553 B 12 W Ei Ev;; Eh h%é TE( Vol. 53, No. 12

I

2025 4 12 A JOURNAL OF THE CHINESE CERAMIC SOCIETY December, 2025

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20250518

ST R TR BB & R AR 1 28 K A%

BE', BEE? &g
(1. FERFEET RSB, T 810008; 2. fEME KAL), L& 100083)

W OE: ARSI BEAE REVRA H AU B R AT, ik, AR TARR AR SA IS A il & 7 —Fh =GRS5 4
RIS AR, I TR DURR,  JF DABRET4E 9 S A 9851, 045 3 AN RIBR T 4E & B IR IS A R R S AR R
XFLHAT T SWOESL fEAERE . SRR, SERFHIERELLSOKZ R MEREZR IR, 2 RRW]: EEMEH I
BRI L 84%, BREFAERIIINK E S B S AREER S 1 158%; ARSI AL 140.65)/g; 1£ 1 DKM
SRS RS, WRAVERE 3h 5, R TR ORBIRE S I A& A ds, BUADK AR AGE AL T KR i 1 4.21 £, JFER S
IKZEIMERERISRTIHLEL . D9 KBH RE A e R F RCR A AR AL RUR ST B it T S5 1Kk Hhs .

KEIR: RISA B AHAMEL AR AL
PEISES: TDISS  XHEMRER: A XEHS: 0454-5648(2025)12-3522-09
4% AR AT E]: 2025-10-16

T XoF 4= BRK 8 R R A T IR PR, E R R R TR P FLBR 2 5 K 10 %2 FLIB K 22 B 1 o S0 4
R K AR P R e JE . KPR REIRE A MPEE Bl 1 SERESIE S0% A K2 s 2
IKERBARSIE)E H G0, IREEAER I %% MR, T PCMs BOMlkgR R 8. EREIR
& H . R10, KPBHRErER AN S i oA LA fae S0, @dB4E . Rimk). ST
P, S8 SIE TR R &I LELEF s EEEZHEREMT, IR PCMs #E/ET )
R, PEEMRE] T RS R T Rk, m REY, (BB ERR RN AL R AR
i REF ARG A RBARE, B RFELMARFIRELL  BERMESSL, HERERE T LRI,

MR TE RAF GG R SR IR TE R SR, B &R BIEAHENT) B TR akma o, ©
SIE WIAZRARH M, AR AR EE B8 ALSi,Os(OH), nH,0, AR S HUREH £
B3 WEAEREE L ket aele mEitk ek R R MUBUMIIE M GE RO RO R, BRI T DL IR
BEEE % Mok, MARGERERE AR AR BROIREIBCIR . XA RIS, BB = A
BHPCMs) AL AT BE T B Be oA, B R/, HKSEHZDy 20, SRR 3 2l 13k
HRERE SR, MAS I MEIR S S, FHEE  EREEESEROIAE M 1% PCMs B, &
RO PN RS TT B AR BEVR AE S AR IA] B RGBS AR b, vy DU IS oK
Fasgl 12, B, ARACRERERORLE KFNREIR A A WIEYIPEEE, R ABELZH PCMs. 14k, il
K FE R AT B AT AR I N PV 17, BOREAE SR AR AR TR SCEOR, K IR A ] £ il = 4 Y 2%
HIF 90 R 1 (R 345 SERIM SRR, T LATER W IR A SRR b,

SR PCMs EARASIEFE =R (Rt R R JRk IE S 2 LR (], A Bt — 3+ HXF PCMs 1
BRI T H RV . N T R, B BRI
TR Z LT RSB, T PCMs 1) 5—77TH, PCMs {EFHIZKZE K BAF IR
s, Ly SR R M m AR a i, &) ICHIEE SRR 8. ERfead, A
KT R E M E S HAS MR . Ramakrishhan — BFFCE @ &SRB, k42T PCMs T4

ks H3H: 2025-06-30. BT H#H: 2025-07-27. Received date: 2025-06-30. Revised date: 2025-07-27.
HETH: HilH R THI(2025-2]-901T); FERE S First author: GU Xiaobin (1988-), male, Ph.D., Associate Professor.
(52474445). E-mail: guxiaobin0712@126.com

H—1E: WiBRIE(1988—), %, fEt, BIMAL.



B S3EE 12

JERE S BT YRIEATUREIR S A AR AR R A R A S I AR A < 3523 -

R, WS TR RIR TR, R E, Gu
S 7 — R A m b RE I i ko R R
4 PCMs, AMUEEML T 285 E2% PCMs ()RR, 1M
HABAMABEEE A PCMs (S HESR T 82
o Dong 25N kR HE HNT RO b, 3EH
K2 B PDA) AT e e, R 45 Rk,
PCMs {15 NS RS 75 R B R T 3.43kg/m’.
JRE U FUAR T — it g, (HILA T+
R W HARXT PCMs [ E M REE A =, Shab
BN TR AR s AR5 4, PCMs S AEN
i Rdd i, BRI T BT RE R T, .

AR TAEBIELARIE AN R B RL, 8 e
T BRI A ERBER, RSB SRR
YRR MR s, REIRTH EAR KT PCMs 1)
BREMERE. JREMILRE E, BB 4RI, 1
SRPR IS A IS ) S A RE, PRI IR AR
RGN R, HIRAR KR K
REfrIFETHALEE

1 55

1.1 [FE#rs

BIg A AN NARUKE, FENF A
EhR % B (CgH,CINO,,  43Hr4ll), Tris—-HCL 22
(10 mmol/L, pH=8.5), #FE R EN[SA, (CsH704Na)n,
BT al], 1F Sk = LR FE R b [Triethoxy (octyl)
silane, Zr#T4l], +PUERMA, Z#r4l), J/KEMN
5(CaCly, 34k, BceF 4 (o trall, BiFE 300 H),
AT 5 FT KU ) 25 B T KL
1.2 HmH&E
1.2.1 BRIEAEAERSES B, ¥ 10g HNT
A 50 mL [ Tris-HCL 2% (10 mmol/L, pH=8.5)
e, WP S)EHEE 30 min, FREAFIIAN 2 g
DA-HCI, fEfHiR 50 CHiHE 24 h, RJ5R453 211 &
TR AR A A BB A 5 B KA TR K &
B sk BB, B a T TIRR R R 2 Bkt
BRI AR R (HNTP). B 1 g HNTP HA A
40 mL K H, HEE 5] 58 30 min,
[ TR I 1 g MTERREN(SA), FREiHE
HA SA B, ¥ R4 5 4 14535
TOABEE A, B KNS G e ewd, e
TG AR T-HEHL R T8 72 h, BT 15 30 <k
RET 5% (REH, TF) CaCly ¥R HIR 5
12h, B EHET 5%1E 33 = O A B bo vl
IR 12 h, 2R TEK ARG, FRONIERE

AT T, RAF RIS A RESERHA). R
FIRSDUE, K ANT ZEL0B & o 4T 4, il & A
[ R ET 4 5 2 BRI B AT 4E SR (HCA), FR4%
8 HNT SR eF4 1R & He HoAr %8 HCA 4:1 F1
HCA 3:2.

122 SEMEMERHS  HEAALMEZE
I BAIRBAS M K MA JRONBEFE 2 o
I HARRIRE, FHE2R NS, L
WS RERE T H A, ERSHIRNGT,
MA B8N SR A FLBR R, AR LI P 58 R A5 2
2 A AR B MA@HA, MA@HCA 4:1, MA@HCA
3:2 (Fi, HBIPRIRIE A SR 4ER R R ).

1.3 HmEIE

FH Cu K, &5(2=0.154 06 nm)7E Bruker D8
Advance X HFHERATHMY EAE ) X S ATE(XRD)
W, 0P RE S AR S R AT o b, TR
10°~80°, FEEF N 10 (°)/min. KAHARHETE
TUEE(SEM,  S-4800)Xf A~ [7] 1 = 4% i FlAH A2 & 45 44
BH R T ST 7 WEE . AE 500~4000 cm ™' 4%
JEE A, 18/ Thermo Scientific iN10 ¥ #% M8 HL
21 4 A8 5 (FTIR) 3 o SR 22 7 39 3 2 40
(DSC, [H TA DSC25)#lli PCMs I AH7AZ iR FE AR
B, RIS, R TPARRE 20 C; B
5 °C/min [F3EFRFHEE 80 °C; 7E 80 ‘CHRIE 5 min;
FiLL 5 °C/min BEIRZE 20 °Co G B HHA (Hot
Disk TPS 2500 S)MRFE 5t 1 3 R 5. K H mERE
4 H 8l JE R (MicroActive AutoPore)il i S e i 1)
FLAERANRFLBR R, 33 R 2R .

X BH g 6 R 306 3 B2y K BH g G UK 78
RARIGAKPHBE L i RERIG . B, KPHAE R
TKZE AT R AE S0 S RURPBH Y Rt AT i, fi
FARITAE AR BEOGOBIR, 4 B 3ot
MBI EEOCRER . K bR AR h e
SR 5K MM AL, SEPUKZER, A
KB R AT S I B, e 2845 BN 7K 28 ot =2 o Ff
AR i 26 . KPHRE e fvfig e R IG R LR &
PCMs Ff#REF A4, RGP B IR &
4 PCMs, SEHDGREZIAGERIERAL, THKREE NG A7
7E PCMs 2 1. [AI SR F A0 A A AG SR #A H A3 i
JE A% IR 4510 3% PCMs TR AR AL,

2 ZER54%

21 E& PCMs BESRS5EMHHh
B 1 20 BRI A B S I 1 S R A R AS [)



. 3524 (RERR Sh2230)

J Chin Ceram Soc, 2025, 53(12): 3522-3530

2025 4F

JOKEEBI T HNT. HA FIE &AM MA@HA (1)
SEM M8 Fro HHIE] 1a ] I, A28 95 1] DASCHE SRR,
X H TR A E & KEFLR, HASRER
o HE 1o ME IF AW, SARERS, BT
AHI S FH SRR R AR R ), o &G 35y
AR, N, FOREE A . I RIS A R E

(a) Aerogel

() HNT

1 um

—

(e) Aerogel (f) HNT

“hifE % PCMs HIRCREUK, A melcit—»
A A PCMs i FMTE R, B 1c FE 1g
AT LAY R 1 W52 21 H b =R 1 FLBR S M, RIS A 355
AP ATAE = E M 28 258 21 R B4 B 2L P e
PER . TE 4 PCMs ) SEM & A (B 1d F1E 1h)
KIMLBOEH, REAFLIREE A 7 11 VU

L -

(e HA (h) MA@HA

BT R O WLIE T A SEM IR T
Fig. 1 Photos and SEM diagrams of samples

K 2 A MA il MA@HA [f] XRD i Al {8 BLH-2T.
MRS, K 2a FTIL, MA 7E 21.6°F1 24.2° A
2 NMEEF R ERHERE, 25068 MA [1#(110)
Fn T AN(112) 5 TH . MA@HA ) XRD &R HEL T 5
MA FHFE I, TR AT R I, A AT
Wy ok o 2Bt LAl MA FVBER AR AR E &6

=
B
.—A—Muu AP MA
>
2
g
£
______JhL - MA@HA
bl s b Vi
20 40 60 80
20/(°)
(a) XRD patterns

BHOZLAMDERE BB 2b) R 1L, B A PR B e
3694 cm ' L E LT RO, g5 A ek
AR, X B HNT S A—OH Jk [
RSN, R MA S5HIEAUEHET TR A,
ZLAM G TR LR MA RIS A sy BLAMAIRS)
W, B WA

MA

<

E

g

k= 1701

g 1471
2 MA@HA

F

3694

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!

(b) FTIR curves

2 MA Fl MA@HA FJ XRD % A1{# BLIH- 21 4145 #ot i
Fig.2 XRD patterns and FTIR curves of MA and MA@HA

22 SHERHILEHIES PCMs BIGiEE
RIS A 34 PCMs B, PCMs il # i\ F
HERENBAE, HhTEREZRAR, AR
BE— B TE, RIS A R B T A LR
45k, AEfEH PCMs SR KRIRTE, HERHL

HURZREWE 3 fiR. N T IRIERE A B FLIR
2B EE T, 3 R SRVENT HCA 3:2 #E4T 1 FLBR 4G
FIRAE. S5RUE 4 FoR, BEE K03, KA
Wk NSEER FLBR S, & TR, @t
HAAW, SERMFLIRERIL 93%, U] 7 XHR



B S3EE 12 R &

BT VRIS AR A AR AR 2 R A S T 78 K A .+ 3525 -

A AL & RIS A SRR, HHEE SRR AR S AT L
BRI R PCMs 13 3eae . db— DR AUt
JiE FRRRETHE NN A 6T MA 2SR e,
FAH R J7 ik 2% 7 B 4 4E 2 S M AR M R
MA@HCA 4:1 F1 MA@HCA 3:2, £ HARRUH
F R 15mm. 75 11 mm R0 EREAAR, AR
7.78 en?)IIRTHE T, GiitHfidk MA B G 105 &,
IR AR AORUE R TR AN R 1 R
4 PCMs Wi . HE S /T, 3 F btk T&
LB, R B R AR AR, i 0.577 3.
0.652 6, 0.627 2¢g, MEHMA ZJ5, HFEDHH
A 4.164 61 4277 2. 4.164 6g. R, St
JB e an At A A A AR TS MA@HA ML,
TNBRAYE 2 J5, B PCMs IR AR A A
TFE, UVRYEFRAE 84% I A, L IIRRLT 4R I3 AA
SROMA B I B VR RE

o -~

HNT Aerogel

3 HNT AEE 713 PCMs HIHLE R &
Fig. 3 Schematic diagram of HNT and aerogel-loaded PCMs

10 +
8L
b
=
E°r
)
g
2 44t
=]
>
2L —&A— HCA 3:2
0 /%
1 10 100 1000
Pressure/Pa

4 HCA 3:2 £ oo R v RABUR N BB [ 77220 i 26
Fig. 4 Cumulative intrusion versus pressure curve of HCA 3:2
during mercury compression

2.3 E4 PCMs HIS M EEE

NPEE MA@HA 1SR, 253808 FH 4T 4
T MA@HA 347 S HGRIL . (FH FRAELTR &
PCMs #H7IHR, 458wk 6 frn. HE 6 A,
MA@HCA 4:1 fll MA@HCA 3:2 (1SR 5N
0.186 W-m "K' fl 0200 Wm "K', #t T

MA@HA, HSHMERAHRRSNEE. HEEERKLT
e BRI, 4 PCMs (S REIZRETHE 38
KRN A BRSNS ERE, HEEEM
BER TR E SR 1) SN 4, RRESRAE T =Rl
fE S

8 100
7 -
6L I Pre load (80
B After load
L Load rat S
5 —=— Load rate 60
B
)
<
40 5
20
0

Samples

5 MA@HA. MA@HCA 4:1 1 MA@HCA 3:2 13 MA
HIJi AR o B % i
Mass and load rate before and after MA@HA,
MA@HCA 4:1 and MA@HCA 3:2 loads

Fig. 5

s o
[\S) (9%)
(93] =
T T

=
%)
S
T
e
it
%
N

Thermal conductivity/(W-m™"-K")
IS
Iy
T

0.10 -
0.05
0.00 -
[ 32
ch ch
na Ca
Samples
6 MA@HA. MA@HCA 4:1 il MA@HCA 3:2 1 SR

HorR

Fig. 6 Histograms of thermal conductivity for MA@HA,
MA@HCA 4:1, and MA@HCA 3:2

2.4 E& PCMs BufigHvItRE

I DSC X MA i 3 # & & AHAR AR A AR 4T
NHEAT MR 7). B 7 AT 0L, MA R & AHAE A
BRI AU A AR R, X & TR A PCMs B
ARmmfEaE, HRERS MA Z A RENS
KNP, DSC ki S MA 554 PCMs
MRS S (T)~ 45 IR (T IS (AHY) . 4
infE (AH) AL A B (AT SR (R 1) Xt th R



.+ 3526 - (RERR Sh2230)

J Chin Ceram Soc, 2025, 53(12): 3522-3530

2025 4F

L, HA PCMs [FIAHAR T B 5 T 4T 4E 25 B 135
T R B, X RONBRET 4R B B is 1 —FERI A
JEgii, RSB BEAREARL, HREAE
R 2 MA LB, R, BRET4EN
Tt 7 3% RS A3 R B, {HLEAART 5 R A PCMs 155
ARmMREE. Wi, 24 PCMs KA HTE
SERN AT 2 O E 2, R HE AT T AR
fae . WK 8 Fin, MA@HCA 3:2 7E#HT T
50 B Z J5, HARISEAN R EHE TR,
FasefE 140 /g /oA, HILiil], %= A& PCMs B

R A IR AR E T
10
—MA
| - — MA@HA
MA@HCA 4:1
= MA@HCA 3:2
G ﬁ\
g \
g
=
5
jani
|EXO
—-10 " 1 " 1 " 1 "
30 40 50 60 70

Temperature/C

K7 MA MRS R DSC K
Fig. 7 DSC diagram of MA and the composite phase change

material
10
b
g
E
o
g _5 — — 10cycles
= - - - - 20cycles
ok — - — 30 cycles
— - - — 40 cycles
-~ 50 cycles
-15 s 1 s 1 s 1 L
30 40 50 60 70

Temperature/ C

K8 REHIERIXE MA@HCA 3:2 ) DSC &

Fig. 8 DSC diagram of MA@HCA 3:2 for different thermal
cycles

4 MA 18 BE K209 3.23°C, LRI, B
H PCMs PRI R T AR A 2, HLRE
ERRATYEE RN, A BRI, XA
BB R AT YRR 3 A A BB N B AR M kL2
o, AIFEE PCMs ) — BT, BBt sz An
Pk RE A 2 EH, 1 MA 45 % BT 3 R A%,

B 5 T R A A 2 [ AH R AR
2.5 E£4 PCMs RyyinGEinitae

Bl 9 NG A A BB it 28 . H1E] 9a
AL, MA@HCA 3:2 726 1 h JERTEE N
58.3°C, T MA@HCA 4:1 f1l MA@HA K3 ik
FE o X KA R 22 R ) B 78 AN 21 4E (R IR B
& PCMs BRI REER 2] T35 /EH . 3 P&
& PCMs il FEARAL dth & # HI 7  B i & X
W, UERAE THAR. BRIz 4, MA@HCA 3:2 [
i1 2 ) 1T R et ke B S v T A 2 ARk, 1K
A MA@HCA 3:2 HI1S A 80 m, Hum R
AR

H B 9b AT, 78 1 AR FHDG 3R T R 3h )5,
MA@HA. MA@HCA 4:1 fl MA@HCA 3:2 [fJ P8
TSN 44.7. 53.9. 549°C, Hv, MA@HCA
4:1 Fl MA@HCA 3:2 R s g, B R
LA 16 X4, S E RIS R 1A
MBI S, AN IX SO A T AR . MA@HA
HRIEERNE, Hi i ARIE R MA FIAHAR R
£, T Bttt i 28 At oK I AH AR I A% i fE R T & 3,
KL, AT LLRIWT MA@HA RS8R R AR, Tk
RN EARITIRE . I IR 45 1 i (R 2 k4T 4E 1)
TOAIE5E T 54 PCMs HIAERER SRS, 2
= 2 A PCMs SR TN BEAME Rl e, A fsi
SEPLEL O AL RN RE A7 i BN P RE
1 4 MARBRERESEHEKES PCMs S K
Table 1 Detailed melting solidification temperature and

latent heat of pure MA and PCMs

Composite PCMs T,/'C  T/C AH/J'g") AH/J'g") AT/C

MA 52.74  49.51 181.21 182.57 3.23
MA@HA 51.77  49.90 158.59 157.43 1.87
MA@HCA 4:1  51.68  51.01 159.35 158.35 0.67
MA@HCA3:2 5152 51.12 140.65 136.12 0.40

2.6 ETE4 PCMs B SIE 7 B F= 7k 1 &g

BT 54 PCMs B A7 Ak ge S
A, PRI R AT @G R AT AR AE . RO
MRS DIKZE R, T ZefRA% 40 SIE HiAR
HEEAR BRI 3T BRI T
T5 4G PCMs [ SIE ZE K 7%, W& 10 fis. 2T 1
HEEE, M7 MA@HA. MA@HCA 4:1 Al
MA@HCA 3:2 3 MARIE A PCMs IR [AIK 7K
B KA PCMs B T 1 ANKBHYEHEE (1.0 kW/m?)
TGS 3h, HEATRERE. SRS AR Tt TR IE]
IKFER, I AR A WK R R SR



B S3EE 12 R &

BT VRIS AR A AR AR 2 R A S T 78 K A

e 3527 -

e 3 J

60 ——MA@HA
! — —MA@HCA 4:1
O 50k MA@HCA 3:2
o
E
S 40 -
[P}
=3 L
=]
& 30
20
| Lighton Light off
10 1 g 1 L L L $ n 1 L
0 20 40 60 80 100 120
Time/min

(a) Surface temperature curves of composite PCMs

J

—— MA@HA

i — — MA@HCA 4:1
—_- s

o 50 e - MA@HCA 3:2

[}

E

=

(5]

Q.

£

o

=

Light on

Light off
15000

0 5000 10000

Time/s

20000

(b) Temperature curves of composite PCMs at 1 cm inside

Ko RE ARG A A 22

Fig. 9 Temperature curves of composite PCMs

AREFR WA 11a M 11b iR, 3 #E A PCMs
XF N[ K 75 R &R RN MA@HA<MA@HCA
4:1<MA@HCA 3:2, H¥ MA@HCA 3:2 fE L%
R 1Th (KRR BIEH] 1.12kgm . X2 K N
FFEDERRE R, ANEE A PCMs FIfE#HEA R,
J FEE 3 PR R R I M RLRESL AL TE 2 (1 K PH g
M5 A0 1 6 ) B 2 S e Ak 1 i RGRRE BE  IX — 45
RE5FEREAS PCMs M SHRAKLE RMA,
MA@HCA 3:2 FI/KZAE K ER . WRIEE 116, &
4 PCMs 78 KK HTEZAEHT 20 min B TP, 2
JE R PUE TS . XEFNEE PCMs
TEH UM BB I RE = 4 HF R0 TAE, 20 min J5
PCMs BRI E 4, RILZE R IR 2 U0 F I
. T MA@HCA 3:2 FIEHE S T 5 40 2 Fib
24 PCMs, HEfife hmih. &idit5&, £
IHE R, HaiKr 2K #EFEME, MA@QHCA 3:2
(K ZERBEIRE T 421 1%, N TIFBHRR A 7K 76
REZRSTE PCMs fERFEAEH, WA T Ik
AT KRN R AK A 1) 7K 78 R R M R R R .
Kl 11c A1 11d s, 40K 5WKAR 728 R & LT

M, HAEKREERHE 05 kgm >h!' £, T
T MA@HCA 3:2 INWoKAGT 28 Rod % 812 8
K BHBE ST K 28 R 25 10 TAENLEE I, oK A
EBRAE R IIVE R, K AR A W7 P 4 i 38 2 < -
KL, NIRRT EZAERIIK S B
IR B T WoKAT 7, R T KSR LB Y
IR B AL R R N R K 9 T I 78 K
ARG T RPUKMB I R A% HORIE DG 7
JEE LT, PCMs 34t 78 43 WSO BH B % 14 #4
BB, IR B HAHAE S5, PCMs FI I AH AR L 2
ITHREIIAEE, MORBH TS, B RR T HAH
AR R BAR, PCMs AT BLd i 5 1) AR AR B R AE A
(R BRI HH R, D T LR35 v AR 7K 28 R %
FEALIIRF) Jy o oy, RIS LA A4 5 i 2 &
THESE A PCMs, BT R M R IR IR
BE, BEA MBI ILMEERG TR, FHAE
PCMs B G T 2 FH TOKZ R, #im Rk
RERFAMHE., B2, & PCMs fg— & fRE LF
RKZE K R GAE R 8] 55 T0 G BLg5 6 IR B R AR K
AT, B SEbr S A E

, Aerogel
Solar imput
.// ot
e > Composite PCN
_ Teflon containers
. Water
Bl 10 FTH2GAHZRM R OKRH RE /K 28 K ds s e B

Fig. 10 Photothermal conversion model of composite phase change materials



+ 3528 - CTERR 240D J Chin Ceram Soc, 2025, 53(12): 3522-3530 2025 4
2.0
ClothtMA@HA ClothtMA@HA
L4 |- Cloth+MA@HCA 4:1 . Cloth*MA@HCA 4:1
L Cloth+MA@HCA 3:2 . Cloth+MA@HCA 3:2
o T L5k
'T'E 12 + o
g 5
S <
§° 0.8 - Ej 1.0 -
£ L g
G = L
©n Q
3 04+ 2
<
= I S 05
0.0 i
1 n L L 1 L L L 1 L 1 L 1 00 1 L 1 L 1 L 1 " 1 L 1 L L
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time/min Time/min
(a) Water evaporation mass of different composite PCMs (b) Water evaporation speed for different composite PCMs
2.0
16 L Pure water Pure water
’ Cloth r Cloth
- Cloth+tMA@HCA 3:2 fop ClothtMA@HCA 3:2
—~ = 15+
T2+ §
g e |
< 7 <
& 08 L 210
g§ ) -
N E
w Q =
g 04l B
= S 05|
0.0 - I
1 N 1 L L N 1 L 1 N 1 L 1 0.0 1 s 1 N Il N Il " 1 " 1 " 1

0 10 20 30 40 50 60
Time/min

0 10 20 30 40 50 60
Time/min

(c) Water evaporation rate of pure water, absorbent cloth and MA@HCA 3:2  (d) Water evaporation rate of pure water, absorbent cloth and MA@HCA 3:2

K11 REMZMEIKE R e

Fig. 11 Water evaporation performance of composite phase change materials

C

Steam

Heat . e

u
]
B 12 KBTS R AR T (FIASR

Diagram of the working principle of a water
evaporation device at the solar interface

3

SR RIS A T — R 2 LR R I
TH 3 MA, IR, UKL 4 8 5
SRR B A AR BT T o, HIR T HA R
I EREIE A PCMs. Hit, MA@HCA 3:2 11
MR EIE 84%, WIATIAH] 140.65 J/g. HEREF4E
IMAKE A PCMs KSR AREEE R T 58%; T I
B BT T PG A AL T PCMs PiTfii A7 11

Fig. 12

MEEZHTKER, ERAEFEHE AR
IR TAEE, Hh MA@HCA 3:2 BESLE 14
KFGHRFEIRS N AERE 3 h J5, HKZEREERME
TAiKIEE T 4.21 £, MISEIL 7 ORBHRE ST 28 K
AR A KA =78 A, TE K BH A i 3850R ) FH Rl g 7K 7%
R — 2 N .

SH 3R

[1] ARAMESH M, SHABANI B. Experimental evaluation of a self
storage integrated evacuated tube solar thermal collector[J]. J Energy
Storage, 2023, 62: 106920.

[2] ALSHUKRI M J, EIDAN A A, NAJIM S I. Thermal performance of
heat pipe evacuated tube solar collector integrated with different types
of phase change materials at various location[J]. Renew Energy, 2021,
171: 635-646.

[3] SENOBAR H, ARAMESH M, SHABANI B. Evacuated tube solar
thermal collector with enhanced phase change material thermal storage:
An experimental study[J]. J Energy Storage, 2022, 46: 103838.

[4] GUOH, XU Y J, CHEN H S, et al. Corresponding-point methodology
for physical energy storage system analysis and application to

compressed air energy storage system[J]. Energy, 2018, 143: 772-784.



55 53 5 12 JERE S BT YRIEATUREIR S A AR AR R A R A S I AR A .+ 3529 -

[5] LETH,KIMM P, PARK C H, et al. Recent developments in materials material for thermal energy storage[J]. Energy Convers Manag, 2014,
for physical hydrogen storage: A review[J]. Materials, 2024, 17(3): 666. 81:306-311.

[6] YAN T, WANG R Z, LI T X, et al. A review of promising candidate [15] ZOU F X, BUDTOVA T. Polysaccharide-based aerogels for thermal
reactions for chemical heat storage[J]. Renew Sustain Energy Rev, insulation and superinsulation: An overview[J]. Carbohydr Polym,
2015, 43: 13-31. 2021, 266: 118130.

[7] KOOHI-FAYEGH S, ROSEN M A. A review of energy storage types, [16] SOZCU S, VENKATARAMAN M, WIENER J, et al. Incorporation of
applications and recent developments[J]. J Energy Storage, 2020, 27: cellulose-based aerogels into textile structures[J]. Materials, 2023,
101047. 17(1): 27.

[8] GHOSH D, GHOSE J, DATTA P, et al. Strategies for phase change [17] SHARMA P, BIRLA S K. Simulation and experimental analysis of
material application in latent heat thermal energy storage enhancement: PCM-enhanced solar stills using CMS[J]. J Energy Storage, 2024, 103:
Status and prospect[J]. J Energy Storage, 2022, 53: 105179. 114318.

[9] RATHORE P K S, SHUKLA S K. Enhanced thermophysical properties [18] GU X B, DONG K J, PENG L H, et al. Round-the-clock interfacial
of organic PCM through shape stabilization for thermal energy storage solar vapor generator enabled by form-stable phase change materials
in buildings: A state of the art review[J]. Energy Build, 2021, 236: with enhanced photothermal conversion capacity[J]. Energy Convers
110799. Manag, 2023, 277: 116634.

[10] RAMAKRISHNAN S, SANJAYAN J, WANG X M, et al. A novel [19] DONG W X, CAO X L, YAN ] Y, et al. Preparation of phase-change
paraffin/expanded perlite composite phase change material for composite aerogel materials and its application in solar saline-alkali
prevention of PCM leakage in cementitious composites[J]. Appl water desalination[J]. Macromol Chem Phys, 2024, 225(3): 2300346.
Energy, 2015, 157: 85-94. [20] LT C Y, GONG W G CAO Q M, et al. Enhancement of

[11] ZHANG D Y, LI C C, LIN N Z, et al. Enhanced properties of cardanol-loaded halloysite for the thermo-oxidative stability and
mica-based composite phase change materials for thermal energy crystallization property of polylactic acid[J]. Appl Clay Sci, 2022, 216:
storage[J]. J Energy Storage, 2021, 42: 103106. 106357.

[12] ZHANG B, LI C C, LIU Q X. N-eicosane/multilayer graphene [21] LI M, SHANJ Q, HU Y Q, et al. Lignin demethylation for modifying
composite phase change materials for electro-thermal conversion and halloysite nanotubes towards robust phenolic foams with excellent
storage[J]. Therm Sci Eng Prog, 2021, 25: 101039. thermal insulation and flame retardancy[J]. J Appl Polym Sci, 2022,

[13] LV P Z, LIU C Z, RAO Z H. Experiment study on the thermal 139(17): 52019.
properties of paraffin/Kaolin thermal energy storage form-stable phase [22] WANG W W, CAI Y B, DU M Y, et al. Ultralight and flexible carbon
change materials[J]. Appl Energy, 2016, 182: 475-487. foam-based phase change composites with high latent-heat capacity

[14] SONG S K, DONG L J, CHEN S, et al. Stearic—capric acid and photothermal conversion capability[J]. ACS Appl Mater Interfaces,
eutectic/activated-attapulgiate composite as form-stable phase change 2019, 11(35): 31997-32007.

Halloysite Aerogel Phase Change Composite Based All-Weather Interfacial Solar Interfacial
Evaporation

GU Xiaobin', MU Yunan®, HAN Yujing'
(1. Qinghai Institute of Salt Lake, Chinese Academy of Science, Xining 810008, China;
2. Chinese University of Geoscience, Beijing 100083, China)

Extended Abstract

Introduction For a challenge of global water scarcity, the development of efficient and sustainable freshwater production
technologies is urgently needed. Solar-driven interfacial water evaporation (SIE) technology has attracted recent attention due to its
eco-friendly and low-energy-consumption characteristics. However, the inherent intermittency of solar energy availability, both
temporally and spatially, prevents SIE systems to maintain a high efficiency during nighttime, severely limiting further performance
improvements. The introduction of phase change materials (i.e., PCMs) is generally considered as an effective approach to address the
intermittency of solar water evaporation systems and enhance evaporation efficiency. Nevertheless, leakage issues associated with
PCMs during their phase transition process significantly restrict their application scope. To overcome this problem, researchers are
dedicated to developing porous mineral-based supporting materials. However, the performance of mineral carriers encapsulating
PCMs in some existing studies still requires a further enhancement. Furthermore, the problem of low thermal conductivity in
composite PCMs also hinders their application progress in SIE systems.

Halloysite-based aerogels represent a highly promising supporting material capable of preparing composite PCMs with high
loading rates, good stability, and large thermal energy storage density. Carbon fiber can be incorporated at different ratios to enhance
the thermal conductivity of the composite PCMs. This study was to investigate the thermal properties, photothermal conversion
efficiency, and water evaporation rate within an SIE system for the composite PCMs, and analyze the enhancement mechanisms
responsible for the improved water evaporation performance.
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Methods Dopamine was firstly used to coat halloysite to obtain dopamine-coated halloysite powder (HNTP), and then 1 g of the
prepared HNTP powder was added into 40 mL of deionized water. After stirring uniformly, the mixture was ultrasonicated for 30 min.
Afterwards, 1 g of sodium alginate (SA) was added to the resulting suspension under continuous stirring until the SA was completely
dissolved. The mixture was evenly divided into four portions and transferred into molds. The samples were snap-frozen in a freezer
until completely solidified and then freeze-dried (lyophilized) for 72 h. The aerogels were then washed with anhydrous ethanol and
dried in an oven, ultimately yielding the halloysite-based aerogel HA. Halloysite-based aerogels with different carbon fiber contents
were prepared via replacing HNTs proportionally with carbon fiber (CF). These aerogels were named as HCA 4:1 and HCA 3:2 based
on a mass ratio of halloysite to carbon fiber.

The composite phase change materials (PCMs) were fabricated by a vacuum impregnation method. Myristic acid (MA) was
placed in an oven and heated beyond its phase transition temperature until it completely melted into its liquid state. The prepared
aerogels (i.e., HA, HCA 4:1, HCA 3:2) were then submerged in a liquid MA. Under vacuum conditions, the MA gradually infiltrated
into the pores of the aerogels. After complete adsorption, the composite phase change materials (i.e., MA@HA, MA@HCA 4:1, and
MA@HCA 3:2) were obtained.

Results and discussion The SEM images of the halloysite aerogel (HA) clearly reveal its abundant porous structure. HNTs are
uniformly distributed within the three-dimensional network framework. This highly porous structure provides ample space for
encapsulating the phase change material. The results of leakage tests confirm a high phase change material loading rate of up to 84%
within the composite. A significant supercooling reduction also occurs. The latent heat of the sample MA@HCA 3:2 measured is
140.65 J/g. The XRD patterns and FTIR spectra show no emergence of new peaks, indicating a superior compatibility between the
MA and the aerogel without chemical reactions. This ensures the core thermal energy storage functionality of the MA remains
unaffected. To enhance the thermal conductivity of MA@HA, carbon fiber (CF) is introduced as a thermal conductivity enhancer.
The results measured by a thermal conductivity analyzer demonstrate that compared to MA@HA, the thermal conductivity of the
composites with the incorporation of carbon fiber is increased by 158%. This significant improvement is attributed to a high intrinsic
thermal conductivity of carbon fiber, which forms a continuous and oriented thermally conductive network within the composite,
providing highly efficient pathways for heat transfer.

The composite PCMs can efficiently store thermal energy through sunlight absorption during the day and release this stored heat
to drive water evaporation during the night due to their superior photothermal conversion and thermal conductivity properties. This
effectively mitigates the bottleneck of conventional SIE technology, which relies solely on daytime solar energy for high-efficiency
water production. Based on this principle, a novel SIE evaporator incorporating the halloysite aerogel composite PCMs can be
designed. The results show that under one sun illumination after 3-h energy storage, the water evaporation rate of the MA@HCA 3:2
sample is 4.21 times greater than that of pure water. The mechanisms behind this enhanced water evaporation performance are
investigated. This work provides valuable insights and a reference basis for enhancing the efficiency of solar energy utilization and
improving the effectiveness of seawater desalination.

Conclusions This study fabricated a highly porous aerogel using halloysite for encapsulating myristic acid (MA). Carbon fiber was
incorporated as a thermal conductivity enhancer to modify the composite phase change materials (PCMs). The resulting composite
PCMs exhibited a high loading rate, significantly reduced supercooling, and markedly improved photothermal conversion and thermal
conductivity properties. The photothermal conversion model designed based on this strategy ensured that more of the heat stored
within the PCMs could be utilized for water evaporation. This enabled an efficient operation under various conditions, including
nighttime and low-light environments, achieving all-weather high-efficiency evaporation in the solar-driven interfacial evaporator.
These results could demonstrate promising applications for enhancing solar energy utilization efficiency and seawater desalination
performance.

Keywords halloysite; aerogel; phase change materials; interfacial evaporation; enhancement mechanism



