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Fig.4. (a) Room-temperature polrisation — field (P-E) loops of the Zr95 ceramic at different
electric field (b) the P-E loops of the Zr985, Zr85+Zr95 and Zr95 ceramics of various Zr content.
Fig.4. (a) shows the room-temperature P-E hysteresis loops of the Zr85, Zr95 and
Zr85+71r95 ceramics under different electric field at a meaurement frequency of 10Hz.
As the electric field was increased, the remnant polarization (P;) and the coercive field

(Ec) increased, see Fig 4a. This can be explained that the higher electrical field can



lead to more domain switching along the direction of applied electrical field. As the
electrical field is reduced, some domain are not aligned in the polarization orientation
because of the crystallographic internal stress but when there the electrical field is
removed, domain still remain in the orientation of polarization, termed the remanent
polarization (P;). Fig.4. (b) shows the P-E loops of the ceramics with various Zr
content. Clearly, the P, increased with increasing Zr content on comparing Zr95 with
7r85, and reached a maximum value of 43.3uC/cm’ for Zr95 and 39.2 uC/cm?® for
Zr85. However, the P, of Zr85+Zr95 decreased sharply to 17.0uC/cm®. The
crystallographic structure (relating to the Zr content) determines the ferroelectric
properties of the ceramics and according to equation (3), we can use the saturated
polarization Ps to evaluate the pyroelectric coefficients of the ceramics. When the
coercive field is larger, the redirection of the spontaneous polarization becomes much
harder, which is also likely to need a larger magnitude of temperature change. Thus,
the higher remnant polarization and lower coercive field can be potentially
beneficial to the greater performance of pyroelectric energy harvesting so that the

polarization changes more rapidly with temperature [10].
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Fig.5. Pyroelectric coefficient as a function of temperature
The pyroelectric coefficients (p) of the ceramics with various Zr content are shown
in Fig.5. As it can be seen in the figure, the pyroelectric coefficients of the ceramics

increase with rise in temperature at first, becomes a maximum at temperature 25.8°C,

52.4°C and 57°C for Zr95, Zr85+7r95 and Zr85, respectively, and decrease thereafter.



Clearly, the phase transition temperature of the Frp-Fru decreased with increasing the
Zr content in the ceramics. The highest pyroelectric coefficient, 59.57x10*C/cm’K
was obtained from the ceramic Zr95 at 25.8°C, which is almost two times as much as
that of the ceramic Zr85+Zr95. Further, the temperature range of Zr95 is narrower
than that of the other two ceramics. According to equation (3), the pyroelectric
coefficient is closely related to the spontaneous polarization. At a phase transition, the
spontaneous polarization induces nonlinear mutations, which release -electric
polarization energy and form a strong pyroelectric peak in a narrow temperature range
[13]. This result is consistent with the aforementioned P-E loops.

The experimental and data processing of pyroelectric energy harvesting is shown in
Fig.6. Temperature sensors were attached to the PMnN-PMS-PZT samples to monitor
the temperature. The electrical output was measured with LabVIEW software
connected to the voltage follower and data acquisition card. Fig.7. (a) shows the
measured the cyclic change in temperature (from 18°C to 65°C) for all three ceramic
systems. The rate change of temperature dT/dt were numerically calculated from
measured data of temperature (T). The measured thermal fluctuations, dT/dt, and the
corresponding generated voltage and current using a 10MQ load resistance for Zr95,
Zr85 and Zr85+Zr95 are shown in Fig.7. (b), (c), (d) and (e), respectively. The
maximum value for voltage generated by the ceramic Zr95 with a sinusoidal thermal
fluctuation, dT/dt, of 3.19°C/s peak was approximately 25.3V. According to the
aforementioned equation (2), we can calculate the output power as shown in Fig.7(f).
The maximum output power appeared in the ceramic Zr95 was 25.73uW. The results
indicated that the ceramic Zr95 have a better pyroelectric energy performance than
Zr85 and Zr85+Zr95, which was in good agreement with the above mentioned

pyroelectric and ferroelectric properties.
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4. Conclusions

The microstructure and electrical properties of PMnN-PMS-PZT ceramics with three
different Zi/Ti compositions and the according application in pyroelectric energy
harvesting performance was systematically discussed. With an increase in Zr content,
the T, shifted to lower temperatures and the peak value of the relative dielectric
constant decreased which was a result of the change in crystallographic structure. The
low temperature ferroelectric rthombohedral phase content of the ceramics had
increased. The remanent polarization of Zr95 reached a maximum value of
43.3uC/cm’. The maximum pyroelectric coefficient appeared in the ceramic Zr95 was
59.57%10™ C/cm’K at 25.8°C, which is almost two times as much as that of the
ceramic Zr85+7r95. With the use of Peltier cell and data acquisition card, the largest
output current was obtained in the ceramic with Zr95 and the corresponding
maximum output power was 25.73 uW, which indicate that the ceramic with Zr95 is a
promising candidate for pyroelectric energy harvesting and the performance could be

optimized by the proper phase structure control.
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