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Figure 1 (Color online) (a) Comparative power and energy densities
across different energy storage devices. (b) Fields of application of
dielectric materials.
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Figure 2 (Color online) Key fabrication techniques. (a) Schematic illustration of the sol-gel synthesis principle. (b) Schematic of the magnetron
sputtering process. (c) Schematic diagram of a pulsed laser deposition setup [39].
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Figure 3 (Color online) Direct measurement methods [41]. (a) Schematic of the modified differential scanning calorimetry apparatus. (b) Schematic
of an infrared camera-based electrocaloric effect measurement. (¢) Schematic of a thermocouple-based ECE measurement. (d) Schematic of the
measurement principle of a modified calorimeter. (¢) ECE measurement using a thermistor.
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Figure 4 (Color online) Schematic illustration of the D-E hysteresis
loop [51].
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Figure 5 (Color online) (a—e) Schematic illustrations of polarization mechanisms in dielectric materials with different polarization types, together

with the corresponding P-E hysteresis loops [56].
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Figure 6 (Color online) (a—d) Schematic illustration of polarization
switching, temperature variation, and entropy change during the
electrocaloric cooling cycle [59].
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Figure 7 (Color online) Schematic diagrams of multilayer alternately stacked composites [67] and SEM images of multilayer gradient composites
[70]. (a) Schematics of five alternately stacked composite architectures. (b) Cross-sectional SEM micrographs of four composite specimens.
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Figure 8 (Color online) Thermodynamically calculated free-energy profiles as a function of polarization for various ferroelectric materials at
temperatures of 7¢-5, T¢-3, and T¢-1 (K) [9]. (a, ¢) First-order transition ferroelectrics, MDABCO and BTO, showing the polarization-dependent free
energy. (b, d) Second-order transition ferroelectrics, ImClO4 and CIPS, showing the corresponding free-energy-polarization relations. The 3D color
insets depict the free-energy landscapes of the different ferroelectrics at 7-5 (K).
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Figure 9 (Color online) Temperature change along the [110] (a) and [111] (b) crystallographic directions, as obtained from direct measurements, the

Maxwell relation, and Landau-Ginzburg-Devonshire theory [71].
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Figure 10 (Color online) (a, b) Framework for ML-assisted multiscale modeling [79].
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Table 1 Dielectric constants of common polymer matrices
Eaw A (1 kHz) A HLAFE(] kHz) S 3CHR
T LI 10-12 0.02-0.04 [80]
WE Mg 4-5 0.01-0.02 [81]
R LIHPS) 2427 0.008 [82]
5% % L J#(HDPE) 23 0.0002-0.0007 [83]
iK% & B 2% (LDPE) 23 0.001-0.004 [84]
R EE IR IR H S (PMMA) 3.5-5 0.05 [85]
FIU% 9% (PTFE) ~1 ~0.0003 [86]
F 2 ADFRFNEE S B TR B BETT TH T T f
Table 2 Recent research progress in flexible polymer-based dielectric composites for dielectric energy storage
Mtk R & E, MV m_]) U.[J cm_3) n (%) 22 3Lk
PLZST@AIL,0,/PI-PLZST@AI,0,/P(VDE-HFP) - - 21.89 78.2 [58]
BFO@TiO,-P(VDF-HFP)/PMMA 11.7 (1 kHz) 5492 19.3 61 [90]
AIN-KNbO;/PVDF - 337 10.54 70 [63]
BT NFs/P(VDF-CTFE) 15 (100 Hz) 530 17.1 84.6 [91]
BT/PVDF 17 470 - - [92]
BT@HPC/PVDF 39 360 10.2 77 [93]
PVDF-BT/PVDF-PVDF 13 (1 kHz) 519.7 19.1 - [94]
NBT/PVDF 13.34 208 2.58 - [95]
BST@TiO,/PVDF 84.35 (100 Hz) 29.37 - - [96]
BT-BN/PVDF 35.3 (1 kHz) 500.3 16.1 57 [97]
AZO-BT/PVDF 14.4 (1 kHz) 460 9.1 57.6 [98]
BTO@rGO/PVDF 11.8 (1 kHz) 394.3 9.71 58 [99]
BT@TOns/PVDF 12.6 (1 kHz) 561.2 21.3 64 [100]
h-BN/PVDF 9.7 (1 kHz) 510 19.256 522 [101]
BNNs-F/PEI - 589 5.73 91.22 [102]
PLZST - 60 5.2 78.2 [103]
Bay g5sCayg. 15210 10Tip90;3 5000 (1 kHz) - 0.414 78.6 [34]
PVDF/P(VDF-TrFE-CFE) - 480 13.63 - [104]

a) BFO: £kiiR%}; BT NFs: SKIRINGIK L4k, P(VDF-CTFE): F (M £4- — 5 & £.075); NBT: EKEREBAN; h-BN: 7577 ZULHH; F-BNNSs: ik %
L4k Fr; PEL: %8 Z.4% W0 l%; P(VDF-TrFE-CFE): (IR 2.0%- =8 015 - S 2.0%).

VKL, E IR R BEAE L A 1 R R R 1 =
HEAHRN . EIEAE LTRSS EBT (20%, 14
BB S e 2 /2 2 A f A BRAE SN L3 T A
SREE; IR RS IMICE =BT (1%, A E0fE A E |
HLT FEBEOR BRI R A AR R IR ra AT 3 L. TR,

B MEAEEBT S &, 7 LA R BInE R &4
BN 506, 2 25 A HATRIESE470 MV m™ &
R RN, 5T DR THE017. Liang% ™ ha@
ok R G M -freevd SR IR -HEE T2 M A, RIhil
% 1 BaTiOs @K b ¥ WAE R I H 25 2 LIk (BT@HPC)

2909



Wb AR SRR A HA BB 8 L HL R RONERIT 72

T RL Z 2 g Fdh, HPCHE 2 (~40 nm /)2 (it 5
FLME 22 I M L R R 2%, N B B BT 9Kk 1
CPBIRIAE54.6 nm) U TTHR = A LIRS, 3 P RIVE
G M EHERIE 7 & N SLU A iR RE 2. JE il &
=2 Je (4 EBT@HPC/PVDF+H [A]4EPVDF),
1) 7 T 2 1) AT A0 1 280 5 2 (1] R 3% 2R 4 A1 AL,
1£7 wt% BT@HPCIE 78 3R 134 B #e =39 (1 kHz)
H A i #Etanc=0.03; A E1 wi%HRER, T
360 MV m™'H13% F320010.2 7 em Itk B2 5 577%
PIFRTBCR AL, X P i AR A R 5 4 O % 5 %
MG BRSBTS, m TR SR AR Hfk
REA BHEH 2 FR 4 7 HnE st

A AT RESE T 5 R N 3 5 B A 3 )
IR RLE L S LR RYE, — 3 H 4% 5% S AL
WA RLRT T g REI FEXT RID-E R 2R B AR Ak ST/ R
J, T R ARSI T FL 3 R R A A R B R (0
Ap 5iRAr JEAT I MaxwellJBE 2. [RIT, 2 ) i A
POEAE . B K] 3 T 1 (ol 5 R R ) 5 PRI A
AR, PSRRI R LA T ). SRS, 2 /8
R b b 5 ST T AR A F I A B0 A
NGB R B EE R T E, AT AT
BRI Re % MR, WA T IR e I e
Ry Rz, U HLS EE e[RRI A 2k 3R T HRTH
A BUR.

4.3 HLRBNIR R kR

TeHURE & B R RHE T SRk sz B T4 N H 1
e el (#e3) 0O BaTiO R RHE Jy 4 B4
BBk HAR, @I SR AR RN 1L 245 A SRS S B T
W R PERE I ORIR SR TE, o Lig! P E< 11> A
BaTiO;-KNbO, i #3115 T =ik 3.9 KW E KIRAR, X
— RN AR TS I T AR A A R H R AE SR T
KR HMEZ/ER. e EM R BT H kR
AT R i [ 2 e R B8 ] B 7 A= 1 B R R R0, PR
BRAE ST, NH RGBS T 48 1 R AR AR B
IR B T2 ], PbMg, s W, 50554k i P e 7 Lig !0
VR NBIF ST R T S35 R 6 R 1 [ I $7 e
M, IERUNIE(EIAE]1.79 K, S N-2.02 K, 1X
Tl XS AR PR SO ) L ) 57 A9 2 SR T T 2R 1 A I A R 42
A R AL T B ORI, 2Rk Rk
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B ERERARANIL DL A PVDFRE R &M%, HIL FHE
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BEBES2 T om ™, RENT8.2%. HLAP, T Maxwell 5
RIS TECE, 7E500kV cm™ K% R, Pbyor-
Lag 02(Z10.428n0.54 Tl 04) O3 JF B P BE HH3R1G T AT=2.47 K
1) &8 FARL A1k

MaoZ" )i it PV DF HIP(VDF-TrFE-CFE) IR &,
B4 B A SR B AT AR SR A A
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TR T 45480 MV m™, HELH S ich e s i
13.63 7 em™. %I AL B B L 4 PVDF I i
84%. PVDFEA%)5P(VDF-TrFE-CFE) = i R 52
VFI) P K T WM A A0 5 i ) it A B4 T AT e B T
VAT L BORN o R, A i R A7 R
PVDF3: R A WIAE AT s R0 R i i AR 308 i K
WA 43 1 BE VT AR 4 AL R 3 S BT M A 1 s b 2P
TF. Le Goupil&s!"75@ it 5] N/ B X, T 25 T 7E
P(VDF-ter-TrFE-ter-CFE) = e L B ¥ i 5 H i [F) Y
FAFE. T 2RI 2% 0 P B8 1F R B0 AR S 1 1) v
PEfE: KT 100 MV m ™ (I R, B R4 HGEAS AT iE
5.8 K; fEH R I N, AR — A 59.3 K. ixubgh
FWPLZSTE I EPVDFE & MRS BE F IR
ik FIE FEL 72 2 1 [ 85 f 4 25 B 1 S o o2 R+ LA i .
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MOEL, Al BEAEFR R 1) ] T A5 RE 2 B B i L
HilAfeE e, BRI S, MEHE IR =4
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T ORI, 3K 343 75 26 FA A VA A T b e i gl e
RRNE, SR HA IR THE T 435 E TS 1
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Table 3 Recent advances in electrocaloric effect research

ek £ AT (K) AS E (kV cm™) T (°C) TR Ty ik Sk
<111>-BaTiO;-KNbO, 3.9 557kg” K7 100 50 BN [105]
Bay s5sCag 1521010 Tig 405 1.479 - 60 94 V)0 & [34]
0.73PMN-0.27PTH. i, >2.5 - 10 20 V0 [71]
PbMg, sW, 505 1.79/-2.02 1.69/-1.93 Tkg ' K™ 120 36/34 IEEZ3= [106]
Bag S10.4Mny 001 Tig.99903 2.75 - 50 21 HEE [26]
P(VDF-ter-TrFE-ter-CFE) 5.8 - 90 25-40 EHE [107]
BSTnfs/P(VDE-TrFE-CFE) 11.3 1358k m- K™ 700 Eilf IER LI [108]
2DPA-P(VDF-TrFE-CFE) 48 242Jkg™ ' K™ 60 st FERELIE? [109]
PLZST 247 —249 kg™ K 500 160 [EIE2YFs [103]

a) BSTnfs: kKGRI K LT 4E; 2DPA: —4E R FENL.

o] FEVE A R SR T AR

REMBEL SRS B RMEHOTERERTY, B
SRBM I A I T AR S S5 TR AR — i 2, |
FEHRGIN . RIS Ere/ks a5 Z RER
BETHAE. X SRR IE S LT A R - ol 2 R L
A VAFARIZ — 107 JE ST B I 5 i 5 45 4
BEHE ST AL (0 [R] I 2 5 B 9 IR E ). XL
PRARIE, A5 PSS AL RENE 1 5 S 8 Bl
P IEAR AR IR, (H A FLRE 5 AR H A SN AT
RES T A ROR. X IR H R AR R AE 5 A5 F
erb AR SR E MR D JE AR B, TR, T e
G- v - AR AR AR Ve v 45 o 28 /8 55 WL 2 3R
NSRS, R AREE [ R RE S 1 (1 44 B
K.

5 FpRA SRR
5.1 ZM-RAPEHS P R Ity

FNE R RHE AR L7 B0 & A ) 2 JE R e
DU T MeREI ) R S AT, AT, B, W\l
RTHIAUIN L AR 2 % OB M B I b it 1 R ok
BB TTRENE. 515G RIPER A EELL, R
MR B8 3 B 52 2% 1) JUART T AR A BN 25 B LR AR
¥, A REAELRFRIL ST HLR TR 1 [F) B 2 52 A2 1 2 il -
FETFIERR, YangZ!"""F % (152 1£0.65(0.94Na, Bij s-
Ti0;-0.06BaTi0;)-0.35SrTiO; (NBBST)H# A5 mm=S

A% R R R PR, IF ELAE 10" 6 FR 5 1k
ReEATE IR ().

AR AG T EARMRER T AR s A RT
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Figure 11 (Color online) (a) Schematic of the electrical measurement configuration for a thin film mounted on a mold with a defined bending radius.
(b) P-E loops and (c) J-E characteristics of the flexible NBBST thin film measured at room temperature in the flat state, under tensile/compressive
bending with a 5 mm radius, and after 10* bending cycles. Inset in (b) photograph of the flexible NBBST thin film conformally attached to a finger.
(d) AT and AS values at selected AE under the unbent (flat) condition, under mechanical bending with a 5 mm radius, and after 10" bending cycles
[110].
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Figure 12 (Color online) Electrocaloric cooling and thermoelectric energy-harvesting performance of the device [118]. (a) Schematic illustration of
the EC cooling and thermoelectric energy-harvesting module integrated on a simulated CPU. (b) Photograph of the EC and thermoelectric energy-
harvesting module. (¢) Coupling of EC cooling with thermoelectric energy harvesting (PEH) via the Olsen cycle for a simulated CPU. (d) desktop fan,
(e) CPU air cooler, and (f) EC cooling module. (g) Time-temperature profiles of the simulated CPU surface when the EC device is activated
simultaneously with the CPU. (h) Simulated CPU surface temperature when the EC device operates. (i) Simulated CPU surface temperature using
different cooling approaches. (j) Simulated CPU surface temperature when the EC device (100 MV m_l) is operated in conjunction with the Olsen cycle.

2915



MRARARSE: SRIER & s R Rk e S L R AR 7T

OPV module

EC device

Refrigeration
Applications

thenw’

B 13 (IR RSOR ) SRk 25 1 v B2 P LGB LT s (a) TR BN ARVEEL. (b) ML aRFRVEEL (o) MR,

(d) BT RN

Figure 13 (Color online) Flexible-device cooling applications and key research directions: (a) wearable personal thermal management. (b) Electronic
thermal management. (c) Aerospace applications. (d) Healthcare applications.
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Figure 14 (Color online) Al-assisted design of polymer dielectrics for energy storage [127]. (a) Four-step design workflow: (i) generation of a library
of chemical structures; (ii) property prediction for each candidate; (iii) down-selection of optimal candidates based on the predicted properties;
(iv) synthesis and experimental characterization of the selected materials. (b) Chemical-structure generation in three stages: (i) compilation of an
accessible monomer database; (ii) selection of a reaction scheme to accept/reject monomers according to reaction rules; (iii) chemical transformation of
the selected monomers into polymer repeat units. (c) Structure-property model training using a multitask graph neural network. (d) Materials screening
guided by targeted key descriptors/criteria, including high glass-transition temperature, wide bandgap, and appropriate dielectric permittivity.

2. EOEE RN RS SOV RRINBE W, - o E, R B 35 5] A AT AR 4
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Abstract: This work focuses on flexible composite dielectric energy storage and the electrocaloric effect (ECE), and
reviews recent research progress in this field. In view of the high energy consumption and greenhouse-gas emissions
associated with conventional vapor-compression refrigeration, electrocaloric cooling has attracted increasing attention
due to its high efficiency, low noise, and environmental friendliness. Although dielectric capacitors offer high power
density and rapid charge-discharge capability, showing great potential for pulsed-power applications, they remain
constrained by the well-known trade-off between achieving high dielectric permittivity and high breakdown strength.
Therefore, organic-inorganic composites and rational structural design have become key directions in current research.
This review summarizes typical fabrication routes, including solid-state reactions and sol-gel processes, and introduces
multiple approaches for ECE characterization based on Maxwell relations, thermocouple measurements, and related
techniques. In addition, energy-storage models derived from D-E hysteresis loops, a series of simulation frameworks,
and machine-learning-enabled high-throughput screening strategies are outlined. Particular emphasis is placed on recent
advances in flexible composite dielectrics, especially PVDF—based composite dielectrics. Potential applications are
discussed, including wearable thermal regulation, chip thermal management, acrospace scenarios, integrated solid-state
cooling and energy storage, and energy harvesting and conversion. Key challenges are further analyzed, such as
interfacial engineering, aging stability, scalability, and standardization. Finally, prospects are provided for emerging
trends including high-entropy materials and Al-assisted materials design, which are expected to offer comprehensive
guidance for future studies.
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