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Figure 3 Direct measurement methods®!). (a) Schematic of the modified differential scanning calorimetry (DSC)

apparatus; (b) Schematic of an infrared (IR) camera—based electrocaloric-effect (ECE) measurement; (c) Schematic

of a thermocouple-based ECE measurement; (d) Schematic of the measurement principle for a modified calorimeter;

(e) ECE measurement using a thermistor
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S-AS=Sy+(S1—AS) 7 W <= |/ ATA | SAS(S—ASy+S:
i Adiabatic |/ 14

JB 6 R RNV FE IR A AR A B iR AR AL AT
A5 7 )
Figure 6 Schematic illustration of polarization

switching, temperature variation, and entropy change
during the electrocaloric cooling cycle®.
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X SRR 52 22 R vh B Al ) — A Pan
LN T — MBS L STIRL XU = S5 e, FE P
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YKIERL (NPs) 3Bl PLZST H AT 8K 5% 4> Fa AL
¥ (Dy) PRI K AL (Dina) , B, ALO3
FEMA A $ S P (VDE-HFP) 1 PI AT, A3 H
RAF AR B TCAE R VPR Sk ) £
PLZST@AIL,03/PI-PLZST@ALO3/P (VDF-HFP) X2
W, ZEE SR 7R 78.2%, ik
REH L Ue ik 21.89)/em’.

AR, = BR Az 51N BIAE G 5
% 25 K6 R R 45 5 HOR 40 B0 N R LS, T AR T A R
(o 28 AR, R 1S BE AR R (1 il B 2 FE 621103 Sun(64)
S NJB IR E FAE T 2800 T R E S AL
BRI R A/ B L (AIN/KNDOs/PVDF) 4K E &
MEL B TERESNE 5N LA AIN, P ]
JEAN[F] KNbOs 4 F 43 Bkt = B I6 45/ 2 A M B
PERE A BE B A2 AT I RE IR, 25 /KW, AIN/KNbO;
/PVDF K Z 5 S EHA rH H, R v
BE Bl A7 3 FE RO R 3 BB HE T, A o o
FE337 MV/m T, BESRIL 10.54 Jem® H R ERL.
Gulss15 N R ANAIRE % T —Fh =B ZH 1 P (Zr
04Tios) 03/BaZro2TiosO3/Pb (Zro4Tios) O3 (PZT/BZT/PZ
T) . PZT/BZT/PZT W fEAE 10kHz B T &R mi /i s 4,
B im Al Ik 1722.45. #E4h, AE=IRAT 2.00 MV/em T, fig
BAEEEIRTT A 39.27 Jem?, BT H 4 BaZroaTiosOs
A (21.28 J/em?) . BbAh, B M-140 CTHEE 200
‘C, PZT/BZT/PZT ¥ [ (1) BE B i A7 55 B AN R0 3R M AT 42
7t

2 Ah, 55 T AN FR = B VA &5 K B BF 5 58
Wi % . Rl AN F DR R AT A G, %
20y RUREAEFE, TP [F) 38 THEE A 1P B8 . Zhang 55
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N BIHT E HAL T — RIS BR = W VA 45 449 1) PVDF
BT A 0 55— LN TE PVDF H 5] AR AR
5380 0D BT MR E & )2, A5 &/ v BO 1k
FpeftmiAl; 58 _JZKH P (VDF-HFP), £EH T
RIVEGHBE S g, = RN KA R K
15341 2D BNNS 44K /v (1] PVDF E& )2, 1A %30
] 9 I5E P 8 AR AR K I D BTN, AT E— 25
wgsRh . SR N R A R
GgZRE S EE R, ENEE B T E. L5
R TOR, X BNNS 9k 7 & (A5 M
5%I, ZAERTFR R RGN T A R AR TR )
%R E, (720 MV/m) LA K AR 5 BE &= U
(22.72 J/em?) .

Z IR G A RHEAR SR 2 2 8] 22 % 1 7 10 B
B, X2 BE b il X PR AR IR T B BURAE A B S
HHEE L, MRAEREERN LG R, S
T, FARF IR R E AN =R S it —0
HWRB=ZZE L LM Z Rk R, Yang 5 @R —FE
SPA ) 4 R 2R, A A LI ER YT . BUE S Hark
T2, UL P(VDF-HFP) A%k, BTO ANIHEl, KH
“BIRBIRBIREZGHZHIR, #&T 52
R EREEM R (N T () ) 08, i F )2 ) S
BEW L, Hb RS R R, Hd 7 2R
[ E» ATIA 635 MV/m; AHR M, RIS % 2 U,
BTZE 17 Vem?, RE %N 70%.

S5 T, I IR R R SURH S B A EE E A
), WAL 2 24 2R 10 2 R B gef 4 A, I G2 RTE AL
FUORHG T & Wy B 2 18] A v 072 53t 2l SR K 5,
T YA L 37 AR 16900700 Liu 5 N it TR 2 2R
A BET: BaoeSroaTiOs (BST) 4Kk ih4 £ MLk
MBS, R 2B IAEH AR T B A BB A
ff) BST/PVDF £ J= & & 458, 2 RAEEKY], 800°C
WBe IR A3 1) BST 9K UKL S BRI 3277 AR G5 4, 2

L A W R 5O G A R A R (H B 25 5 T B - R
WA . DA 2 LA 78 1 BaosSroaTiOs (BST)
JN3ERE PVDF gk, 4 13 2350kt A4 50 H 2
BEE AL 2 2 BST/PVDF &M kL Hiit 79

HERE T R-1ERE (0-1-3-1-0) 5B (1.5-1-0-1
-1.5) , JELUIEREEZ 2 (1-1-1-1) J 4l PVDF £ )2

JEAE X . P RS T (B 7 (b) ) IR, BREE
% JZ R 2 ST N B AR MR, A B
A, FHRITHRT AR, MEfest RERY, ERES
B E R A MBI R Ue 43518 9.3 F1 7.0 J/em?,

)RR T AR EESE MR 3.9 J/em? DL K 4l PVDF (¥
2.8 Jem®. XEEZ B, BAEESSRIMRTE, AT LR
N TIB E T, SRR “EmAE-mT T X —
T &, IENFE B RAT T AL

- - =

B 7 ZZEZEHSE AR RIS Z R
FER SRR SEM BRI (a) FuhAS [ ¥ 52 5 HE
BEHAEMEURERE (b) 4 FESFE SEM B K

Figure 7 Schematic diagrams of multilayer
alternately stacked composites®®! and SEM images of
multilayer gradient compositesl’!l. (a) schematics of
five alternately stacked composite architectures; (b)
cross-sectional SEM micrographs of four composite
specimens.
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(OP/OT)=(OSIOE)r. & T MLEA G R, FiRMA &
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—0.04 |
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H A8 B AR Ak 128 4 il 42 R AE Te—5 (K) HOHRE T
SR AR L AR AR SO R — AL T
St L R 2280 EEATL o) R, R A T A AR
T v A 2 S LR SO 1 B T R ). AR B A AR
FRE, BRHARLE 1 AE TR R H A Ak B ()
ﬁﬁ%ﬁFFﬁaﬂ+mm¢WfEﬁ¢% BN
Ha. p yHEREZRA, Rl o=ay (T-T,) RKREE
YUE T R BLIR B T M A AR AT

Energy density
Max

T( —
W=
Te—1

10 70.05 0 0.05 0.10
P/C-m~2

CIPS (d)

Min

Tc—5
Tc—3
—Te-1

1 1 1 1 1 1 1
10 —0.05 0 0.05 0.10
P/C-m—2

BEAR AL 2L (a), (o) —ZAH

A5k kL MDABCO Al BTO H 1 GEFEAZAL IR AL (), (d) —ZAHZE ALK ImC104 A1 CIPS H H BEFE AL AL AR 1k
B o = 4R (4l N BN R [E8R AR Te-5 (K) IR R 19 =4 5 1 A il &

Figure 8 Thermodynamically calculated free-energy profiles as a function of polarization for various ferroelectric
materials at temperatures of Tc-5, Tc-3, and Te-1 (K) 31, (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) .

3.5 BHIE-4 008180 A R B 5 A I A

B TE - < Ik B -1 7y R BB AR 9 R Bk i A R
HAAT NI 2 LB HESE, IR R R B R
PRI Iy H AR A 55 P R LR FEE [ e A, R b T
TEMER BRI R PERE, 9 Dy i R A L

JiVEARAF I ECE &5 U4 Z B AU & 1 AR R
(RITTHR, 3% FE T FEE B X i T R IR B 45 A 14 5 T,
NZMIAFRZR B R IR TSR 6t 1 72 A e
k. fEZ A BRAAEL R, ARk A AR R A7 R
SR MAR B E5H, AL F B AR AR RS ) Dk i
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55F (a) Deduced from Maxwell relation at 2 MV/m
50k Deduced from Maxwell relation at | MV/m
45 - -®- - Deduced from LGD theory at 2 MV/m

Q 4.0F - @~ Deduced from LGD theory at | MV/m

: 35l -4~ Measured at | MV/m

< 3.0F | ---#--- Measured at -1 MV/m
2.5 [ee T
20F T
1.S5Fre®99.9..3..4 e t
Lof “geig,
0.5 Facdcdr el el d s
0.0

300 320 340 360 380 400 420
Temperature (K)

i (b) Deduced from Maxwell relation at 2 MV/m
40r Deduced from Maxwell relation at 1 MV/m
35F A- - Deduced from LGD theory at 2 MV/m
Q 3.0 v - Deduced from LGD theory at | MV/m
- -+ 4= Mcasured at | MV/m
N 25 | -~4---Measured at -1 MV/m
N 2.0 * TSP, B =i
.
LSF ¢-4-4--4--9--4 /. ;:_‘r
1.0} v

300 320 340 360 380 400 420
Temperature (K)

B9 MWHBEMNE. £l A2 LGD #HigB RN E (a) AN FE (b) AR (AT) U4,

Figure 9 Temperature change (A7) along the (1'% (a) and ' (b) crystallographic directions, as obtained from direct
measurements, the Maxwell relation, and Landau-Ginzburg-Devonshire (LGD) theory!4l.
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AL UL AE S 7 R B3l 25 i N2 AT D076,

HR I AU ) A8 35 A T BE % 25 R ATRL I BOU A 2
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WA, g5 IR E AT 200 BTE A e A A
AR, PR A AU A R AR O S B A W
ARCE R, W] BLSKELAARL 225 18 1 4 RS BE
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3.6 Hlas 2] S mER IR ITE

HLE 7 3] J7 VA AR HL R ARLE 7E rp (i N AR T
BT R R Y, B MM e, STRE
WLSE SR L APRH B S5 S 8 S PR RE 2 A AR 2k
P Z Y, DA AR ) PR 575 2 A2 RE TN 4 fit
RO TR UBIOL e 28 o) 4 SR i Ak B v 24 2
R ML AR TERESC &R, B I KR S g0 AT S

FIINZR, L ARH I 22 AL SRS S5
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KA. FEETE SIS NG N RHER
B s TR B e e, Wi A stk it
BSR4 . R RITERETH 5. RS R B 12 9
AN REAL AR LI ZR, e 1 P K A4 ) 2 1) 4R
FAR I E A 0 R R BE A (s A APRLEOIEN i Ty
P AZ O AR TE T RR A [R] B 5 18 2 AN HH ELAR & 1 1%
TS, WA, SR SREE A RO
S, I KA I AT T EIRE M R e 42 )R
PEALAE.

Zhaol®ZE AR 1 — Mt SRR w . RS
ML FijBh 2 R @R sRms, TR S5 7
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Figure 10 Framework for ML-assisted multiscale modeling®?.
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K1 HILEEGWEERN BT

Tablel Dielectric Constants of Common Polymer Matrices

®& A AEFH (1 kHz) Jr i ARFE (1 kHz) 22 Sk
EMM LN (PVDF) 10~12 0.02~0.04 [83]
R R 0.01~0.02 [84]
RHE M (PS) 24~2.7 0.008 [85]
B % EH 24 (HDPE) 0.0002~0.0007 [86]
R E R L)% (LDPE) 0.001~0.004 [87]
RH LG Il (PMMA) 3.5~5 0.05 [88]
RIS £ H% (PTFE) ~0.0003 [89]

SRR R, DLERAG e HL A0 57 A i 1k R R R A AL
i BE ) B A A4 R0,
4.2 B & A FURRME BEWT 7T ORIk e

LR, 99K 2 A BORTE B/ i 2 48 5 1 [
18 F R WS AR B (K TR A S — PR RL IR BRI R 2
Ab, BEBEAE —F MR AL FRIEE A, BT E A
e e 25 38 R 05 HL A AR X T R R T 50N, A M
Bl — R AE R A W R s 0 — 52 = TE WL R,
KEAEO T REWI L ER K, XAEHE AR
B H A BAFIORME. RN AR, SR
Wi g HRL, REAE KR SR T & MR A B HL ]
B 24 55 A G AR A AR, IR A R TR T AR 3R
fitr BE % P2, 3R 2 ST A RIER B WANKE AR
A IR AS O M T Ax T A, B MUORTER RS
BARENBEH (o), TFEHW (B, HREHE
(Ue) AR TR ()

i LA A EIR 45 K & T LAS iR PVDF (47
HLH H. Wang 25011 PVDF &9 4k, Ekig il
(BT) BURLNIERL, 8 12 2 Wi A v i 4 1 Ak
FHERN=WHREamN . ddE L TERNmES

& BT (20%, #&#170%0) k&2 =& AN
HL3 R B AL SR AL, o (] S IR & & BT (1%, 14
U380 AF N B b TR PR BRI & 4R
Hif o . BEA R, il SR AR E BT & &, o]
LAR R B S E B G MELA A, £ EE 510
P JRAESRAT 470 MV/m (i 5 A I R B, A B 4
A LLERTE 2] 17. Liang SE078 i R 1HVE 1L 71-free 2 5
T TS, 4% 1 BaTiOs 40K KL
T HEHK 2 Z LR (BT@HPC) Z4tb#t k. %
ZAb G K, HPC F2)2 (~40 nm JF) $24ES B HE S IF
W R A M 45, B E I BT 40K T (CFIkL
1% 54.6 nm) T TTHA A HELE L, T P R AR AR R
EMBHEMCA R & N S IA ERe R B, I
= )R k04K (4 ) BT@HPC/PVDF+ i ] 4fi
PVDF) , Il B 5 18 7% 8] L 4ef B2 A 25002 45 )2 1) L 3 o
SAEHLEL, TE 7 wt% BT@HPC $E 78 B 3515 /) f 5
£=39 (1 kHz) HAr FL 4L tand=0.03; AL E 1 wt%IH
FEMR, T 360 MV/m H3% K S8 10.2 Jem? [ fif fig
BIEE 77%M IR A X OB R L A
R S A M BT AR 4 B SR, R
RE WA BAE AR R4 T BT At
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Table2 Recent research progress in flexible polymer-based dielectric composites for dielectric energy storage.

RME R Er E; (MV/m) U. (J/em®) 7 (%) ZE R
PLZST@ALO3/PI-PLZST@ALO3/P( 21.89 782 [59]
VDF-HFP)

2 BFO@TO-P (VDF-HFP) /PMMA 11.7 (1kHz) 549.2 19.3 61 [93]
3 AIN-KNbOs/PVDF 337 10.54 70 [94]
4 BT NFs/P (VDF-CTFE) 15 (100Hz) 530 17.1 84.6 [95]
5 BT/PVDF 17 470 [96]
6 BT@HPC/PVDF 39 360 10,2 77 [97]
7 PVDF-BT/PVDF-PVDF 13 (1kHz) 519.7 19.1 [98]
8 NBT/PVDF 13.34 208 2.58 [99]
9 BST@TiO2/PVDF 84.35 (100Hz) 29.37 [100]
10 BT-BN/PVDF 35.3 (1kHz) 500.3 16.1 57 [101]
11 AZO-BT/PVDF 14.4 (1kHz) 460 9.1 57.6 [102]
12 BTO@rGO/PVDF 11.8 (1kHz) 3943 9.71 58 [103]
13 BT@TOns/PVDF 12.6 (1kHz) 561.2 213 64 [104]
14 h-BN/PVDF 9.7 (1kHz) 510 19.256 522 [105]
15 BNNs-F/PEI 589 573 91.22 [106]
16 PLZST 60 52 7822 [[107]]
17 Ba.ssCao.15Z10.10Tio 90 5000(1kHz) 0.414 78.6 [108]
18 PVDF/P(VDF-TrFE-CFE) 480 13.63 [109]

& A TR AERESETH S iR RN 5 B AT

[l IR B Al S ALRRIE, —FH XA a1
M B ffr il REE AR XS B D-E B 26 ik Ak
GV ) RTINS oS A s e SR 1 G SR S S DB

SURKIRA 5IRAZ, JF Tl Maxwell Bk &, M,
P AR IR . 7 KR RS B O (Rl o R )
5 AR AR, R SRIERERI LR T . St
I, 2 2/ P S a4 5 T R 1 iR 4% s 37 7y
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A s A0 RN s T A AR R L D BRI R
%, AT AT R RS B S R, A Bh T 3RS
TERRE R RN 2, I R S [ R
1t il R0 R T 4 1A IR
4.3 HLR N T ARt

TEA PR % R RHE L AR SR S B T 4 A8 H 1)
P B8 R . BaTiOs S04 BHE Ay 22 (185 R AT Bk LA,
A SR A BRI 45 2 S SO T HL R TR A I
KoWE B TR, Hodh Li %N TE <111> B RO
BaTiO3-KNbOs P & 3k 13 T =ik 3.9 K i E KR,
X — S R 70 A I T o A I s o 4 R AE 4R
TR 8 D T R EE AR OO S Bk W T RS R
TR F 0L ] 26 R T R B 5 () B 7 AR IE SRR
R RS R R BE T, D E R A R R SR AL T 4 1

R 3 TR RAORMERE KT TUE

Table 3 Recent Advances in Electrocaloric Effect Research

JE FH AR 2R B ) R £ B TE 45 18], PbMgosWosO3 S Bk
HL P 7E Li 25 N IR ANBIE S0 R R B T 2 3 B A 3t
PRI ELIE S B R RN, BRI E L 2 1.79 K, $3K
O U 4 DM -2.02 K, 33K b X R A 0 L I AR e Ay
T 547 R 4 740 0 P R0 i v ) VA R R R 3t 1 B R
AREEROD, L Fhik b/ S ERH A R A R 225 1 i
REPERE S HLR BN, 0 FE L S 2k Hifk PLZST . #
5t 72k FL AR PMIN-PT BK R L KR it 6 DA %
PVDF JE G455, HILFIRHIE 2 35 IR 3 T K A%
AR, X [RS8 5 1 T PR SR AR R R R A IR AR
Wangl07) & A i@ 3 75 5% 1% % ) % T PboorLaoo:
(Zro.46xSnos4Tix) O3 (PLZST, x = 0.04, 0.06, 0.08, 0.15
F10.18) [ s B vlL JEL L 22, R AL 1 I Re B A7 1
BE A L # 2 B (ECE) . 7€ = i F, PbosrLaoo
(Zro.42Sn0.54Tio.04) O3 JE PR EAE 600 kV/em T3k T

MRMER AT (K) E (kV/cm) T (°C) WEHE  BEXM
1 <111>-BaTiO3-KNbO; 3.9 5.5Tkg-1-K-1 100 50 B [110]
2 Bays5Cao.15Z10.10Tio 903 1.479 60 94 INE (s [108]
3 0.73PMN-0.27PT . >2.5 10 20 [ 200 = [111]
4 PbMgosWo.503 1.79/-2.02 1.69/-1.937kg-1-K-1 120 36/34 HENE [112]
5 Bag 6S10.4Mno 001 Ti0.99903 2.75 50 21 HENE [113]
6 P(VDF-ter-TrFE-ter-CFE) 5.8 90 25-40 HENE [114]
7 BSTnfs/P(VDF-TrFE-CFE) 11.3 135.8kJ-m-3-K-1 700 iR B/ R4 [115]
8 2DPA-P(VDF-ter-TrFE-ter-CFE) 4.8 24.2]-kg-1-K-1 60 iR IEREAUGIEES [116]
9 PLZST 2.47 249Jkg VK ! 500 160 [ 42200 [107]
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e KB REEE S 5.2 Jem?, 3UEN 78.2%. ILAL,
Maxwell X &A1 T ECE, 7E 500 kV/em [1)3% 7
N, Pboo7Laooz (Zro42Sno.ssTioos) O3 JE M P & 3R T
AT =247 K R4 HR EARAL.

Maol!9% A i@ 3% PVDF #l P (VDF-TrFE-CFE)
BAE, BRI &R ARG I NREEYE
. 20 wt%P (VDF-TrFE-CFE) MR E
& I o o B B T A2 480 MV/m, H B mic
% E 13.63 J/emd. % HL AR % B LU 4l PVDF

@

o)

= o oo

ot 84%. PVDF %445 P (VDF-TrFE-CFE) —
R ) 22 TR 1 K T AW A4 0 3R A R D A B AR
A REAT BT U T R ORI o SRR B, AT (2 i
fi#i 4758 /1. PVDF #& RS W1E AR o R R
1LY AR SR8 T kG 5 1) 43 T B UE R 45 R T A e T
P B 5 AR IR TH. Le Goupil 125 A JEad 5] A &
WEE, B IXT Z R ML fE P (VDF-ter-TrFE-ter-CFE)
TCHLIRY i T A AR S BT i e
) 5 P 4% 0 e B A S I A PR e ZE R T 100
MV/m [T, BRAMIEZAT AT 58 K, fEH
FH T, B PIAE) 9.3 K. X kg Lk
PLZST JE 5P PVDF K& VIS M R E i Th & it
e P 75 % R [ 285 1) ¥4 28 B 10 S Y I o LA T
A =, X T B RE 5 RO E D Rg
(A RE, A R A1 PR A T 0 S RE 2 B RS R
Wi Rl e e e e BRI &, APRE I R R AR
FRAE A HLAURE L R HRRE S F B IR B R S LA AR
H#00 % RE T o3 2 AR FELE YA A I R G
AR N T, 5 B0 A IR THE T e R SR A
FIARHIAT. SRHAEKR R Z FRETHh, 23
) P B AR T AR AR (0 AR SR 2R IR B, B A vh e i
rr AR SR SRS . B, FE RO Rk e
55 541 74 Th 8 % 2 M 28 2R B, 06 500 MR ) B RE £ IE
P) (tand) TR AY SRS HL UL R A 4 AR HE AT )

® H d OB
W = W ﬂ

—z— \E:

PEAE, LA idf RE 453 FE X HL A 490 i) 74 A 2 128 (X AN )
SO, SERLE AR . T SRR I LR S R R

REVRL &I IS BRI R TERE ST,
FSORBE AR A 5 T A% 55 45 M TORE 17 AR B — e o0 1 2
ARSI, RESE, BRBESHEZER
RITHEE. X LESRIG ISR X s o - i 5
SR PE e LA IR — A% 0 0P A ) R B T Bl A
5 G5BT RS- T A B [7] IR 24 455 e it i 15 e
xR AR, HHAS I 5 s K A A e 1 5
‘2 PR T AT R A N, E A R AR AR S AR EE A
UNIY & IR RTE E 1 RE 1P & S el o i S
PEFRAL 5 AL T A RE 5 58 € VA 0o i B0 1A DL
PR T T ) e - i - AR A BRI A 1 5 o 2
PR ST HLERZ) AR B S5l A, AP REE [ i
RE A 1 A0 2 3.

5 FUEEAEH N
5.1 kARG AT o fAAR Y

FNE LR AARHE B AR L 7 B0 R ] 5 B R o
BT MRE TR R S A AT R, ATl R
AR AN PR R D 25 TR % I 37 SR At T
PR EOR T RETE. S5SNI LR AR B, 2
M HL R AR R 85 18 8 Ak I LT TR R B 25 11
HUBRARTE, 3 REAE DR 7O 7 R D RE I R I 7K 32 I
S - JE TG 3R, Yang S5 NJT & HI 227 NBBST i
JEAE Smm #5242 N R RR e R R RE, JF HAE 104
S ARG J5 1 B AR TG 3 1),

A IR T BRI T R RN i HL R A
W%%&%ﬁﬁ\w%%A%EWQ%%AA%W
T R 2R G0 I O T T b A BT T B AR AR HURD
XU LR AR, D SR T ARk . B T &
PEFEH, 12 RA R K AR AT E XL SE ) 22-28

http://chemcn. scichina. com



OCO~NOOPS~WNEPE

b R

== Page 18 of 31

(c) 10
= TP F
.
unbending <« 10°F
r=5 mm = @ unbendin
—_ 10°benas [ ™ 107k 5 @ r:;lmnf
tens. comp. i v ¢ 10" bends
@ 30 °C & 10 kHz 5 tens. comp.
L A L 10 L ra— '} 1 L
600 1200 1800 -400 -200 0 200 400
E (kV em™) E (kV cm™)
@ 15 r

—_ [N tens. 10" bends [ Jtens. r=5 mm [l unbending

< 10} I comp. r=5 mm comp. 10 bends

=~

<5

0

<20t

=1

% =

g 10t

)

271 405 607

944 1278 1479 1642
AE (KV ¢cm™)

B 11 (a) %5l AR R A I B R SR R 2 IR T Smm RS 48 S AR A 10405
AEIA NI ER) (b) K NBBST #ER) P-E L HIZEAT (o) J-E K. (b) AU MRS A M3 72 T4 B RsR1E
NBBST #B; (d) EARZHARE T, £ Smm AR i, DLRAE 1002 il 5, FTiZAE ARIAT AAS fg; 117

Figure 11 (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 A S values at

selected A E under the unbent (flat) condition, under mechanical bending with a 5 mm radius, and after 10 bending

cycles.[!7]
CRIRY BH] 12.5-37.6 CTUSL B GE 45 415 1 Bt F

il 32 75 AR DR R i 2 o AR5 AP 0 () R 18 5t 2 ) A
EIIhEE, BRESYMEENLEL. RN
Z M L 207 30T DL 4R 3R A 21 % R AR A R, B
BR3P T RE ) B0 RE IR R e, MR FA
P AR gt T JR) I XSRS B R R T S T B AE
254 B 8 I RE AU AT 3G M, Wang 28 AN R Y
ZE R RS HERR AR H T AA HLt IR )
SEHL 4K R AR 0,

5.2 LA RVE LS S MR B

B HL T AR T 3 R R K SGL AL
R R T R SR PR R, 1R G b B K
7 LT L IAE T RGN HE BT K,
P 1) A B S R i R BRI T S A v Y
fifp v 7y ZR 0200 S H 1 g T HOMURR I AR R 8
)AL TGRE M, X B B ARAR T A 1 kK
AN K, Bin 55 A JF R I 2 MR8k v ERRTE 90 °C
BT sedl 1 23.5 K B EKIRAR, [R] 78 ] — Bk i 7
JE TSI T £ 70.6 J/em? ¥ R Ui B 2% FE AL 82%1)
i AR AR, IF BLAEAS IR 2l B AR 1 T IR FR R E

http://chemcn. scichina. com



OCO~NOOPS~WNEPE

FEBEE: f

PR RE DN AR T8 TR S0, H R ) 48 AR I
T GEIA B AR TV LB AR AR B, R ) TE R
SR T 5 T (10 AT S e R B B I 1 5 TR B
Seo % N JF K [ 4 S R AR Al R BT R B 05
M FH A J2 25 TR Sy v 5 HL AT 52 (0 BOAE, R Th
T A G5 e A TR I AR B R ) EOR R 1, 1%
R GAE PR R T 770 Wm2 AR s R 4 R SE
BT 240 W/mP i) KB I REU. ORI EE I A2
S R SRR A T B A M ER R B, T R A
b e ] A5 P 56 4 B S T A BT A FRIAE B S IR o
P42 R 9 )

5.3 BRSTIERR 5 REE A H

A5 A2 W) = = 0 R A 00 A0, O A D L R 4
X2 WORs FEANIG T BCR BAT R E R, i
RARHIC 57 1) A 0 e 2 A NORS W IR R B8 0 W R T s
Bl BB R AR A 1B I B AR UL R N SCER T
A BB TR AV S DR A7 R G T A
R TR BB 55 ARG B U, HE RS
Pors R APRE R ARG R e A M A RIS AE, A8
fils B4 3 S AR AL AT AR AT B B RF 1k, T 5
At N e 25 B A B T 8 R A SR 00 A R
ANFETE P I SR i 1 2 R E WL R AR PR
M 7 1 088K DA I8 345 Ao 2 ol D K 28 7 P ) 28 A8
e 181,

5.4 [HZSHIA 5 — R

L 1 ¥4 75 S 1 Bk /58 A H S R Bl R
MRS R IR A m D AR A B L R . R T B
oy L I - P R o VA - R B B PR R R e, T
BB R YR AR S 2R S fAH, R S S R RS
A P B

2 Tk L/ S Bk LR A B e L 3 i e I
S AR, BREATOHRNE PLZT. fr bRk d

& PMN-PT. £KER@IZE. BNT DL ) PVDF K&
W, FCIERIREAE A2 H 3 IR B T IR G AE AL,

% T e HUZS RE S UG 2 Bl Th RE AR AR B B —
MR, kD B AR S o A P L R 1 EASE, T X A
il FEL 6 E T 28 R 2 R S B ). Shenl!24145 5@ i
Ut ARG 5 % S 45 R AE LaNiOs/F-Mica & PR € &3
fil % 7 1 um JE M Pbogilaoes (ZroesTioss) 0977503
(PLZT 9/65/35) ith 788kl )& I L 28 4% . 1% 20 1 e Bl
HA SRR RS F 1998 kV/em )5 4 750 N 5L
L 40.2 Jem® B ] kS RE B LA 61% ) e B AR,
IAE 30-180 CIRFEVEEEI. 1X 107 YR 7R G 2

2000 AU i 525 P AR 5L BERRE; [T, PLZT

9/65/35 JEJEAE 80 C. 850 kV/em [ &5 Hilg K 43l
A4 18.0 C,15J/K kg, 15.2 K em/V 1 12.9 J em/K
kg VIIEL K AT, AS, AT/AEMAS/AE. &N
PE PLZT 9/ 65/35 5t 748k it J5 5 [R] I S B 1 v ik e 1k
BE MK ECE. X e 45 RE W], & LHLE M PLZT
9/65/35 5t ¥4 Bk HL JE R AE [F] — A kb & BRI SEEL T
g AEPERE (402 J/em® ) 5 KH RN (AT~
18.0 C), —HML=MITMIKS B E L, Bk [
i AR DR B R VA AR R THT F) P EE 2R
M. 31X — R I R ik - VA — A 1 T 2 M S
IR SR T OGS AR R .

“fif RE -4 — AL AR O IR AR T R SRt
FLA ™ ST IR v i B % BRI, FE LI N “ 7
ERRMIA, KRR AU i TITE TSR SR
A, FTRE RO B B I R8O A T A R A AR
TR R — AMEBAE LT G HL e, R
TN T A4 R FL R AR RS, 9REh HOR AR ML R,
M P= A 1A RN, o, — AN A6 JEr 4 B[R] 475 38 v
Wi (1) @ mSmae (RagiN, MR
ZEHANY 5 (2) Pk R IR B LR N (R TG 3 A7
fifs BELART, it N — DU AR AL R MR A I, 51 R 4 HGR

http://chemcn. scichina. com

Page 19 of 31



OCO~NOOPS~WNEPE

FEBEE: f

Page 20 of 31

B AT); (3) v 5 AR (A Bl
MU HHT B ) (4) RAGERSMWA LA
CRED R (2) v Az 1 £ R 2 K DA b s VR AL ) A
W RN T EFEHL, MR E AR IRE) - st
Rt RERERA “TBCR AT N, MBS B A N
il e A R ) = 3 SR Bl

A I AR A VE B R S AR T il RE
I FE S AR AR A UM T)
S AR, XA VB S BT S A AR R
7 ) 5 L A AR R RV A R DR
Rk, FORE R AVE B

I IE) 2 ARSI TAR B b, B “ e r-filae”
(FERE AR 5 “ PR rR-H1% " (PERE) D
PO c oY 11 B s 5 o < = SV A -
% PR IR RO, TSR AR B8 v Ve T B TR
T, AHAH1 AT JAE AR R MRS BT ED 2 58K

) oy FEAS RS b, TR 2R T R A

i

W

N

vt B, Wit —M = BeEiN: BRI RS

R BFE N i BE HBAY BRUZ, R 1] O Pl S A ) 2% 128 s
s (2 ALRBL L), PRV RRNR.
AR JZ FT AT 2B A i RE SR 7 A A R R R AR I,
[ B A0V HL R 2 ™ 2 ) ¥4 3 T Py 3 ARG E 17 A
B, SO CGE 5 R IR TR )
EivpE 2 S RE T R, REDMERES
Rl ER — WP & EE S s e T i, B
IR “AFRE-H > — AL K A T Sk ZAE [F] — g
1 5 [ I R R AL Ak R L5 ) v T R A S
k. REMBEFE: (a) ERRESHERZEZAK
AU LSS A B, (b) R fE3A N AR AAT
N ERZ I RERE & 26 A T IR G, () KB
a0 B e 5 IVE AR i R L. ROR R A B
RoC 2 WP 07 745 T 2 2 S I - RS & it
IRV & LT RGME SR IE. %5 — A

GERE, A3 I A A A R S 4 K A S i
IR MR, BRI RS g =R R

il BE- Vo — IR AL B 9 N RGARRLL 1R TR
JSL3 5 S AR AL B AR M T T AT R AR, KA
FETH5 A i ML 20 1) o D e R e 5 vl bR I T 4
PHNAER—F & LRER . A, — A IrER
B IN, EA TR SRR B HL B S A AT AR SN
BEA AN, BT S R E A, A
A 55 0T Be B BRESC I B R . IR, DA R GRS e
N ) R BURE A L £ | W] T 50 5 Rt TR,
FEMES)— R 7 G E 1) AR AT A Ok B

5.5 AeURIER 53

FL R A4 R TE RE VR OS5 A7 i AT R L H T U]
FI L Be, XM BE B A A R0 R s
THEEHIR A, BE T DUR T mRchlvg, thnl LLse il
BER A BSR4, W 12, Zou %5 AJF R Mk
HUSR B W) 5 A MRE B R A I 2 v ) B S T 4
ReMC SR T RE, LT R e AR I R A T R A
RAMREHRIS). B 12 (a) - (¢) ~ () BRT BC 8%
PFRIBER, Forf EC RA WD HERR AR 5 8 1 # v 3R 214
i IWAELALL CPU %iiik B HA AR, ECHERRHIBZ P (V
DF-TrFE-CFE) sl E &K (8)2 2.5 cmx6 cm,
JERE 25 wm) Ak, RN, s IKE), &
BV HERR AT AR B JE I A 7E B AR AL CPU IR
[fi, @i EC In#k (iahneds) AAE (HUH )
W B S, B CPU R RE 4L %35 B B 28
FERLILA CPU R 1 Bl 25 vk FE 34 i A SR e Sl 2
GRS [FIRE R I B 1) EC 23R A 50 80R. 2 n#kah
N 1.4 W, AL CPU 784S P R TR T,
EF 80 C (W 14 () ) . M TAFIRERIL 70-80
CHE, 3N 2 C, BT AT SRS T
15 10%.

http://chemcn. scichina. com


https://libdb.csu.edu.cn/https/vpn/225/P75YPLUPMF4HK6UFF3SX85B/articles/s41467-024-51147-6

OCO~NOOPS~WNEPE

49

HhE R (L Page 21 of 31

M Cu plate (heat sink) ( b)

Cu plate (heat sink)
Polyimide film /

e =r—

PDMS spacer
[l CNT electrode
Polymer stack
Simulated CPU (heat source)

Simulated CPU  Polymer stack

(c)

EC cooling and pyroelectric energy harvesting cycles

Heat sink_(!.ow n

Heat sink (Low 7) 3o Heat sink (Low 7) 3

T = |

Eleznrostaticﬁeld " 4 E| ¢ ic field P BT
for upward Simulated CPU (High or downward Simulated CPU (Hig
movement movement —

ECE: field off, absorbing heat from
ECE: field on, releasing heat to the sink ECE: field holding the source
PEH: charging at low temperature PEH: heating with high field PEH: discharging at high temperature

Simulated CPU (High

Stage I Stage I Stage III

Simulated CPU heated with
80| apower of 1.4 W in air L =S

CPU in air
Cooled by BST/P(VDF-TrFE-CFE)

~
o
T

D
o
T

\ gt
W W, “OCog Cooled by P(VDF-TIFE-CFE)
Cooled by P(VDFETFE-CFE) ' N a

Oog
b CO00000000000¢

Cooled by ittt
PCBM/P(VDF-TrFE-CFE)

" Cooled by PCBM/P(VDF-THFE-CFE)

IS
o
T

Temperature (°C)
3
3

Temperature (°C)
(2]
o

Baa,

\l
Cooled by BST/P(VDF-TrFE-CFE) Cooled by BST/ i
a

w
o
T

Cooled by BST/PCBM/P(VDF-TrFE-CFE) PCBMIP(VDF-TIFE-CFE) " ®0%aq
20 1 L L 1 L L L 40 1 L 1 1 1 1 1
0 20 40 60 80 100 120 0 60 120 180 240 300 360
Time (s) Time (s)
(i) — (j) @ 24
s CPU in air (?E
. 8 70 o
L 70 = >
T N M, Iydest fan Qeof 2>
L AN 2
© 60 9] 50} o, o, o, g
S 3 o, ) o, °
o} o, o0, o, it S,
g § %, ° 3,0, %, o 5
% 50 // o YO I 40 °»;% %o °o:%o°‘o "’ef%o, o‘o‘ )
[t Cooled by ECdevice  ®%agq, R >% ol °* b Jog 5
40l ) , ) . \ ; 30 L . . . . A .
60 120 180 240 300 360 0 50 100 150 200 250 300
Time (s) Time (s)

B B B IERA H 5 B A B R PERED2S) (a) BRI CPU b EC A1K R B 28 B ) 7R 7
(b) EC KA AR RISERE B IR )T () EC A M 5L BE ISR (PEH) Olsen 1E¥R 45 & H FH40L CPU. R
FE T ) CPU R (d) GURE (e) CPU KA B () EC B E . EC WA E 1 R B T
TN E.
100MV/m) . ¥4 EC A&, Th3N 1.4 FLI, B CPU 782 S & 80°C. (h) EC B4 7E 100MV/m, ¥4 #]
WIAG IR 80°C I # CPU FigAT i, #4ll CPU RIIR L. (1) KHZ AR 2177 (R . CPU KA 3%

(g) B CPU 1 i 8]l 2 i 28, EC B 55 CPU IR R 3N (EC ¥eas TAEMIARN

http://chemcn. scichina. com



O©CoOoO~NOOOTA~,WNPE

HhER . s Page 22 of 31

FEC ¥ H1%H) Bl CPU RIMNEE (FFEMAIIFIN 1.4 TL) , YRR N 80°C. (j) EC B & TAEHIF Ny
100MV/m 5 Olsen {E¥ 45 & A4l CPU KR /Z.

Figure 12 Electrocaloric (EC) cooling and thermoelectric energy-harvesting performance of the device ['?], (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. Photographs of the simulated CPU
with different heat-dissipation configurations: (d) desktop fan, (¢) CPU air cooler, and (f) EC cooling module;
notably, the EC cooling module is substantially smaller than the other two. (g) Time-temperature profiles of the
simulated CPU surface; the EC device is activated simultaneously with the CPU (operating field strength: 100
MV/m). Without EC cooling, under a heating power of 1.4 W, the simulated CPU in air heats up to 80 C. (h)
Simulated CPU surface temperature when the EC device operates at 100/MV m to cool an overheated CPU with an
initial temperature of 80 ‘C. (i) Simulated CPU surface temperature under continuous heating (1.4 W) with an initial
surface temperature of 80 ‘C, using different cooling approaches (desktop fan, CPU air cooler, and EC cooling
module). (j) Simulated CPU surface temperature when the EC device (100/MV m) is operated in conjunction with the
Olsen cycle.

Zou “ENIZIPPAL 1 PR B3 &% AR ) EC & 41 CPU %1% 42 °C (K 12 h) ), T K51 CPU
BOR. AER BT, HAEL CPU A TR SR (B 12 (1)) . &Y ECE nfLLf 7 3%
AR s EC W ALk, VARG i BRI, A ML TRV EN TSR, [ I R e 2 4k T 4R T AR
100MV-m™ ({370 1 Hz (9 TAESUR T, EC #:fFRE IR

¥ P (VDE-TrFE-CFE) #1 PCBM/P (VDE-TrFE-CFE) B RE RE VR B R 40 RE U0 AR 4 M1 B S A AR AL AT H
Y2 ) CPUIREIRHITE 55 ‘CLAN, P& A BSTnf P RIS ﬁw%%%#%IW&ﬁ\w@ E YN
ME A HEEREIE 40 CUL R (B 12 (). HHTEZ H4EFr R RE R T W@ R 425 i) B2 5

B A TAE S 12 P IR BEAR R BUIK (<55°C), £ Bl Em &R IAAE, REAE R KB KHGE
Wl BV A A A i P AR AR AR H A, PCBM X 2% R VUL WSO A7 i E B, R I i AL R R A E 1) R
PRIV D RE S B4 SR B AT, BC Ay T Rel L

PEAEFR SN N 1.4 W 500 R 4 8 H0l H FAEAL O HAY B A BE S FL R VA TR T AT
Mk RE, BR7ES iR 23 80 CRJFE EC & 5RERMIMGE MRS, EW5I NEHR Iy, 7
. WK 12 (h) P, H=J0IRY EC SR TR B 5 AT BUZ RS TREPR AR, TR AR = R IR E) %
PLoK A L CPU M IR JE BR MK & 63 'C, PCBM/P fF Pt — BRG] S S 2 & MEMA R, 45
(VDF-TrFE-CFE) & n] LUK CPU ¥ 15 56 “CHJ#L &N 5cn] DUR B, SR 1 38 1 1 52 bR 2k Re I 4R A
ik % BE . 7E M K ECE L 9 45 R — 8, BST/P  REMERERIFI AL, ffRE-H1A — 1 fh . [ OREN A
(VDF-TrFE-CFE) &) EC S HABANMAEIRE MMM s, B2 7 e o S oA 5 il IS
71, BU¥ CPU R EERFARE] 72 C. 2 NI, £ FIRGEERZEM AL SR, X885 gE M3 1 Jl oy 5k
TR REME PRI EC #8347 7] DL I Sl B, RO T AR AT 2 1 W ) O A ARk 1 v -4

http://chemen. scichina. com



OCO~NOOPS~WNEPE

R

fE, IF BT R IATT OG5 SSRTHORE B AR iz,
8 G DR 45 RE R BRI HEH R R X IE A T
FARET T 1 N 5 0 1) 2 22 B s IR R S T
ITYERIHERR TN “MBIRAT SiRE S 2% B B RN 3%

B 13 Sk a1 v I FH S HL SR BRI 7 73 170

Refrigeration
Applications
of Flexible Devices

P B ABOZ BE 77 RERACR L IESEI A dn 534
Bk Dtk ekt ek, BRI R
FICHEAT — AL R i, A B SR S B E AL
RS BAT B F .

Figure 13 Flexible-device cooling applications and key research directions.
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Figure 14  Al-assisted design of polymer dielectrics for energy storage!l'3. (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, and (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, and (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.
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Figure 15 Future research directions for flexible composite dielectrics.
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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 a high dielectric permittivity and a 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, aerospace 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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