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Nanoconfinement-Induced Giant Electrocaloric Effect
in Ferroelectric Polymer Nanowire Array Integrated with
Aluminum Oxide Membrane to Exhibit Record Cooling

Power Density

Guangzu Zhang, Lingxi Weng, Zhaoyao Hu, Yang Liu, Runxi Bao, Peng Zhao, Hao Feng,
Nuo Yang, Ming-Yu Li, Sulin Zhang, Shenglin Jiang,* and Qing Wang*

The electrocaloric effect (ECE) offers a unique mechanism to realize
environmentally friendly and highly efficient solid-state cooling that
completely differs from the conventional vapor-compression refrigeration.
Here a new class of hybrid films composed of ferroelectric polymer nanowire
array and anodic aluminum oxide (AAO) membrane is reported, which
displays pronounced ECE driven by relatively low electric fields. Under
confinement and orientation of AAO channels on the crystallization of the
polymer, the polymer nanowire array shows substantially enhanced ECE that
is about three times that of the corresponding thin films. Simultaneously,
the integrated AAO membrane forms thermally conducting channels for

the polymer nanowires, enabling the efficient transfer of cooling energy and
operation of the EC materials under high frequencies, which are unattainable
based on the currently available EC structures. Consequently, the integrated
polymer nanowire—AAO hybrid film exhibits the state-of-the-art cooling power
density, outperforming the current ferroelectric polymers, ceramics, and
composites. This work opens a new route for the development of scalable,
high-performance EC materials for next-generation refrigeration.

Refrigeration is indispensable in modern society, such as air-
conditioning in buildings, fridges for food storage, and thermal
management of electronics.!! The current cooling technology
is still mainly based on the mechanical vapor-compression
invented more than one century ago despite its high energy
consumption, poor cooling efficiency, and negative environ-
mental effects.?? Nowadays, cooling contributes more than 6%

to the global electric energy consumption
and concurrently emits =600 000 tons of
ozone-depletion and greenhouse gases
into the atmosphere every year.**l The
caloric effects, i.e., the reversible thermal
changes induced by phase transition in
ferroic materials, including magnetoca-
loric effect (MCE), electrocaloric effect
(ECE), and mechanocaloric effect (mCE),
offer promising alternatives for the next-
generation ecofriendly refrigeration with
high cooling efficiencies.[6-1!

Pronounced ECE has been obtained
in both inorganic ferroelectric materials
including bulk ceramics and single crys-
tals and ferroelectric polymers such as
poly(vinylidene  fluoride-co-trifluoroeth-
ylene) P(VDF-TrFE) and poly(vinylidene
fluoride-ter-trifluoroethylene-ter-chloro-
fluoroethylene) (PVDF-TrFE-CFE) over
the last decades.'21 In particular, ferro-
electric polymers hold significant potential
for practical cooling applications owing to
their intrinsic processability, scalability, and lightweight advan-
tages. Moreover, compared to inorganic counterparts, ferroelec-
tric polymers enjoy larger changes of isothermal entropy (AS)
and higher cooling energy density (Q, Q = TAS, where T is
the environment temperature).?22% For example, with an adi-
abatic temperature change (AT) of 1 K, AS of P(VDF-TtFE) and
P(VDF-TrFE-CFE) is =10 k] K™! m~, which is two times that of
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the lead zirconate titanate (PZT) ceramic film.*%22 Note that
Q and AS are of prime importance for refrigeration since they
directly determine the heat absorbed by a unit EC material in
each operating cycle.'>24

On the other hand, the EC strength represented by |Q/AF,
|AS/AE|, and |[AT/AE|, where E is the applied electric field, of
ferroelectric polymers is inferior to those of the inorganic fer-
roelectrics,['®?] indicating that the ECE in polymers can only
be driven by high electric fields.®? The required high opera-
tion field in ferroelectric polymers not only complicates opera-
tion but also risks the stability and lifetime of the EC devices.
In addition, polymers are well-known thermal insulators with
thermal conductivities of 0.1-0.4 W m™ K1, which are about
only one-tenth those of the inorganic ferroelectric materials.ll
The thermal conductivity of the EC materials is being recog-
nized to play a critical role in the cooling performance since
it determines the heat flow in the materials and the heat
exchange between the materials and external loads. For the
materials with poor thermal conductivities, the energy yielded
from ECE might be partially or even fully offset by the heat gen-
erated in the entropy-decrement process (Note S1, Supporting
Information), resulting in much reduced cooling energy and
efficiency.”-®l More recently, the polymer composite approach
has been developed to address the intrinsic drawbacks of the
ferroelectric polymers for EC cooling.2%-31l

In this work, we report a hybrid film composed of P(VDF-
TrFE-CFE) nanowire array and anodic aluminum oxide (AAO)
membranes, which exhibits a superior EC cooling power den-
sity when compared to the current ferroelectric ceramics, poly-
mers, and ceramic—polymer composites. The confinement on
the ferroelectric polymer chains created by AAO leads to a two-
fold improvement in the EC strength of the nanowire array rel-
ative to that of the conventional polymer films. Concomitantly,
the high-temperature-annealed AAO membrane with a high
thermal conductivity ingeniously functions as highly desirable
heat-transfer channels for the embedded polymer nanowires,
allowing the EC cooling energy to be absorbed efficiently by the
heat load with a neglectable loss. This strategy is scalable and
has simultaneously addressed several long-standing challenges,
including operation field and thermal transfer, in the polymer-
based EC cooling devices.[?®]

The P(VDF-TrFE-CFE) nanowire arrays were fabricated by
a solution-wetting approach with the AAO nanoporous mem-
brane, as schematically illustrated in Figure 1la. High-quality
AAO membranes consisting of vertical nanochannels with
a mean diameter of 100 nm and a length of 100 um were
obtained (Figure 1b—e) via a two-step anodization electrochem-
ical reaction and annealing process.?? The porosity of the AAO
membrane is estimated to be =55%. By dripping P(VDF-TrFE-
CFE)/dimethylformamide (DMF) solution into the nanochan-
nels of the AAO membrane, a uniform P(VDF-TrFE-CFE) array
with parallelly aligned nanowires was produced, as corrobo-
rated in Figure 1f—i. The breakdown strength of the nanowire
array is around 60 MV m™!. For the comparison purpose, a
conventional P(VDF-TrFE-CFE) thin film with a thickness of
100 um was prepared through the solution-casting method (see
Experimental Section for details).

Figure 2 summarizes the EC characteristics of the P(VDF-
TrFE-CFE) nanowire array and thin film measured at room

Adv. Mater. 2019, 31, 1806642

1806642 (2 of 8)

www.advmat.de

temperature, including Q, AT and AS, and the EC strength.
Apparently, considerably enhanced ECE has been observed
in the P(VDF-TrFE-CFE) nanowires at relatively low elec-
tric fields. For example, under an electric field of 30 MV m™},
the nanowire array shows a Q of 1.8 MJ] m=, a AT of
0.7 °C and a AS of 6.0 k] m™ K1, all of which are approxi-
mately three times those of the P(VDF-TrFE-CFE) thin film
(Figure 2a). More interestingly, the EC strength of the nano-
wires exceeds that of the polymer film (Figure 2b), e.g., a |Q/
AE| of 132 k] MV~ m2 versus 45 k] MV™! m of the film at
50 MV m™!, and reaches the same level of some inorganic fer-
roelectrics and recently developed ceramic-polymer compos-
ites (Table 1). The enhanced EC strength significantly lowers
the threshold electric field required to achieve sizable EC
responses. For example, as presented in Figure 2b, a AT of
=2.5 °C can be obtained in the nanowire array with an applied
field of 50 MV m™!, whereas only a AT of 0.8 °C is found in the
P(VDF-TrFE-CFE) film under the same field.

The notable improvement of the ECE of the ferroelectric
polymer nanowires has been attributed to the unique crystal-
lization behavior arising from the confinement of the AAO
nanochannels.*”)  While the P(VDF-TrFE-CFE) nanowires
possess the same ferroelectric phase structure to the film, as
identified by X-ray diffraction (XRD) (Figure 3a), they exhibit
different crystallinity, melting temperature, and average crystal
size (Figure S2 and Table S1, Supporting Information). The
confinement effect leads to an apparent reduction in the crystal
size from 31.8 nm of the film to 19.7 nm of the nanowires cal-
culated from the (200)/(100) XRD characteristic peak with the
Scherrer’s equation (Table S1, Supporting Information).!l The
melting temperature of the nanowire measured by differential
scanning calorimetry (DSC) is about 3 °C lower than that of the
film (i.e., 128 °C), further indicating a smaller crystal size of
the nanowire array (Figure S2, Supporting Information).*?l The
enthalpy of fusion calculated from the integration of the DSC
melting endothermic peak in the nanowire array is =1.2 times
that of the film, signifying a higher crystallinity induced by
the confinement (Figure S2, Supporting Information).*3! Both
increased crystallinity and decreased crystal size are conducive
to improve the electrical polarization in ferroelectric polymers
because enhanced crystallinity offers higher polarizability and
the dipoles in smaller crystals are easier to be aligned by the
applied electric fields.*#*! Indeed, as shown in the polariza-
tion—electric field (P-E) loops (Figure S3a, Supporting Infor-
mation), the polarization of the ferroelectric polymer in the
form of nanowire array is much higher than that in the film,
e.g., 5.4 versus 2.8 uC cm™ measured at 60 MV m~!, which
decreases more sharply with the increase of temperature than
that of the film (Figure S3b, Supporting Information). Since
ECE originates from the entropy change of dipoles induced by
electric fields,>® the higher polarization, steeper polarization—
temperature curve and smaller crystallites of the nanowires lead
to the improved ECE,**)1 especially at relatively low electric
fields (Notes S2 and S3, Supporting Information).

Additionally, it is found that the nanochannel-driven align-
ment of the molecular chains and orientation of the crystallites
of ferroelectric polymers plays a key role in the ECE of the nano-
wire array. As illustrated in the 2D XRD patterns (Figure 3c),
the nanowire gives the diffraction arcs on both equators,
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The terpolymer solutlo

iy

Wetting and filling AAO with
the terpolymer solution

Figure 1. a) Schematic illustration of the preparation of the polymer nanowire array. b) Top-view SEM image of the AAO membrane. c) The magnified
image of the AAO surface. d) The cross-sectional SEM of the AAO membrane. e) The magnified image of the cross-sectional view of the AAO channels.
f) The surface of the AAO membrane filled with P(VDF-TrFE-CFE) terpolymer. g) The magnified top-view SEM of the polymer nanowires in the AAO
template. h) The SEM of the polymer nanowires embedded in the AAO nanochannels. i) The polymer nanowires after removing the AAO template.

suggestive of the molecular chain direction of the crystals being
aligned within the nanochannels. Comparatively, the polymer
film displays a continuous diffraction ring (Figure 3b), indica-
tive of its random orientation of crystallites. As substantiated
by the molecular thermodynamic simulations,’%>3 the walls
of the nanochannels give a strong spatial restriction to the
polymer nanowires and “freeze” their axial surface layer. Since
the conformational entropy of the crystal whose molecular
chains extend along the transverse section of the nanochannels
is much lower than the entropy of those chains aligned parallel
to the trenches under the channel-wall restriction, the nano-
confinement compels the inner molecular chains of the nano-
wires to crystallize within the a—c plain, leading to a preferential
crystallographic orientation in which the lamellas stack paral-
lelly to the nanochannels.’*>7 As illustrated in Figure 3d, the
b axis, the polar axis of the ferroelectric polymer, is orientated
along the direction of the nanochannels and parallel to the
applied electric field (Figure 3d). Consequently, the dipoles on
the aligned molecular chains are readily to be rotated around
the chains (c-axis) by the applied fields. The strong coupling of
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the dipoles and applied electric field in the nanowires thus sig-
nificantly lowers the threshold electric field required for large
polarization;>>°°! this rationalizes the improved EC strength
found in the nanowires.

In addition to the marked room-temperature EC responses,
practical cooling devices necessitate the ferroelectric materials
to maintain strong ECE over a wide temperature range. Gener-
ally, for the EC cooling devices run in the Ericsson cycle mode,
high cooling efficiency (i.e., the ratio of the cooling energy gen-
erated through the ECE to the electrical work consumed by
the EC material) can only be attained with a stable |AS| when
the EC material operating between the hot and cold sides of a
refrigerator (Figure S4, Supporting Information).’® Besides,
for a material whose ECE is only valid in a narrow temperature
range, an intricate cascaded configuration has to be designed to
obtain a decent temperature span, in which each EC element
operates around its most effective temperature (Figure S5, Sup-
porting Information).”) As plotted in Figure S6 (Supporting
Information), the ECE of the P(VDF-TrFE-CFE) film is main-
tained in the temperature ranging from 0 °C to 60 °C with a
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Figure 2. a) Q, b) AT, ) AS, d) |Q|/|AE], e) |AT|/|AE|, and f) |AS|/|AE| of the P(VDF-TrFE-CFE) nanowire array and film under different electric fields

measured at room temperature.

stability of =80%, owing to its relaxor ferroelectric nature.l’)
Surprisingly, it is found that the nanoconfinement effect yields
further improvement in the temperature stability of the ECE
of the nanowire array to =95% (Figure S6c, Supporting Infor-
mation). As characterized by the Fourier transform infrared
spectroscopy (FTIR, Figure S7a, Supporting Information), the
content of the T, (m > 4, T: trans) conformation at =1288 cm™!
corresponding to normal ferroelectrics decreases considerably
from 16% of the film to 2% of the nanowire while the con-
tent of the TG (G: gauche) at =618 cm™! related to the relaxor
phase increases from 49% of the film to 58% of the nanowire
(Figure S7b, Supporting Information), thus confirming the
added relaxor characteristics in the nanowire. A broad dielec-
tric constant peak presented in the dielectric spectra of the
film and the nanowire array moves toward high temperatures
with increasing frequency (Figure S8a,b, Supporting Informa-
tion), indicative of their relaxor nature. To further compare the
relaxor behavior of the nanowire array and film, the degree of
diffusion constant (7) was acquired according to the Curie—
Weiss relationship.[®*%! As shown in Figure S8c,d (Supporting
Information), y of the nanowire array, i.e., 1.71, is higher than
that of the film, i.e., 1.60, suggesting its stronger relaxor char-
acteristics. Furthermore, the relaxor activation energy (E,) was
calculated from the dielectric spectra using the Arrhenius
plots of log(peak frequency) versus the 1/peak temperature.®?
As shown in Figure S8c (Supporting Information), E, of the
nanowire array is =5.34 eV, which is lower than that of the
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polymer film (i.e., =6.77 eV), again demonstrating the facile
orientation of dipoles under the field and the strengthened
relaxor behavior of the nanowires.

To further confirm the practicability of the polymer nano-
wire array, the aging test has been carried out. As shown in
Figure S9 (Supporting Information), discernible degradation
in the Q, AT, and AS has not been observed in the array after
10 000 continuous operating cycles when subjected to an elec-
tric field of 50 MV m™'.

The ECE of the nanowire array has been investigated by
changing the diameter of the nanowire. As presented in
Figures S10-S14 (Supporting Information), the AAO mem-
branes with different pore sizes varying from 30 to 400 nm
were fabricated in the anodization electrochemical process.
Inferior ECE is observed in the nanowire array prepared from
the channels with diameters <100 nm due to incomplete filling
of the polymer melt in the channels (Figures S13 and S14, Sup-
porting Information). It is found that the ECE of the nanowire
array decreases with the increase of the nanowire diameter
from 100 to 400 nm, owing to weakening the confinement of
the polymer chain and reducing polarization with the increased
pore size of the AAO membranes. The ECE of the 400 nm
diameter nanowire array is very close to that of the thin film as
shown in Figure S15 (Supporting Information).

Besides the nanoconfinement effect, the AAO channels
simultaneously create efficient heat conduction pathways
for the polymer nanowire array. As shown in Figure S16
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Table 1. The ECE of ferroelectric materials at room temperature.
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Materials (ox) AT AS9) AEY |Q/AE]® |AT/AE] [AS/AE[®) Method Refs.
0.9 PMN-0.1 PT thin film 3.0 1.2 9.9 50.8 58.8 241 195 Maxwell relation [33]
BNKT thin film 52 17 17 112 464 151 1527 Maxwell relation [34]
BZT thin film 182 45 492 101 1800 445 4871 Maxwell relation [35]
BaTiO; MLCC 2.2 0.5 5.7 30 733 16.7 190 Thermometer [36]
PLZT(8/65/35) bulk ceramic 0.39 0.16 13 3 130.0 53.3 433 Maxwell relation 37]
0.45BZT-0.55BCT single crystal 0.08 0.04 0.27 1.2 66.7 333 225 Maxwell relation [18]
P(VDF-TrFE) film 2.4 0.7 72 50 48.0 14.0 144 Heat flux sensor [38]
P(VDF-TrFE-CFE) film 2.4 1.0 8.1 50 48.0 20.0 162 Heat flux sensor [38]
P(VDF-TrFE)/P(VDF-TrFE-CFE) blend film 8.0 3.0 27.0 50 160.0 60.0 540 Heat flux sensor [21]
P(VDF-TrFE-CFE)/BST composite film 8.7 3.0 28.0 50 174.0 60.0 560 Heat flux sensor [29]
P(VDF-TrFE-CFE)/PMN-PT composite film 6.0 2.0 20.0 50 120.0 40.0 400 Heat flux sensor [39]
Polymer nanowire array 6.6 25 221 50 132.0 50.0 442 Heat flux sensor This work

The units of Q, AT, AS, AE, |Q/AE], |AT/AE|, and |AS/AE]| are M) m~, Y)°C, 9k} m~ K7, 9MV m™, kj MV~

(Supporting  Information), a thermal conductivity of
6 W m™! K™ was found in the high-temperature annealed AAO
membrane, which is more than 30 times that of the ferroelec-
tric polymer and around four folders higher than that of the
ferroelectric ceramics.[*% Finite element simulations were

m=2, ImK m MV, and &) MV~ m=2 K-, respectively.

conducted to quantitatively analyze the heat transfer processes
in the pristine polymer and the integrated nanowire array—-AAO
hybrid films. Different from the conventional EC structures in
which the cooling energy is transferred entirely through the
film (Figure 4a-VI-VIII), the cooling energy generated in the
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Figure 3. a) XRD patterns of the P(VDF-TrFE-CFE) nanowire array and films. The nanowire array and film present single sharp peak corresponding to
the relaxor phase (RFE) upon annealing, while the quenched film shows a split peak related to the relaxor and normal ferroelectric phases (RFE and
FE). b,c) 2-D XRD spectra of the P(VDF-TrFE-CFE) terpolymer film and nanowire array. d) Schematic illustration of the molecular chain orientation in

the nanowires compelled by the AAO confinement.
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Figure 4. a) Simulated heat transfer processes of the integrated hybrid film (left) and the neat polymer film (right) with a thickness of 100 um.
b) The cooling energy transfer ratio of the films as a function of time measured at 50 MV m™'. Inset: The cooling energy transfer ratio within 10 ms.
c) The frequency-dependent cooling energy density of the films at 50 MV m~'. Inset: The cooling energy density of the films operating from 2 to 20 Hz.

hybrid film flows horizontally along the radii direction and
enters the AAO channel walls, as illustrated by the isotherm
in Figure 4a-III. Remarkably, a lateral temperature gradient is
formed in the nanowire array within an extremely short time
interval of 6 ns after the removal of the electric field. In stark
contrast, for the pristine polymer film, the temperature gradient
along the longitude direction is only observed in the bottom
surface next to the substrate within the same period of time
(Figure 4a-VIVII), signifying the limited heat transfer ability
of the polymer film. As plotted in Figure 4b, more than 90%
of the EC cooling energy of the nanowire array can be absorbed
by the substrate within a short time of 10 ms, suggesting a
cooling energy transfer ratio R¢ is >90%. R¢ represents the
percentage of the energy generated from the EC film that can
transfer to the heat load for subsequent cooling. As shown in
the inset of Figure 4b, for the conventional polymer film, R¢ is
only 30%, i.e., 70% of the cooling energy is retained in the film
over the same time interval. The completion of the heat transfer
process in the neat polymer film requires =400 ms (Figure 4b).

Figure S17 (Supporting Information) compares Rc of the
neat polymer and the integrated polymer nanowire array-AAO
hybrid films as a function of operating frequency. Compared to
that of the hybrid film, Rc of the polymer film decreases much
more rapidly with frequency. For example, at 20 Hz, which is
the typical frequency of the designed rotary EC device,® R
is 36% of the polymer film versus 98% of the hybrid film. A
Rc that is beyond 80% is maintained in the hybrid film even
when the operating frequency is increased to 50 Hz, whereas
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Rc is reduced to 22% for the pristine polymer film. The cooling
power density (Dc) is determined according to D¢ = Qg/
(v-t) = Qg-f/v, where Qg = Q- R¢ is the EC cooling energy that
can be effectively absorbed by the load, v is the volume of the
EC element, t is the operating period, and f = 1/t is the oper-
ating frequency.*¥l Apparently, poor R¢ significantly limits the
amount of cooling power per unit volume that can be obtained
from the polymer film in spite of its sizable ECE, i.e., large Q.
As shown in Figure 4c, D¢ of the polymer film increases mar-
ginally with the operating frequency owing to sharply decreased
Rc. On the other hand, for the integrated hybrid film, D¢
increases nonlinearly with frequency. For instance, at 20 Hz,
D¢ of the integrated hybrid film is 72 W cm™3, which is more
than three times that of the neat polymer film. When operating
at 100 Hz, a record D¢ of 225 W cm™ is achieved in the hybrid
film.

More recently, the ECE of the ferroelectric polymers has been
improved by more than approximately three times via intro-
ducing inorganic fillers such as barium strontium titanate (BST)
and lead magnesium niobate-lead titanate (PMN-PT) to form
the polymer nanocomposites, and mixing P(VDF-TrFE) and
P(VDF-TrFE-CFE) to yield the polymer blends (Table 1).21:2%3%
However, their D¢ can only match to those of the integrated
hybrid film at frequencies <10 Hz (Figure 5a). Notably, as
compared in Figure 5b, D¢ of the hybrid film is much greater
than those of the typical inorganic EC materials, especially at
high frequencies. For bulk ceramics and single crystals, their
D¢ is limited by Q as a result of low breakdown strength as
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Figure 5. Comparison of the cooling power density of a) the ferroelectric
ferroelectrics to that of the integrated nanowire array—~AAO hybrid film.

well as relatively lower thermal conductivity.®??l The total
cooling capacity of the hybrid films can be further improved by
stacking the films using a multilayer structure with embedded
interdigital electrodes as presented in Figure S18 (Supporting
Information).

In summary, we introduced a new design of ferroelec-
tric polymer based EC material composed of the ferroelectric
polymer nanowires and the AAO membrane. The increased
crystallinity and reduced crystal size under confinement, along
with the alignment of the molecular chains and orientation of
the crystallites driven by the AAO nanochannels, increase elec-
trical polarization especially at relatively low electric fields. As
a result, the polymer nanowires display much improved ECE
relative to the corresponding thin films. Concurrently, the inte-
grated AAO membrane facilitates the thermal transfer and
has successfully addressed the long-standing challenges of EC
materials, thus allowing efficient transfer of EC energy toward
the load for cooling and operation of the EC materials at high
frequencies. Consequently, the integrated polymer nanowire
array—AAO hybrid film exhibits excellent cooling power den-
sities in comparison to the currently available ferroelectric
ceramics, polymers, and ceramic—polymer composites. We
anticipate that this scalable approach will advance the devel-
opment of highly efficient and environmentally friendly solid-
state cooling technology.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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