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% Check for updates Thermal management emerges as a grand challenge of next-generation elec-

tronics. Efforts to develop compact, solid-state cooling devices have led to the
exploration of the electrocaloric effect of ferroelectric polymers. Despite
recent advances, the applications of electrocaloric polymers on electronics
operating at elevated temperatures remain essentially unexplored. Here, we
report that the ferroelectric polymer composite composed of highly-polarized
barium strontium titanate nanofibers and electron-accepting [6,6] phenyl-C61-
butyric acid methyl ester retains fast electrocaloric responses and stable
cyclability at elevated temperatures. We demonstrate the effectiveness of
electrocaloric cooling in a polymer composite for a pyroelectric energy har-
vesting device. The device utilizes a simulated central processing unit (CPU) as
the heat source. Our results show that the device remains operational even
when the CPU is overheated. Furthermore, we show that the composite
functions simultaneously as a pyroelectric energy converter to harvest thermal
energy from an overheated chip into electricity in the electrocaloric process.
This work suggests a distinct approach for overheating protection and recy-
cling waste heat of microelectronics.

The rising demands for highly-integrated compact electronics and
electrical systems, coupled with their ever-increasing switching fre-
quencies and power densities, give rise to an exponential increase in
heat flux within devices and thus pose a critical challenge to current
thermal management strategies for electronics'™. The heat dissipation
capabilities and cooling efficiencies of conventional air and liquid
cooling and heat pipes are limited and unable to meet the increasing
thermal control requirements of integrated circuits*. The conventional
air/liquid cooling and heat pipes also suffer from large volume and
complex structure since extra units are needed to drive the circulation
of air or liquid®, while thermoelectric cooling based on the Peltier effect
suffers from low efficiency and coefficient of performance (COP) (Sup-
plementary Table 1 and Supplementary Note 1). It has been shown that
over 55% of electronic failures are attributable to heat accumulation and

localized overheating due to insufficient thermal management"’. Effec-
tive cooling is therefore critical for next-generation electronic devices to
meet their stability, reliability and lifespan needs.

Solid-state refrigeration based on the caloric effects, including
magnetocaloric, elasto/baro-caloric, and electrocaloric (EC) effects
present attractive cooling strategies owing to their superior energy
efficiency, zero greenhouse emissions and high reliability'®". Among
these disruptive technologies, EC refrigeration possesses unique
features, such as direct use of electricity and compact configuration,
and thus offers great potential for on-chip thermal management of
electronic devices”™. The electrocaloric effect (ECE) refers to the
reversible thermal changes including adiabatic temperature change
(AT) and isothermal entropy change (AS) of a ferroelectric material
upon the application and removal of an electric field. Pronounced ECE
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has been recently obtained in ferroelectric ceramics, polymers and
composites. For example, a new benchmark for EC ceramics has been
established in the multilayered PbScq sTag sO3 with a AT of 5.5 °C near
room temperature”'®, In addition to their intrinsic processability,
scalability, weight and cost advantages, ferroelectric polymers
represented by poly(vinylidene fluoride-co-trifluoroethylene) [P(VDF-
TrFE)] and poly(vinylidene fluoride-ter-trifluoroethylene-ter-chloro-
fluoroethylene) [P(VDF-TrFE-CFE)] exhibit high breakdown strength
and large EC effect®?% Despite notable progress, the adoption of the
current EC polymers and composites in microelectronics is hindered
by their limited operating temperatures, which are typically lower
than 50 °C*?**. The use of EC devices on working electronics at ele-
vated temperatures has not been demonstrated. The Joule heat arises
from exponentially increased electrical conduction with the applied
field and temperature offsets the cooling energy of the ECE™*'$»28

Here, we describe the introduction of barium strontium titanate
nanofibers (BST NFs) and [6,6] phenyl-Cé61-butyric acid methyl ester
(PCBM) into P(VDF-TrFE-CFE) to improve the ECE of the polymer while
restraining electrical conduction to minimize energy loss from Joule
heating at high fields and temperatures. In this composite strategy,
BST NFs modulate the crystallization and polarization behaviors of the
polymer through the ceramic-polymer interfacial coupling effect for
high ECE* (Supplementary Note 2), and meanwhile, PCBM engineers
the energy band for high electrically insulating performance. The
polymer composite exhibit giant ECE, i.e., AT of 18.0 °C and AS of
0.170] cm™°C™, over a wide temperature range of 0-80 °C and display
an excellent cyclability over 100,000 cycles with an applied field of
150 MV m™ at 80 °C. We demonstrate the simultaneous operation of EC
cooling and electronics and a reduction of the CPU temperature from
80 to 42°C using the polymer composite. Moreover, we show the
polymer composite simultaneously functions as a pyroelectric energy
converter to recycle the absorbed heat from electronics in the EC
process into electricity. The pyroelectric energy conversion density of
1.33) cm™ achieved from an overheated chip with a surface tempera-
ture of 75 °C with the polymer composite outperforms those of the
current pyroelectric ceramics and polymers.

Results

Material design and dielectric properties

The ternary polymer composites are composed of BST NFs (1/3
Bag ¢7Sro33Ti03 +1/3 Bag 70Sro30TiO5 + 1/3 Bag 74Sro26TiO5 with var-
ious Curie temperatures, Supplementary Fig. 1) and PCBM dispersed in
P(VDF-TrFE-CFE) matrix (Supplementary Figs. 2-5). Ferroelectric BST
NFs with a high aspect ratio were added to enhance the polarization,
ECE and pyroelectricity of the polymer, while PCBM was introduced to
improve the electrical resistance and reduce conduction loss. For
comparison purposes, the binary polymer composite BST/P(VDF-TrFE-
CFE) and PCBM/P(VDF-TrFE-CFE) were prepared and characterized.
The relaxor nature of P(VDF-TrFE-CFE) and its composites is evidenced
by a shift of broad dielectric peaks toward high temperature with the
increase of frequency in the dielectric spectra (Fig. 1a and Supple-
mentary Fig. 6). The dielectric constant and polarization (P) of the
composites increases with the contents of BST NFs (Fig. 1a-c¢ and
Supplementary Figs. 7-10). Moreover, the composites show decreased
P with increasing temperature (7), e.g., the P of the polymer decreases
from 0.039 C m™ to 0.029 C m™ when temperature increases from 20
to 80 °C, while the corresponding change of P of the binary composite
with 9 vol.% BST NFs is from 0.102 C m? to 0.066 C m (Fig. 1d and
Supplementary Fig. 10). The higher [0P/0T] of the composites is indi-
cative of their improved EC and pyroelectric effects (Supplementary
Fig. 11) compared to the pristine polymer®~*,

While the low content of PCBM has a negligible impact on
crystallization behavior (Supplementary Fig. 7 and Supplementary
Table 2) and the dielectric properties (i.e., dielectric constant and P)
of the composites, it significantly decreases the hysteresis of the

polarization-electric field (P-E) loops of the composites, especially at
high temperatures (Fig. 1b and Supplementary Fig. 10), as a con-
sequence of impeded electrical conduction, which has been con-
firmed by the resistivity measurements (Fig. 1e and Supplementary
Fig. 12). For example, at 80 °C, the resistivity decreases from 5.5 x 10°
Q'm of the polymer to 8.9 x10® Q-m of the binary composite with
9 vol% BST NFs and increases markedly to 1.9 x 10" Q-m of the ternary
composites with 0.75vol% PCBM. As evaluated by the ultraviolet-
visible (UV-vis) and ultraviolet photoelectron (UPS) spectroscopy
(Supplementary Fig. 13a-f), PCBM has a higher electron affinity of
4.07eV and a lower Fermi energy of 4.22 eV compared to P(VDF-
TrFE-CFE) with an electron affinity of 2.05eV and a Fermi level of
5.42 eV (Fig. 2a). Consequently, PCBM and P(VDF-TrFE-CFE) create a
large energy barrier (AE, + AE,) of 3.22 eV to capture and trap char-
ges (Fig. 2b). As shown by in-situ Kelvin probe force microscopy*-*,
the surface potential signal around BST NFs in the binary composite
forms a distinct halo, indicating large amounts of charges accumu-
lated at the interface. On the other hand, the surface potential
around BST NFs in the ternary composite is nearly the same as the
matrix, implying a homogenous distribution of space charge in the
sample (Fig. 2c-f and Supplementary Fig. 14). This result clearly
shows the benefit of using PCBM, which originates from eliminating
the local hot spots of increased charge concentration and thus
positively affecting the insulating properties of the composite.
Interestingly, the resistivity of the composite enhanced by PCBM
retains at high temperatures (Supplementary Fig. 12). In stark con-
trast, the resistivity of the BST/P(VDF-TrFE-CFE) binary composite
decreases dramatically with increasing temperature, e.g., from
5.4x10° Q-m at 20 °C to 8.9 x10® O-m at 80 °C (Fig. 1e and Supple-
mentary Fig. 12).

Moreover, the addition of PCBM successfully recovers the loss in
the breakdown strength stemming from the introduced BST NFs. The
breakdown strength increases from 271 MV m" of the BST (9 vol.%)/
P(VDF-TrFE-CFE) binary composite to 388 MV m™ of the ternary com-
posite at room temperature (Supplementary Fig. 15).

Electrocaloric effect. Figure 3a, b and Supplementary Figs. 17, 18
summarize the EC responses including AT and AS, and EC strength
(AT/E and AS/E) under different electric fields. It is found that the ECE
of P(VDF-TrFE-CFE) is stable in the temperature range of 0-40°C
(Fig. 3a, b and Supplementary Fig. 17). When the temperature exceeds
60 °C, Joule heat generated during the high-field half EC cycle becomes
evident, as illustrated by the orange area between the heat flow curve
and the baseline (Supplementary Fig. 19), and consequently, offsets
the EC cooling energy and results in a significant reduction of ECE
(Supplementary Note 3). For instance, at 150 MV m™, the ECE (i.e., AT of
4.6°C and AS of 0.035) cm™°C™) of P(VDF-TrFE-CFE) at 80 °C is only
about half of that at room temperature (Fig. 3a, b and Supplementary
Fig. 17). Theoretically, relaxor ferroelectric with a wide span of phase
transition such as P(VDF-TrFE-CFE) should preserve the room-
temperature ECE at elevated temperatures without taking into
account conduction loss***",

The binary composites with PCBM exhibit stable ECE up to 80 °C,
which s nearly double that of the polymer measured at 150 MV m™* and
80 °C (Fig. 3b and Supplementary Fig. 17). Although the binary BST (9
vol.%)/P(VDF-TrFE-CFE) composite shows much improved room-
temperature ECE, e.g., the increase of AT and AS from 3.4°C and
0.031) cm™°C? of the polymer to 7.4°C and 0.077) cm™°C™! of the
composite, respectively, at 7SMV m™, its ECE decreases sharply
with the applied field and temperature. For instance, at 80 °C and 150
MV m’, the binary composite displays a AT of 2.5°C and a AS of
0.022] cm°C™, which is even inferior to those of the pristine polymer
(Supplementary Note 3). Remarkably, the ternary composite with
synergistic effect of PCBM and BST NFs exhibits desirable ECE, e.g., a
AT of ~-18.0°C and a AS of 0.170Jcm™ °C! at 150 MV m™, over a
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Fig. 1| Dielectric and ferroelectric properties. a Temperature-dependent

dielectric constants and losses of P(VDF-TrFE-CFE), PCBM (0.75 vol.%)/P(VDF-TrFE-
CFE), BST (9 vol.%)/P(VDF-TrFE-CFE), and BST (9 vol.%)/PCBM (0.75 vol.%)/P(VDF-
TrFE-CFE) @ 1 kHz. b P-E loops at room temperature. ¢ Polarization of P(VDF-TrFE-

PCBM content (vol.%)

PCBM content (vol.%)

CFE) and its composites with various contents of BST and PCBM at 100 MV m™.

d Polarization of the samples as a function of temperature at 100 MV m™.. e Room-
temperature resistivity of the specimens with different contents of BST and PCBM
at 100 MV m™.

temperature range of 0-80 °C (Fig. 3b and Supplementary Fig.17). This
is the highest ECE reported so far in ferroelectric ceramics, polymers
and composites up to 80 °C (Fig. 3¢ and Supplementary Table 3).
Uniform EC performance has been demonstrated in the ternary com-
posite films (Supplementary Fig. 20).

The impact of Joule heating is also manifested in the cycling sta-
bility of the EC polymers. As shown in Supplementary Fig. 21, the
binary and ternary composites with PCBM maintain the original level
of ECE without decay at 150 MV m™ and 80 °C after 100,000 cycles. In
comparison, attenuated ECE is observed in BST/P(VDF-TrFE-CFE) when
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NFs-P(VDF-TrFE-CFE) interfaces of the composites without and with PCBM,
respectively. g Schematic diagram of AFM testing. A lateral electric field

was applied by the pair of electrodes in the diagram, and then the AC voltage
of KPFM testing was added to the tip after the lateral voltage was removed
(see “Method”).

subjected to the cyclic measurement even at ambient temperature, in
which the Joule heat increases with the recycling process owing to the
reduced resistivity (Supplementary Fig. 22).

Breakthroughs in ECE have been recently achieved in ferroelectric
polymers. For example, by converting part of the chlorofluoroethylene
groups into covalent double bonds, the polarizability of P(VDF-TrFE-
CFE) can be enhanced, yielding a favorable ECE?, e.g.,aAT of 7.5°C at a
relatively low electric field of 50 MV m™. The polar conformations at
the heterogeneous interface of P(VDF-TrFE-CFE) have been assembled
with the organic crystal dimethylhexynediol as a sacrificial master. The
same ECE (a AT of ~18°C) as our ternary composite is obtained at a
lower electric field of 100 MV m™ at room temperature?’. However,
these newly developed ferroelectric polymers can only operate at
temperatures <60°C because of the lack of charge capture and trap
mechanisms to depress the conduction loss and maintain their high
ECE at elevated temperatures.

Pyroelectric energy harvesting. The enhanced |0P/0T] of the com-
posites due to BST NFs (Fig. 1d) also benefits their pyroelectricity as
the pyroelectric parameter w=0P/0T*°. The pyroelectric effect is

based on the temperature dependence of the polarization and offers
a promising solid-state approach for harvesting thermal energy into
electricity with the Olsen cycle*® (Supplementary Fig. 23). We first
evaluate the pyroelectric energy density of the polymer and its
composites according to the P-E loops (Supplementary Fig. 10).
Figure 3d shows the pyroelectric energy densities of the samples
heated from 25 °C to different final temperatures. The introduced
PCBM fillers slim the P-E loops of P(VDF-TrFE-CFE) because of the
depressed leakage current and generate a larger area of the loops
between the room-temperature charging and high-temperature dis-
charging curves (Supplementary Fig. 10b), thus yielding a 2.4-time
improvement of the pyroelectric energy density (0.19) cm™ with a
temperature span of 50 °C) compared to that of P(VDF-TrFE-CFE).
Although the energy density of the BST/P(VDF-TrFE-CFE) composite
reaches 0.28 ] cm’, it is only ~15% of theoretical improvement in the
pyroelectric energy density since the largely increased leakage cur-
rent widens the P-E loops of the binary composite (Supplementary
Fig. 10c). Subsequently, with adding PCBM and BST NFs into the
polymer, the highest pyroelectric energy density of 1.72]Jcm™ has
been obtained in the ternary composite as a result of the coincident
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Fig. 3| ECE and pyroelectric energy density. a AT of P(VDF-TrFE-CFE), PCBM (0.75
vol.%)/P(VDF-TrFE-CFE), BST (9 vol.%)/P(VDF-TrFE-CFE), and BST (9 vol.%)/PCBM
(0.75 vol.%)/P(VDF-TrFE-CFE) versus electric fields at room temperature. b AT at
different temperatures with an electric field of 150 MV m™. ¢ Comparison of AT at
~80 °C. Detailed information for the materials is listed in Supplementary Table 3.
d Pyroelectric energy density calculated from the P-E loops heated from 25°C to
different final temperatures at 100 MV m™. e The highest pyroelectric energy
density measured from an Olsen cycle (Supplementary Fig. 19). Benefiting from

their high resistivity, a field of 100 MV m™ can be applied on PCBM (0.75 vol.%)/
P(VDF-TrFE-CFE) and BST (9 vol.%)/PCBM (0.75 vol.%)/P(VDF-TrFE-CFE) in a tem-
perature span of 25-75 °C, while the highest pyroelectric energy density of P(VDF-
TrFE-CFE) can only be obtained at ~40 MV m™ over a temperature range of 25-45°C.
The conduction loss of BST (9 vol.%)/P(VDF-TrFE-CFE) cancels out its pyroelectric
energy density (Supplementary Fig. 19b). f Comparison of pyroelectric energy
density measured from the Olsen cycle. Detailed information for the materials is
listed in Supplementary Table 4.

enhancement of pyroelectric response and depression of conduction
loss (Fig. 3d).

We then performed the Olsen cycle on the composites to
directly measure the pyroelectric energy density*>*'. As shown in
Supplementary Fig. 24, the sample was charged with an applied field
of 100 MV m™ at 25°C with a positive pulse current (A-B stage)
and then heated to 75 °C under the applied field (B-C stage). Because
the polarization decreases with temperature (the pyroelectric
effect), a negative current should be generated during this stage. By
withdrawing the electric field at 75°C (C-D stage), the sample was
further discharged with a negative pulse current. The energy density
is integrated by the product of the field and current density, in
which the positive and negative stages represent the charged and
discharged energy densities, respectively, and the total negative
value corresponds to the energy collected throughout one Olsen
cycle in a unit material (see “Methods”). Operating with a tempera-
ture span of 25-75°C and an applied field of 100 MV m™, a net
energy density of 1.47) cm® (Fig. 3e and Supplementary Figs. 24a,
26), approximately consistent with the result calculated from the P-E£
loops, is generated in the ternary composite (Supplementary
Note 4). This is the state-of-the-art value, exceeding all the current
ferroelectric materials, including ceramics, polymers and compo-
sites, with the same temperature span (Fig. 3f and Supplementary
Table 4). In BST/P(VDF-TrFE-CFE), positive current is observed
during the B-C stage because of the low resistivity of the binary
composites particularly at high fields and elevated temperatures,
indicating that the binary composite consumes rather than harvests
energy from an Olsen cycle (Supplementary Fig. 24b). It is also
noted that the ternary composites with PCBM maintain the original
level of energy harvesting capability after 100,000 cycles attribu-
table to their superior electrically insulating features** (Supple-
mentary Fig. 27).

EC device for CPU cooling. We constructed an EC cooling device to
cool a simulated CPU (ceramic heating plate, NO:CT-JRP, 2 cm x 2 cm).
Figure 4a-c, f and Supplementary Fig. 24 show the architecture of the
EC device in which heat is transported from the simulated CPU to the
heat sink by the EC polymer stack themselves with electrostatic
actuation. The EC stacks consist of two-layer P(VDF-TrFE-CFE) or its
composites (2.5cm x 6 cm, 25 um thick for each layer) with inserted
electrodes. With the electrostatic actuation, the polymer stack could
be shuttled and attach the surfaces of the heat sink and the simulated
CPU with EC heating (applying an electric field) and cooling (with-
drawing an electric field), respectively’>*’. Supplementary Movie 1
shows the electrostatic actuation of the polymer stack, and Supple-
mentary Movie 2 presents the EC cooling process of the device with the
polymer composite stacks attached to the heat source side. With a
reciprocating motion, the heat of the simulated CPU could be con-
tinuously moved to the heat sink. We attached a high-precision ther-
mocouple to the simulated CPU surface to record the temperature for
comparing the cooling effect of the EC device equipped with different
samples. With a heating power of 1.4 W, the temperature of the
simulated CPU surface increases and reaches 80 °C in the air (Fig. 4g).
The reliability of electronic chips is known to decrease by up to 10%
with every 2°C increase as the operating temperature approaches
70-80°C"’.

We evaluated the EC cooling effect of the devices with two modes.
In the first mode, we started the EC cooling devices with the heating
power of the simulated CPU synchronously to prevent overheating. It
is found that, with the applied field of 100 MV m™ and an operation
frequency of 1 Hz (Supplementary Fig. 30), the EC devices are capable
of limiting the temperature of CPU to below 55°C with P(VDF-TrFE-
CFE) and PCBM/P(VDF-TrFE-CFE) stacks and to below 40 °C with the
BST NFs-containing composite stacks (Fig. 4g). As the temperature is
relatively low (<55°C) in the whole operation process in this mode,
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PCBM has no significant influence on the cooling capability of the
devices because low Joule heat is produced in all the samples within
this temperature range.

We next evaluated the performance of the EC device for cooling
down an overheating chip with a continuous heating power of 1.4 W,
i.e., the second mode in which the EC device is turned on after the
temperature of the chip already reaches 80 °C. As summarized in
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Fig. 4h, while the temperature of the simulated CPU can be decreased
to ~63 °C with the terpolymer EC device, the PCBM/P(VDF-TrFE-CFE)
stacks can cool the CPU to a lower temperature of 56 °C. Consistent
with our results on the ECE of materials, the EC device with the BST/
P(VDF-TrFE-CFE) stacks has a low cooling ability and only reduces the
CPU temperature to ~72 °C. This is apparently because the ECE is offset
by Joule heating due to the low resistivity of the film when operating at
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Fig. 4 | EC cooling and pyroelectric energy harvesting performance of the
device. a Schematic of EC and pyroelectric energy harvesting device on a simulated
CPU. b Photo of the EC and pyroelectric energy harvesting device (the size and
weight of the device is shown in Supplementary Fig. 29). ¢ The EC cooling com-
bined with the pyroelectric energy harvesting (PEH) Olsen cycle for the simulated
CPU. The operation process is explained in Supplementary Fig. 30 and Note 3.
Photos of CPU with different thermal dissipation approaches: (d), Desk fan, (e), CPU
air cooler, and (f), EC cooling device. The size of the EC cooling device is sig-
nificantly smaller than the other two apparatuses. g Time-resolved temperature
curves of the surface of the simulated CPU. The EC device was started with the CPU

simultaneously (the EC materials are operated at 100 MV m™). Without EC cooling,
the simulated CPU can be heated to 80 °C in the air with a power of 1.4 W.

h Temperature of the surface of the simulated CPU when the EC device operating at
100 MV m™ was used to cool an overheated CPU with an initial temperature of
80 °C. i The surface temperature of the simulated CPU (with a continuous heating
power of 1.4 W) with various cooling approaches (desk fan, CPU air cooler and EC
cooling device). The initial surface temperature of the simulated CPU is -80 °C.

j The surface temperature of the simulated CPU cooled with the EC devise and the
Olsen cycle at 100 MV m™.

high temperatures (Fig. 3b, and Supplementary Fig. 17b and Movie 2).
Impressively, the EC device based on the ternary polymer composite
can cool down the overheated simulated CPU to 42 °C (Fig. 4h), which
is superior to the desk fan and CPU air cooler (Fig. 4d-f, i). This is the
demonstration that ECE can cool down an electronic device from an
overheated condition while keeping the device in continuous working
condition.

Pyroelectric device for CPU energy harvesting. Directly placing the
polymer and composite stacks in thermal contact with the cold sink
and the hot source in the EC devices also enables the utilization of the
pyroelectric effect of the films to harvest thermal energy into elec-
tricity synchronously with the EC cooling process. As schematically
illustrated in Fig. 4c, when attaching the heat sink, an electric field of
100 MV m™ was applied on the polymer composite stack. Then, the
stack attaches the simulated CPU with the electrostatic actuation, and
the temperature of the film increases, e.g., to -75 °C. Subsequently, the
stack discharges at a high temperature and then returns to the heat
sink with the electrostatic adsorption effect. Figure 4j shows the
pyroelectric energy harvesting performance of the device with the EC
cooling operation, in which the converted energy density follows the
same trend of temperature through EC cooling. Notably, the energy
density of 1.33)J cm™ (a power density of 1.33 W cm™, Supplementary
Note 5) harvested by the ternary composite over a temperature range
of 25-75°C surpasses those of the current ferroelectric ceramics,
polymers and composites with the Olsen cycle. Note that this is an
example of pyroelectric energy harvesting occurring simultaneously
with EC cooling on electronic devices.

Discussion
We have reported the incorporation of BST NFs and PCBM into the
ferroelectric polymer to form the ferroelectric polymer composites
with significant EC cooling and pyroelectric energy harvesting per-
formance for electronics operating at high temperatures. In addition
to the improvement of |0P/0T] that has been demonstrated in the
current ferroelectric polymers and composites, a critical feature of the
ternary polymer composite is to make use of PCBM to significantly
enhance the electrical resistivity at high fields and elevated tempera-
tures, which greatly benefits the ECE and pyroelectric properties and
their cyclability at elevated temperatures and thus overcomes one of
the major challenges in the current ferroelectric polymers. We show
that ECE can be utilized to cool down an electronic device from an
overheated condition while keeping the device in operation. By uti-
lizing the designed EC device configuration, we demonstrate that, in
the EC cooling process, the waste heat of working electronics can be
converted synchronously into electricity through the pyroelectric
properties of the composite. This work presents an effective electronic
thermal management approach for control of the temperature of
working electronics to avoid overheating via the ECE and simultaneous
reuse of waste heat recovered from the electronic chip to decrease the
energy consumption by the pyroelectric effect.

Besides the ECE and pyroelectric energy density, the heat transfer
capacity determined by the thermal conductivity also influences the
device performance of EC and pyroelectric energy harvesting.

Ferroelectric polymers and their composites typically have much
lower thermal conductivity (k, e.g., 0.2 W m™°C™) compared to inor-
ganic ferroelectrics (e.g., k=-LOWm™ °C'-2.0 Wm™ °C")**, Even
though the giant ECE with a wide operating temperature range and the
highest pyroelectric energy density have been achieved in our design,
the cooling capability and the pyroelectric power density of the device
are still hindered by the low heat transfer capability of the polymers
and composites. Owing to the relatively low thermal conductivities,
the thickness of the composite films has been designed as thin as
25 um in this work since thicker films require longer periods for the
materials to fully deliver EC cooling energy to the thermal load. As a
result, the mass of the EC medium within a certain area is small, and the
cooling capacity of our device is still inferior to those equipped with
ferroelectric multilayer ceramic capacitors with thickness ranging
from 500 to 1000 pm'*®. Also because of the relatively low thermal
conductivity of the ferroelectric polymers, the Olsen cycle for pyro-
electric harvesting has to operate with a relatively low frequency (e.g.,
1Hz in this work) in order to realize full heat exchange between the
heat source/sink and the ferroelectric polymer composites. On the
other hand, the Olsen cycle in inorganic ferroelectrics can be run with a
high speed. For example, even with a lower energy density of
1.06 ) cm (-80% that of our ternary composite), a much higher energy
power density is obtained in a lead magnesium niobate-lead titanate
thin film with an operating frequency of 1 kHz*. The thermal con-
ductivity of the ferroelectric polymer can be significantly improved by
incorporating electrically insulating nanofillers with high thermal
conductivity, e.g., boron-nitride nanosheets (BNNSs)***. It is thus
believed that the thermal conduction of our composites can be
improved by introducing the nanofillers with high electrical resistiv-
ities and high thermal conductivities.

The compact size and low energy consumption of the electro-
static actuation design make the device promising for integrated cir-
cuit thermal management and energy harvesting. The device
performance of EC cooling and pyroelectric harvesting can be further
optimized with a cascade design as shown in Supplementary Fig. 32.
The device integrating multiple units of the polymer elements with a
vertical cascaded connection possesses high active thermal mass and
enhanced heat flux**%, Therefore, the cascade design could provide
improved cooling power and efficiency, and the pyroelectric energy
harvesting power based on the electrostatic actuation mode.

Methods

Synthesis of the composites

BST NFs were synthesized by an electrospinning approach. Barium
acetate (AR, 99.9%, Sinopharm) and strontium acetate (AR, 99.9%,
Sinopharm) were weighted in stoichiometric and dissolved in acetic
acid (AR, 99.9%, Sinopharm) to form a solution with a concentration of
0.12gmL™". Meanwhile, tetrabutyl titanate (Sinopharm, CP, 98%) was
dissolved in acetylacetone (AR, 99.9%, Aladdin) with a concentration of
0.3gmL™. Then, the two solutions were mixed with poly(vinyl pyrro-
lidone) (PVP) (MW 1300000, Aladdin) dissolved ethanol (0.4 gmL™).
Being stirred for 1 hour, the clean precursor was spined with an elec-
trospinning machine (ET-2535X, Beijing Yongkang Leye Technology
Development Co., Ltd.). The voltage between the syringe needle and
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the roller collector of the electrospinning process was ~15kV. The
jetted nanofibers were collected by a roller with a rolling speed of 140 r
min™. The BST NFs were obtained by annealing the filar precursors
at 800 °C.

P(VDF-TrFE-CFE) (61.8/31.0/7.2) was dissolved in N,N-dimethyl-
formamide (DMF, AR, 99.9%, Aladdin) with a concentration of 2 wt.%-6
wt.% and stirred at ~-50 °C to form a clear solution. Subsequently, BST
NFs were added into the solution with various compositions and stir-
red again for 2 h. For the composites with [6,6]-phenyl C61 butyric acid
methyl ester (PCBM, AR, 99%, Aladdin), PCBM/DMF solution was
added into the prepared solution with the required compositions.
Thereafter, the mixtures were cast onto glass plates and dried at
40-60 °C for 24 h. After that, the films were peeled off from the glass,
heated at 90 °C for 12 h and annealed at 105 °C for another 12 h in a
vacuum oven.

Characterization

The phase structure of the samples was determined by X-ray diffrac-
tion (7000 S/L, Shimadzu Corp.) with Cu Ka radiation. Scanning elec-
tron microscopy (SEM, GeminiSEM 300, Zeiss) and field emission
transmission electron microscope (FTEM, Talos F200X, FEI) were uti-
lized to observe the morphology of the composites with the fillers. A
differential scanning calorimeter (Diamond DSC, PerkinElmer Instru-
ments) was used to scan the DSC curves of the polymer and its com-
posite and acquire the specific heat as a function of temperature.
Young’s modulus measurement was carried out on an Instron 5866.
Fourier-transform infrared spectroscopy (FTIR) was measured using
Nicolet iSS0R (Thermo Scientific). The detailed information for eval-
uating the bandgap structure of PCBM and P(VDF-TrFE-CFE) was
described in Supplementary Fig. 13, in which ultraviolet photoelectron
spectroscopy (UPS) and ultraviolet-visible spectrophotometer (UV-vis)
were tested by AXIS SUPRA+ (Kratos) and UV-3600 Plus spectro-
photometer (Shimadzu), respectively.

For the atomic force microscopy (AFM) and Kelvin probe force
microscopy (KPFM) measurements, P(VDF-TrFE-CFE) was dissolved in
DMF with a concentration of 5mg-ml™ and stirred over 6 h. For the
composites, PCBM was added to the solution. BST NFs were dispersed
with DMF by a 45-min tip-type sonication (90 W). The dispersion was
cast onto a silicon substrate between two electrodes immediately after
the sonication. Then the solution of P(VDF-TrFE-CFE) was cast onto the
substrate and the sample was dried at 60 °C for 6 h in a vacuum oven.
The thickness of the P(VDF-TrFE-CFE) matrix was controlled at
approximately 180 nm, and the NFs were partially exposed to make the
interface detectable. The topography, surface potential and piezo-
response force microscopy (PFM) measurements were conducted on a
Dimension Icon (Bruker) system. The topographies were measured in
the ScanAsyst mode by SCANASYST-AIR probes. The surface poten-
tials were measured in the KPFM mode by SCM-PIT-V2 probes. A lateral
external voltage of 50 V was applied to the sample by a Keithley 6517B
electrometer for 10 min. The KPFM was performed with a 5V tip AC
voltage after the lateral voltage on the sample was removed. The Nano-
IR measurements were performed on an Anasys nanolR3 (Bruker)
system with a QCL source (800-1900 cm™) in tapping AFM-IR mode.
The wavenumber of the test was 1728 cm™.

The dielectric spectra measurement was conducted by a Hewlett-
Packard LCR (4284 A) with a temperature control system (PK-CPT1705,
PolyK Technologies). Hewlett-Packard 4140B pAmeter/voltage source
connected with TREK model 2210 amplifier was used to evaluate the
electrical resistivity of the composites. The electric hysteresis loops
were obtained by a ferroelectric tester (PK-CPE 1701, PolyK Technol-
ogies) with a modified Sawyer-Tower circuit. EC performance was
measured using a heat flux method, and the details are described in
Supplementary Fig. 33. The infrared movies were captured by an
infrared camera (T420, FLIR). The pyroelectric energy density with the
Olsen cycle was evaluated by a pyroelectric energy harvesting system

(PYEC-1000, Wuhan Yanhe Technology Co., Ltd.). The system consists
of temperature control and voltage-current applying/monitoring
modules. To run the Olsen cycle, the system first applied a high field on
the material and then increased its temperature by the temperature
control module. When the temperature reached the preset tempera-
ture, the sample was discharged. During the whole process, the voltage
(V), current (/) and temperature (7) were monitored by the system. The
pyroelectric energy density was obtained with the formula
D,=1[oV - Idt=[(E -Jdt, where E, J, v and t are the electric field,
current density, volume of the sample, and time for the Olsen cycle,
respectively, and the total negative value of D, represents the energy
density harvested by the specimen with one Olsen cycle (Supple-
mentary Fig. 24).

EC and energy harvesting devices

Figure 4a, c schematically shows the structure and working
mechanism of the EC cooling and pyroelectric energy harvesting
device based on a two-layer composite stack. The simulated CPU
(ceramic heating plate, NO:CT-JRP) functioned as a heat source. The
heat source and heat sink were attached to the bottom and top sides
with two spacers (polydimethylsiloxane, PDMS) to construct the
device. The polymer stack was bent into an S-shape and fixed onto
the PDMS spacers. The two-layer stack was hot pressed by two
polymer films with interlayer electrodes made of Carbon nanotubes
(purity >90%, XFNANO) conductive network. Thin silver wires were
attached to the electrodes to provide electric fields for the ECE,
pyroelectric energy harvesting (Olsen cycle) and electrostatic
actuation (Supplementary Movies 1 and 2). For comparisons, the
simulated CPU was also cooled with a desk fan and CPU air cooler.
The desk fan (COMIX L602, 5V, 0.5A, 2.5W) in Fig. 4d has a size of
@15 x 8 cm’ and a flow rate of 2.14 m s™. The CPU air cooler ((DELTA-
AFBO705HB, 5V, 0.2 A,1W)) in Fig. 4e has a size of 5x9 x8 cm®and a
flow rate of 0.49 ms™. The heat sink consists of a bottom aluminum
block and a top fan. When dissipating heat, the heat sink is tightly
attached to the heat source with a heat transfer area of 2 x 2 cm”

Data availability

All data supporting this study and its findings are available within the
article and its Supplementary Information. Source data are provided
with this paper.
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