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Abstract: The recycling of low-grade thermal energy from our surroundings is an environmental-friendly
approach to contribute to sustainability, which remains a grand challenge. Herein, a high-performance porous
pyroelectric ceramic formed using carbon nanotubes (CNT) is designed and fabricated using a modified solid-
state reaction technique. Localised characterization of PMN-PMS-PZT and PMN-PMS-PZT with 0.3 wt.%
CNT additions by piezoelectric force microscopy suggests that the presence of porosity and defects in grains
can restrict the reversal of domains and weaken the local piezoresponse; this is due to the influence of porosity
on the electric field, domain morphology, or screening effects induced by defects at the pore surface. More
importantly, the porous ceramics showed enhanced figure of merits, including voltage responsibility and
energy harvesting figure of merit, compared to the dense ceramic. The harvested energy increased by 208%
when the 0.3 wt.% of CNT was added to produce porosity, which has a potential application in thermal energy

harvesting and sensing system.
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1. Introduction

With global increasing energy consumption, the shortage of natural energy resources [1, 2], and the growth
on the Internet of Things (IoT) [3-6], the development of new materials for energy harvesting and sensing is
a topic of intense interest in the quest to produce autonomous, battery-free and self-powered system [7-11].
Among them, pyroelectric energy harvesting technology uses energy conversion between thermal energy and
electrical energy to provide an environmental-friendly form of power from waste heat. This is achieved
through alternatively heating and cooling pyroelectric materials to modulate the level of polarization and
thereby produce charge [1, 12-14]. The efficiency of the conversion of a temperature change to an electrical
charge, voltage or energy for sensing and harvesting is often determined by appropriate figure of merits (FOMs)
for a given pyroelectric material. These FOMs can be expressed by the,

current responsivity,

F,=p/C; (1)
voltage responsivity,
F, =p/e.&C; )
detection figure of merit,
F,=p/C.(&¢&,tan5)*’ (3)
and energy harvesting figure of merit,
F,=p’/e,C; 4)

where p is the pyroelectric coefficient, & and ¢, are the relative permittivity and permittivity of free space,
respectively, tand is the dielectric loss tangent, and C, is the volume specific heat capacity [12, 15].

Since the pyroelectric coefficient, dielectric properties and heat capacity are often interconnected, attempts
to improve a specific figure of merit by changing a single parameter provides a challenge to improve the
overall performance of pyroelectric energy harvester. Several strategies have been developed for improving
the harvesting figures of merit. For example, optimizing the pyroelectric coefficient can be accomplished by
chemical modification [16-18], microstructural design [19-21], using novel experimental techniques, and
applying a direct current bias field [22, 23]. Reducing the permittivity and volume specific heat capacity, can

be achieved by introducing porosity in the microstructure of the materials [24]. Finally, entirely new materials



[25] and structural design [26-28] approaches have been developed to improve the pyroelectric performance.
Nevertheless, the concept of pyroelectric energy harvesting continues to suffer from a small power output and
poor conversion efficiency, thereby limiting the potential practical application. Therefore, the performance
requires a further improvement to enhance the relevant figures of merit (FOMs). It has been reported that
porous structures fabricated from pyroelectric ceramics have higher pyroelectric FOMs compared to a dense
material since porosity acts to decrease both the permittivity and volume heat capacity [29]; see Equations 1
to 4. However, the introduction of porosity also decreases the pyroelectric coefficient, p, and a performance
benefit will only be achieved if the pyroelectric coefficient is not reduced significantly, in particular due to

the p* dependence of F, (Equation 4). This complex relationship between the thermal and dielectric

properties means that there is potential to tune the porosity to achieve the optimum pyroelectric response of
energy harvesters and sensors.

Among the various strategies for producing porous materials [15, 22, 30-33], a simple and low-cost method
is to use a volatile pore-forming agent (PFA) that is added to the ceramic prior to powder compaction, which
is then burned out during the high temperature sintering process. A variety of pore formers such as poly(methyl
methacrylate) (PMMA) [34], poly(vinyl alcohol) (PVA) [35], poly(ethylene oxide) (PEO) [36], dextrin and
self-raising flour [29], have been proposed to enhance the performance of ceramics through tailoring the pore
size and morphology in a variety structures. However, defects and cracks are often introduced into the ceramic
between due to volatile gases produced during burn out of the pore forming agent, which can reduce the
pyroelectric and mechanical properties. Therefore, careful selection of both the pore forming agent and the
appropriate thermal treatment is required to achieve the desired structure. To solve the above problems, carbon
nanotubes (CNT) as a fine-scale pore former was chosen to improve the pyroelectric coefficient and figures
of merit in this work.

This work demonstrates that the presence of porosity and defects can influence domain reversal and local
piezoresponse due to the electric field distribution within the porous material. In addition, the permittivity and
specific heat capacity was decreased by the introduction of the pore forming nanotubes, while the pyroelectric
figures of merit and output voltage of pyroelectric energy harvesters were dramatically improved. This work
therefore demonstrates the potential of this new approach in applications related to low-power electronics

devices and wireless sensor networks.



2. Experimental Section
2.1. Preparation of porous ceramics PMN-PMS-PZT: xCNT

Pyroelectric ceramics of Pb[(Mn13Nb23)12(Mni13Sb213)1/2]0.04(Z1r0.95T10.05)0.9603: XCNT (PMN-PMS-PZT:
xCNT, where x is the weight ratio of CNT added to PMN-PMS-PZT and x = 0, 0.3, 0.6, 0.9, and 1.2) were
fabricated by a modified solid-state reaction technique. The raw materials were PbO (99%), ZrO2 (99.9%),
Ti02 (99.8%), Nb2Os (99.5%), SboO3 (99%), CNT (50%), Mn(NO3) (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 prevent the formation of the pyrochlore phase in the ceramics. Subsequently, all
disk samples were prepared along with the conventional procedure and sintered at 1230 °C for 2 — 4 h in air
[37] and were poled under a dc field of 3.0 — 4.0 kV mm™! at 30 °C in a silicone oil bath. Top and bottom
electrodes of the ceramics were prepared by screen printing with silver paste for subsequent use.
2.2. Characterization

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 an impedance
analyzer (Agilent4294A, Agilent Technology Inc., Santa Clara, CA). The polarization-electric field (P-E)
hysteresis loops were measured using a ferroelectric test system (CPE1601, PolyK Technologies, USA). The
pyroelectric coefficient was determined by the Byer-Roundy method and derived from the equation as p =1
/Ax(dT/df), where I is the pyroelectric current, 4 is the effective electrode area, and d7/dt is the rate of
temperature change, respectively. The pyroelectric current was measured using an electrometer (Picoammeter
6485, Keithley Instruments, Cleveland, OH). The specific heat capacity C, was evaluated according to the
equation:

€, = Cotgonsy 1= 9) (5)

where ¢ denotes the porosity fraction and Cp (gense) = 0.29 J g ' K'! was observed through a diffraction

scanning calorimeter (DSC8000, Perkin Elmer, USA). The bulk density of the samples (p) was measured by

the Archimedes method and the volume heat capacity (Cv) was calculated though Cy = pC,.

For characterization by piezo-force microscopy (PFM), the samples were firstly ground and then polished



using diamond spray polishing compounds with particle size of 1, 0.5 and 0.2 um for 3 h, respectively. Pt/Ir
-coated conductive tips (Nanosensor, PPP-NCLPt, Switzerland) were used for all PFM measurements that was
based on atomic force microscopy (MFP-3D, Asylum Research, Oxford Instruments, Santa Barbara, CA, USA)
equipped with high voltage and high temperature modules. Local piezoresponse hysteresis loops were
measured using switching spectroscopy piezoresponse force microscopy (SS-PFM). Samples for transmission
electron microscopy (TEM) observation included samples to assess the morphology, selected area electron
diffractions (SAED), convergent beam electron diffraction (CBED) patterns, and scanning transmission
electron microscopy images (STEM) were revealed by FEI Titan 80-300 electron microscopes with the
accelerating voltage of 200 kV. The CBED patterns were acquired with a convergence half-angle of 2.5 mrad
at room temperature on the same grain. The temperature and rate of temperature fluctuation was achieved
using thermocouples and Peltier cells, respectively. The output voltage, current and power were obtained via

a data acquisition system, which have been described in detail in our previous publication [38].

3. Results and Discussion

3.1. Morphology and PFM analysis of porous ceramic PMN-PMS-PZT: xCNT

3.1.1 Morphology

Fig. 1 shows a schematic of the synthesis process to produce the porous PMN-PMS-PZT: xCNT ceramics.
The surface morphology and cross section morphology of the porous PMN-PMS-PZT ceramics formed using
CNTs (see Fig. S1) at a range of contents are shown in Fig. S2 and Fig. S3, respectively. As can be seen from
Fig. S2a and S3a, the surface and cross section of the pristine (CNT-free) PMN-PMS-PZT exhibited a dense,
fine grained, and uniform microstructure, with no obvious porosity and a clear grain structure. With the
addition of CNT as the pore former, pores with a range of sizes and morphologies appeared, as seen in Figs.
S2b-e and S3b-e. As expected, increasing the CNT content led to the generation of a greater degree of porosity.
It is of interest to note that some of the pores that are formed are relatively large, with a maximum length of

~2.16 um, and this can be attributed to the partial agglomeration of CNT. In addition, as can be seen from

Fig. S3, the number of pores and defects located in grains and at grain boundaries increased with an increase

of CNT content.



3.1.2 Heat capacity
The mean density of the ceramics, obtained according to Archimedes’ method, in Fig. S4a, decreases with
increasing CNT content, since the CNTs are removed during the high temperature sintering process to produce

pores. In addition, the porosity of the ceramics can be obtained according to the following equation (6):

Porosity = [1 — Mj x100% (6)
pdense

Where p,,,., and p,,. are the densities of the porous ceramic and the theoretical density of the ceramic,

respectively. In this case, the porosity of the pristine PMN-PMS-PZT was assumed to approximately 0%
porosity. With an increase of the CNT content, the porosity volume fraction increased from 2 vol.% to 8 vol.%;

see Fig. S4b. The volume heat capacity of the ceramics can be derived from [39]
Cv = Cv(dense) (1 - pOFOSitJ/) (7)
Where C,,., isthe volume heat capacity of the dense ceramic and 0.29J g™' K™, as measured by differential

scanning calorimetry (DSC). Fig. S4b shows that an increase of CNT content from 0 wt. % to 1.2 wt. % led

to C, decreasing slightly from 0.29J g ' K™ to 0.27 J g ' K™!, which is favorable to the improvement of the
F, figure of merit for pyroelectric energy harvesting (Equation 4); it is also advantageous for the sensing

figures of merit (Equations 1-3). To understand the crystalline morphology of the porous PMN-PMS-PZT:
0.3CNT ceramic, transmission electron microscopy (TEM) was undertaken, as shown in Fig. 1b. The selected
area electron diffraction (SAED) pattern shows clear diffraction rings that overlap on a broad diffused band,
suggesting the formation of the polycrystalline structure of the ceramic; see Fig. lc. In addition, the
corresponding high-resolution transmission electron microscopy (HRTEM) image with the zone axis (110),
revealing the lattice grain distance, which exhibits a good fit with the result from XRD refinement; see Fig.
1d and Fig. S5, respectively.

3.1.3 PFM measurement

To investigate the origin of the piezoelectricity, strain response and temperature-dependent piezoelectric
properties, the domain structure, local piezoelectric response and polarization switching were studied by PFM.
Both vertical PFM (V-PFM) and lateral PFM (L-PFM) images of PMN-PMS-PZT and PMN-PMS-PZT:

0.3CNT, measured at room temperature are presented in Figs. S6, 7 and Figs. 1e-g, respectively. These provide



vital information on the distribution of the out-of-plane component of the polarization of the materials. The
amplitude images exhibited a clear contrast, and the differences of the phase angles were close to 180°,
indicating the existence of different polarization directions. In addition, the domain regions with relatively
smaller amplitude had different phases from those with higher amplitude since the internal bias field or
alignment of defects during measurement process produced no, or small, piezoresponse in the upward or
downward direction in the PFM mapping, which was induced by small tip bias [40].

To understand the local domain switching behavior, the out-plane of PFM phase and amplitude of dense
PMN-PMS-PZT and porous PMN-PMS-PZT: 0.3CNT were investigated, as shown in Figs. 2a-f and Fig. S8,
respectively. Both exhibited a 180° and non-180° contrast of domain orientation in the phase images,
indicating an arbitrary domain distribution prior to the applied electric field. Fig. 2b shows that a bias of —20
V was sufficient to induce almost complete domain switching in PMN-PMS-PZT, which can be demonstrated
by a complete 180° phase contrast between the 3 x 3 um? and 1 x 1 um? areas. In comparison, a bias of =50 V
was able to induce a stronger domain switching (Fig. 2¢). While for PMN-PMS-PZT: 0.3CNT, only a small portion
of domain switching is induced with a bias of =20 V and no obvious change in the domain switching in the phase
image with a bias of =50 V. However, there was more change in amplitude images (Figs. S8e, f). Such
observations were further verified by the ambiguous contrast between the electrically poled 3 x 3 um? and 1
x 1 um? areas. These results demonstrate that domain switching in dense PMN-PMS-PZT is easier than that
of porous PMN-PMS-PZT: 0.3CNT, which can be ascribed to the porosity in the latter microstructure,
suggesting that the porosity can reduce to the degree of domain switching and domain mobility and, thus, lead
to a reduced level of switching for a particular electric field.

To investigate the effect of domains on the piezoelectric and strain properties, the surfaces were further
probed by a switching spectroscopy-PFM (SS-PFM) technique. Figs. S9 a-d and e-h show the local butterfly
piezoresponse loops of dense PMN-PMS-PZT and porous PMN-PMS-PZT: 0.3CNT, respectively, at various
tip bias voltages. Both samples showed an increased in the amplitudes with an increase of the tip voltage. In
addition, the dense PMN-PMS-PZT showed a larger amplitude compared to the porous PMN-PMS-PZT:
0.3CNT suggesting that the introduction of porosity reduced the amplitude to the reduced fraction of
piezoelectric material and the potential of pinning of domain walls due to the presence of porosity [41]. To

better understand the local piezoresponse, microscopic piezoresponse hysteresis loops, which were derived



from the butterfly loop by anti-folding the region under the —40 V to 0 V data are presented in Fig. 2g; where
R} and R; are the forward and reverse saturation response, respectively, while R and R; are the
forward and reverse remnant response, respectively. The local maximum piezoresponse, Dg 4y, and remnant

piezoresponse, D,.p,, are defined as D

o =(RT—R)/2 and D, =(R; —R;)/2,respectively [42]. Figs. 2h
and i1 show that the dense PMN-PMS-PZT ceramics had a higher D4, and D, than the porous PMN-
PMS-PZT: 0.3CNT under similar tip bias voltages, confirming that the pores and defects at grains can limit
domain reversal and weaken the local piezoresponse under an electric field. Intuitively, this actively
demonstrates that the changes in micro-domains can affect the macroscopic piezoelectric and strain properties.
Khachaturyan et al. [43] examined porosity in lead zirconate titanate ceramics, where it was thought that
residual carbon in pores may provide local screening of the applied electric field, which can restrict domain
switching, while the pore surface morphology can also impact on domain morphology and pinning. In contrast,
the presence of pores could provide stress relief could facilitate domain switching. An additional factor is a
contrast in the electric field distribution around a pore, where it has been shown that the applied electric field
is greatest in the low permittivity pore phase and correspondingly reduced within the ferroelectric phase;
thereby reducing domain mobility at the particular applied electric field [44].

To understand the effect of microscopic temperature stability of domain on the macroscopic temperature
stability of electrical properties, the V-PFM amplitudes of PMN-PMS-PZT and PMN-PMS-PZT: 0.3CNT
from 25 to 100 °C are presented in Figs. S10a-d and 3a-d, respectively. Typical butterfly loops of PMN-PMS-
PZT and PMN-PMS-PZT: 0.3CNT from 25 to 100 °C are shown in Figs. S10 e-h and 3e-h. All domains
demonstrated 180° phase switching under the tip bias voltages, indicating a typical ferroelectric-like
piezoelectric response. The local hysteresis loops are shown in Figs. 3i and S10i, respectively. The related
parameters of two samples are defined in Figs. 3j and S10j, respectively. For dense PMN-PMS-PZT ceramic,
the amplitude increased initially and then decreased with increasing temperature, while for porous PMN-PMS-
PZT: 0.3CNT sample, the amplitude of piezoresponse increased with increasing temperature, which can be
explained that the electroelastic field generated by the tip decreases due to the extrinsic contribution - where
a new nucleus is formed and domains grow, resulting in a greater degree of domain switching in the crystal
and an increased piezoresponse [40]. As a result, the microscopic piezoelectric parameters, Dyuax and Dymax Of

both samples increased initially with an increase in temperature. With a further increase in temperature, the



amplitude of piezoresponse of the dense PMN-PMS-PZT sample decreased, while that of the porous sample
continued to increase, see Fig. S10k and 3k. This may be due to the fact that for the dense PMN-PMS-PZT
sample, with a further increase the temperature, there is a stronger coupling between the grain boundaries and
the domain walls that constrains domain wall motion, resulting in a decrease of the piezoresponse [42]. When
a high temperature is applied on to the materials, structural changes or redistribution of impurities can occur,
causing the depinning of domains that were previously restricted, thereby increasing the piezoresponse [40].

These changes in the domain structure can also contribute to the switching kinetics. The coercive field of
the dense PMN-PMS-PZT sample exhibited a similar variation; increasing first with increasing temperature
and then decreasing with increasing temperature, with Dgmax and Dimax, see Fig. S101. Initially, the coercive
field increased which can be ascribed to the internal bias field [40, 42]. Subsequently, it decreased due to
weaker internal bias field and more mobile domains with increasing temperature. While for porous PMN-
PMS-PZT ceramic, with increasing temperature, the depinning of domains is reduced and domains are
increasingly more mobile with increasing temperature, and consequently the coercive field is decreased, see
Fig. 31.
3.2 Electrical properties and figure of merits of porous ceramics PMN-PMS-PZT: xCNT
3.2.1 Dielectric, ferroelectric and pyroelectric properties

Figs. 4a, b show the dielectric constant and loss tangent with the temperature variations from 25 °C to
300 °C at 1 kHz, respectively. As can be seen from Fig. 4a, the relative permittivity (&) at the corresponding
Curie temperature (7.) decreases with increasing porosity, in particular at 32 °C from &, ~ 252 to ¢ ~ 210, as
seen in the inset. In addition, the Curie temperature for the PMN-PMS-PZT material with the addition of x =
0,0.3,0.6, 0.9 and 1.2 wt.% CNT are 217, 217.9, 219, 219.9 and 221°C, respectively, suggesting it gradually
shifts to higher temperature with increasing porosity. This is due to the introduction of pores which (i) has a
lower dielectric constant than PMN-PMS-PZT, and (ii) reduces the internal stress in the porous material [38],
leading to the decrease of ¢, and an increase of 7. According to the figures of merit, Equations (1) to (4), the
decrease in & increases its the pyroelectric energy harvesting performance. Similarly, the loss tangent
increased with increasing CNT content, see inset of Fig. 4b, which is mainly due to the introduction of pores
with high dielectric loss in porous ceramics [40].

The polarization-electric field (P-E) hysteresis loops of the PMN-PMS-PZT: xCNT samples at room



temperature are presented in Fig. 4c. All samples exhibited the typical ferroelectric property and the saturation
polarization (Ps) gradually decreased from 55.98 pC cm ™ to 18.53 uC cm ™ when the CNT content increased
from 0 to 1.2 wt.%, which is due to the increasing porosity and reduction on fraction of active material and
the additional depolarization field to the presence of pores. Similarly, the remnant polarization, P,, exhibited
the same change (see Fig. S11) with Ps decreasing with increasing CNT content due to the increase in porosity
in the PMN-PMS-PZT matrix, leading to a reduced amount domain of active material and the additional
depolarization due the electric field distribution around the pore [45] and, thus, P, decreased under the same
electric field.

In addition, the coercive field E. initially decreased with increasing CNT content and then increased, see
Fig. S11, which can be explained that when CNT content is lower than 0.9 wt.%, the presence of a relatively
small fraction on pores in the ceramic have no obvious effect on the electric field distribution and lowers the
stiffness of the matrix to facilitate domains motion, to decrease E. [45]. With a further increase in CNT content,
the fraction of pores increased to a level which affected the electric field distribution due to the permittivity
contrast between the low permittivity pores and high permittivity ferroelectric, thereby leading to reduced
switching of ferroelectric domains; thus, E. increased sharply when the CNT content was 1.2 wt.%. From Fig.
4d, the pyroelectric properties from room temperature to 50 °C demonstrated a similar decreasing trend where
the Ps and the maximum value of the pyroelectric coefficient is gradually shifted to a lower temperature with
increasing CNT content; this can be attributed to the faster pyroelectric response of the ceramic with increasing
porosity under the same temperature field [38].

3.2.2 Figure of merits

In order to compare the FOMs (Equations 1 to 4) of all samples, the ¢, and the pyroelectric coefficients
decreased from 4331 pC m2? K ! to 1711 uC m2 K'! (Fig. 4e) at 32 °C. Thus, we can calculate the
corresponding responsivity for a sensor at 32 °C as shown in Figs. 4f-h and Fig. S12, respectively. It can be
seen that F, remained relatively constant with CNT content (up to 0.6 wt.%) and decreased with increasing

CNT content (0.6 — 1.2 wt.%), while Fyand F, had an initial increase with increasing CNT content (up to
0.6 wt.%) and then decreased. For PMN-PMS-PZT: 0.6CNT the highest F\, and £, is 0.92 m? C™' and 1.71

nm® J'!, respectively. This indicates that porous structure can enhance the voltage responsivity for sensing Fy

and energy harvesting figure of merit F, .



3.3 Thermal energy harvesting of the porous ceramics PMN-PMS-PZT: xCNT

Fig. 5 shows the charge generation process of pyroelectric energy harvesting. A charging process takes
place under short-circuit conditions when the pyroelectric material serves as the dielectric material and is
sandwiched between two plates of a capacitor. Initially, the electric dipoles oscillate randomly in the material
and reach an equilibrium state at a constant room temperature (d7/d¢t =0). No current is generated in the
external circuit since the temperature and spontaneous polarization is constant (Fig. 5a). With an increase in
temperature across the capacitor (d7/dt > 0), the electric dipoles oscillate within a larger degree of alignment,
resulting in a decrease in polarization and the generation of a current in the external circuit (Fig. 5b). In
addition, if the temperature is reduced (d7/dt < 0), the dipoles become realigned leading to an increase in
polarization and a reverse current flow in the external circuit (Fig. 5c). Figs. 5d-j demonstrate the pyroelectric
energy harvesting performance of the dense PMN-PMS-PZT devices with a diameter 9 mm and thickness
0.28 mm of ceramic pellets (see Fig. S13) under the cyclic temperatures from 25 to 50 °C (Fig. 5d). In the
forward connection, the output voltage and d7/dt for all devices are shown in Figs. 5e-j. The output voltage
and power are shown in Fig. S14a and the corresponding parameters are summarized in Table S1. In areversed
connection, the corresponding signals were inverted with the identical value with that in forward connection
as shown in Fig. S14b-f. It can be seen that the output voltage, current and power of the devices peaked when
the CNT content is 0.3 wt.%. Specifically, when the CNT content increased from 0 to 0.3 wt.%, the output
peak voltage increased from 7.6 V to 13.3 V, leading to an increase of 75.4%. Subsequently, the output voltage
for the samples with high CNT contents exhibited a gradually decreasing in voltage (0.6 wt.%, 0.9 wt.% and
1.2 wt.% had a peak voltage of 11.13, 9.51 and 8.69 V, respectively). Correspondingly, the output power
increased from 5.77 to 17.78 pW when the CNT content increased from 0 to 0.3 wt.%, leading to an increase
0f208%, and then decreased with a further increase in CNT content. Compared with the pristine dense ceramic,
the output power for the samples with 0.6 wt.%, 0.9 wt.% and 1.2 wt.% CNT continued to exhibit an
improvement of 114.5%, 56.7% and 30.8%, respectively. It can be seen that the porous ceramic formed using
the CNT can effectively improve the performance of pyroelectric energy harvesters, which provides the
potential application of the next wearable sensing devices and wireless sensor network nodes.
4. Conclusion

Porous pyroelectric ceramics with embedded carbon nanotubes (CNT) were carefully designed to achieve



high-performance thermal to electrical energy conversion. It was observed that porosity and defects in grains
can restrict domain reversal and weaken the local piezoresponse under an applied electric field, which was
validated via detailed micro-scale dipole switching observed by piezo force microscopy. The V-PFM
amplitudes of PMN-PMS-PZT and PMN-PMS-PZT: 0.3CNT from 25 to 100 °C indicated a typical
ferroelectric-like piezoelectric response, which is ascribed to the impact of porosity and temperature on the
domain mobility. Compared with the pristine dense PMN-PMS-PZT, porous PMN-PMS-PZT exhibited an
enhanced figure of merits including voltage responsibility and energy harvesting figure of merit due to lower
permittivity and heat capacity as a result of the introduction of porosity. Among all the composition studied,
PMN-PMS-PZT: 0.3CNT showed the highest power output of 17.78 uW which was an increase of 208%
compared to the pristine PMN-PMS-PNT. This work represents an advancement in the community of thermal

energy conversion via materials engineering and innovation.
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Fig. 1. Morphology and PFM properties. (a) Schematic of synthesis process of porous PMN-PMS-PZT: xXCNT
(x=0.3, 0.6, 0.9, 1.2), (b) TEM micrograph, (c) SAED pattern, (d) HRTEM image, and Vertical Piezoresponse

Force Microscopy (V-PFM) images of (e) Surface image (f) amplitude and (g) phase of PMN-PMS-PZT:

0.3CNTceramic.
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Fig. 2. PFM properties of the PMN-PMS-PZT: 0.3CNT sample at different voltages. PFM phase images of
(a)-(c) PMN-PMS-PZT and (d)-(f) PMN-PMS-PZT: 0.3CNT ceramics before and after poling with + 20 and
+ 50 V. Note that the 3 x 3 um? area (denoted by the larger solid box) indicates upward switching of domains
with a scanning voltage of +20 or +50 V while the internal 1 x 1 pm? area (denoted by the smaller dashed box)
represents inverse downward switching of domains when subjected to a voltage of —20 or —50 V. (g)

Piezoresponse hysteresis loop, (h) Dsmax and (i) Drem of PMN-PMS-PZT and PMN-PMS-PZT: 0.3CNT.
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Figs. 3. PFM properties of the PMN-PMS-PZT: 0.3CNT sample at different temperatures. (a)-(d) PMN-PMS-
PZT: 0.3CNT sample at different temperatures. (e)-(h) Typical butterfly loops of PMN-PMS-PZT: 0.3CNT
sample, measured at various temperatures. (i) VPFM hysteresis loops at different temperatures. (j)
Piezoresponse hysteresis loop: forward coercive voltage Ve.+ and reverse coercive voltage V.., forward
saturation response Ds+ and reverse saturation response Ds., forward remnant response D+ and reverse

remnant response Dr.. (k) Dsmax and Dmax at different temperatures. (I) Coercive voltage with different

temperatures.
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Fig. 4. Electrical properties and figure of merits of PMN-PMS-PZT: xCNT (x =0, 0.3, 0.6, 0.9, 1.2) samples.
(a) Dielectric constant and (b) dielectric loss with temperatures from room temperature to 300 °C, (c) P-E
loops, Pyroelectric coefficient with (d) temperature from 25 to 50 °C, and (e) various CNT content at 32 °C.

(f)-(h) Figure of merits of sensing (F7, Fy) and energy harvesting (F g) with various CNT content at 32 °C.
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Fig. 5. Thernmal energy harvesting of PMN-PMS-PZT: xCNT (x = 0, 0.3, 0.6, 0.9, 1.2) samples. (a)-(c)
Mechanism of the pyroelectric effect, (d) Cyclic temperature, and (h)-(j) output voltage and the rate of

temperature change in forward connection.
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