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1) (FERRZAME A OLRETR FHHE AR B R G E O E 00, K 400044)
2) (ERKR2EREIR S0 TR 0E, IR 400044)

(2020 4E 9 H 9 HYz; 2020 45 10 A 7 HikZIENR)

RS A Ak ) FH AR A8 9 AR 0 T WA i A7 FIRE SR P A, [) P A A8 2o v IR B V7 sl /N, BB S S R
T E 1 DT FH T P B (2 LG A S o R ) il R ) R ™ ) 2 T R RE L A SR R T w2 1L
SR AT BRI L 2R AR T W SRR A A Ak A e R 5 ) R[] B A SR 1 S AR BT i v A AR A AR Y
PR X LR UE /e AR AR AR, AT AN R RO A SR AR ORI B G A A MR, DA A AR R
BEE S 13.99 wt% BYRES, S AR AL TE /i 306.2%, KAk v S FIEE [ B A 9 R FE T 13.8%
F110.8%. 7T 3h 12 # U EE R, GBI BI A5 A S —E BB 1358 1IE -+ /\ bt 5 F i A A —
ok, BIAE R —IREE S & A A AR AR B E T B 4 L SHE T\ 43 G T4 vh 43 A i R i BE A 5
i1, A A PR EORT B 80R B X BTG, 16 B A AR AR 5 LCRT AR TH I - /N BE Y 5 3 R B

KB AR ABER, B/ \be, BIE, 2318 1A

PACS: 05.70.-a, 05.70.Fh, 88.80.F-

1 5 =

TE Y AT REVR HFE PR MR IR KB PRAR T, AH
AZ# L (phase change materials, PCMs) RE % il
T A AR T A I A A A A T A 0
T B DA R H it B A5 A RS B DT 42 v B R
FIHRCE. A HLERARZE AR A R4 i3y
PERAAE AR A B E A, sz 2
ORISR . E R AR T 23 1 i A A A A £
AF SR AR R A2 22 )5 1) it % 45 ) B 161 7™ ifi
LYz W . SR SR AH AR AR B Y
IR B R A IR A E T, ) AHAS AR s
hnE S ABRE, Ik bRE: A SR ImA0K A gk
B 1 BMEIIR (graphene foam, GF) . iK1 55
(expanded graphite, EG) & =10: 4 J& #fd 7K J& 4

DOI: 10.7498/aps.70.20201499

J Ay M E AR 028 45 ) 5 5 A AR B R
(composite phase change material, CPCM) AJ i
F PR AR R BT R TAA 2 LA i A
BIEWIR WK A 5 A B R EER (graphene
aerogel, GA). 4 J& Ml IR 55 76 52 5 T 3R 1 [R] T
SCREMW AR A AT RHE A 5 LI N, Al AR S
MRFSEBUR AR RS E M. Horh GA I BEAIR L He i
FEORITT 2 0TI A S A AL R e A -5 5:19:16)
FEN SCHER L IR DR 5 AHAS MR R &
DAk A AR OB S B i Hh A PR R 719

HBIRLL GA Jy SCHEM B % CPCM B A K
AIBIFTE, B T 3B 5K BT A i AR SR AT AR R e
TEIL 5 [ A Bl EARIR A AR R 25 [ R Y
RT3 S SAR %) 7 AR B S A AR SRR
an Mu A1 LiPH i@ o 8 H R (lauric acid, LA) 4%
Fite A A 250 (graphene oxide, GO) i, PRt

*EKAREEEE A (S 51606017), Y E N R RF A R4 (HiEMES: 2017M612906) FIE KT ERMRE (S

Xm2016068) ¥ By,
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T80 B 41 2% ) 25 B BE Ak 0 s A B8 0 < e
LA-GA, FFE %5 Wi H H:R 13 3] LA-GA/LA, &
IR ER TR BRI Z L4544, i ELIG 58 T e
HHAE B AL H RE R =2 18] 9 T 445 36 . LA-GA /LA
TR GA/LA B4l LA 25045 32.6%
1 352.1%; H 100 IRIGH 5 PR4F R 4F G IR AR e
PE, JeFL AL RE F1 e ik 80.6%, 1T FH T ACBH AE#A
ftRE R G, DRSOt 5 A B F 4125 09 75 12 H i
ORI, R EA TR, Yan 4520
g6 A AL SAUTY (chemical vapor deposi-
tion, CVD) Jy ik, S LA AR il 5 — 4 I &5
G GF, JF¥ IR A 224 < BEML (hybrid graphene
oxide, HGA) &3 5| =4k GF #1752 ffL iy = 4
W 4 254 GF/HGA(GH), LA A1l (paraffin wax,
PW) s Sobt s s #n) CPCM, PW/GH
A AR SRR F 5 1.82 W/(mK),
Salift) PW M4y PW/GF M HHER T 574%
H198%, FHAR XS M 164.5 J/g FE R F] 145 J/g, 7F
100 IRIFER G, TERFE W E & PCMs 1HA B
L 1 A AT RE MR AF RS E M, HEEAS 3 CPCM
1) ' B 4 R R S i A AR M 90%, BT R
KBARENCFL AL RE. 75 GA H3RM Fmsh, F%
(1% S T 25 45 R0 53 T A BH Tt A =4 I, i
Li % PU ] & — % (ethidene diamine, EDA) ift it
GO J5 & [V VR T 145 2180k J5 i GA, #E—25
1300 °C il BR L FAR I & A B REA], 534
FEARA SR E A MRE, AT T 2 R B b
F GO WL JE R MG RN K, 78 1.11 vol% 1Y
AL GA Wi 5 24 h I, IS AR A
FRKF] 2.69 W/ (m-K), 5 a5 E WA
T 1070%:; 038 o8 S AR A BT A B, AR SR
JZZ A AR i 5 S R AR R R R,
AN &A1 B 2 5 AR Z [ A RH . BRib
b, Bl A 2B SR DA AR VL R SRt 73 S 4l
%e, PRI B IR AL AT B P 1) GA, Liao % 22
VIS REHIIR (melamine foam, MF) Sk = 4 ZE 4R
B e GO R, I ABUIR M BRIA S [ 41 2575
F| MF S MF/GA, P oE—2 s ok
b, f )5 B 25 1R 3R £ % (polyethylene glycol,
PEG) 153 E| 45 H 350 i T IR A2 10 & A HAS b1 KL
Hr MF/GA BB IR 4.6 wt%, =2 m2em
Z AL EIL PEG, #E6 TAHARKS B K, J
SHAEBBEFE 1.32 W/ (m-K), H#Eali PEG,

WK T 312%; BT MF WI1F7E, ik1bJG MF/GA
BRI DR K 3] 66.7 kPa; 7E 50 ARG ER
JEAHARIE FAAAR , BA R AFRE TE.

REMFIE O LRI GA FIEN SCHEM RS
FRIFORE IR 2] [R] of 4 w55 AH AR B4R ) #R R ATE AR ER
SEVER B, HRIEAR AME R E LR B, 4T
Bl 1AL AIOU A BE 0 R R 52 G AR S AR A
YIPE A IR AR 22 UL, PRI SO0 Sl 2ok S 56 RS
RS T GA FIE 1 /e G FAE R RHR I 1
FARGEE, 70526 B FERE b itk — 25 RO RS 2
fift GA FEE AR R H IR

2 L5

2.1 SEIGMBI RS HTIEE

1E 1 /\%E (n-octadecane), 7§ 2~ C sHsg,
W B R R R A BRA F; A S R
TE 500 nm—50 pm Z [1], W [ F E R 2= B s E A
MUALEA BRA 7 NaHSO, g F(A45 kAR, T B
BT T AR AR B A A FRA F]. DZF-6020AB
FLARECAS THRAE, Jbat P24l 2 A AT FR A A
DHG-9078A il T-#RMEA, Jo8) 3 ke R A PR
/3], SCIENTZ-10N ¥ R TIRHL, T U Z 4
B O A BRZA T, SUS020 37 & B 4148 i 1 .1
B, HAH S/ A]; Nicolet iS50 {8 37 A8 e 2T 4
FEREAY (FT-IR), FE8k Ci /R BHE (P ) ARRA
A); DSC404F3 25 /R $9 4t AN ORG B B IR iR
2 + 0.03%; RBUERZE + 0.02%), Netzsch. Ltd;
LFA457 OGN CREIREE: P HRE < £ 3%;
L2 < 4+5%), Netzsch. Ltd; Mastersizer 200
ORI, Pl TR 3.

2.2 GAHEE

SR VA VR I8 i 5 A1 BB S BEIE . H 10 mg
FAA B INAR] 5 mL 57k, B
30 min 48] 2 mg/mLGO K/, FAA 30 mL
JEF] NaHSO;. FHR A B/ HURAE 95 C /KN
PSR RN 5 h, GO #ld JFIF [ 4125 M K #E
IS, SR JE B R AR B Tk R BT 3 K, H AR
LR NFRE Z R T A Y. SR IE ¥ A S 0a /K e
JEAE S HEA T VR R, A U TR AL P 2 R T )
48 h ¥ /K4y B, HZSE 10 Pa. TS5 BORE S L
AEZHE R, IR (500 °C) £74E 5 h, 153 GA.
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2.3 GA/n-octadecane £ SHTHFIRIHIE
KA R EA T 2 G A AR e
i 50 °C HZKIEANE 30 min, 4 0.5 g AYIE+/\bE
SEREAL, 2N GA R BEA WA IE /A
BEZ s, PR — R B B TR N, |
2B T WRAHIE T /\BEBE GA e, WHIE=
&, SR A BE TSR L R AR R GA
00 o 4.82, 8.25, 10.35 il 13.99 wt%,
BEPULAEER M E  GAL, GA2, GA3 Fl GA4.

2.4 GA/n-octadecane £ §HHE# #AI 5
FEh 1F R

TECRIERB AL AT AT PR BRI T, A T iR PR Hb
W GA NEALIE S, DS B E -+ e T 7E
IE+ \LEAMRIE B B AR A, B R —
FLIE. g7 RSS2 A4S 39.20 A x 38.87 A
KN B2 A 250, Sl it AR AR RN, fhax st
A BN G PEER, T —A S fLIE, Z)5
PR MRS PR B P R R\ e . P
I E F) FH Materials Studio 8.0 #4528 . Kl 1
iR BB GA BT 53 5O 54.2%, 1% &
TR T H A R

Bl 1  GA/n-octadecane & £ HHAE b AL 7l AR Y
Fig. 1. Initial model of GA/n-octadecane composite phase

change material.

SR AL HRR B R AT RE 1 /M, B Mini-
mization #47 T 50000 A0 FE. Z 5 #ATIR K, 7R
Forcite BLE 1) Anneal, EEHRE H 280 K F+ &
330 K, MFFIRZE 280 K, £t 3 RIGHR, L #2m)
TREERINEA 5 K, A5 K 7 10 ps shifiit &, —3t
600 ps, RZEEPE NPT, EHEE 0.0001 GPa,
PRI 138153 3R Andersenl2? Fil Berendsen
SR AT, S COMPASS) 137, i,
HEATEN 1 P AL PR, 7E 280 K IR R i#E4T 300 ps
NPT Z%: M 300 ps NVT REZEHh 11275

3 LA AE R E 6
3.1 THEH

GA YT SEM EULANE 2 s, it & 2(a)
WLZ2 3 SCHE e P A 5 A RO R R LA oK R
SR LUE R B R A RS BRI FLIE 2544 . X 4
/NI 23 BRANFLIE AT DR AHAS RS g, JE
SINARAR AR A B AR, DI BE L AR AR AR
FAS SRR S AIEL 2(b) AT LB H GA S
FR AT BRI A B AS B UEHIE BU , FLARTE LMK
FULHROK, BRI A 8805 A )2 B & R
4. [FIET, GA ARSI E TR, 72 A AR M
BHAR TS T S MR .

2 CGA MBOUIESIZEH (a) GA (x 500, 100 um); (b) GA
(% 10000, 5 pm)

Fig. 2. The microstructure and morphology of GA: (a) GA4
(x 500); (b) GA4 (x 10000).

3.2 #iEEEMRK

HAR GA I ZFLE5Hg T LSRR 20 i i b g
W 1E /N Joe W B e v (ELRE 25 B4R 22 YA AR A
I, TR IE /ot i RS M LAk . %A
ZALEEAIEURH A AR AR U, PR P — T
WHBERPEN RS, R TS & R E S AR R
) R AFHERE, SRR S E T T AR e . B 3
IET S GA Z A& AR T IhZE, T LA
FH CPCM H5IE+ /By fbta AR —5, 78
90 °C ZHf, CPCM 51E -+ /\BeER R FFE AT #A2
EME, KEE AT 2%, 2SR E T R
100 C, FESL TR IR TR, BB 225 C A4,
Ji LA (BRI GA). At CPCM
A B 2R AR L T 1E /et B T B R e I
XA RESE T GA R AYFLIE 2548 7 25 18] L BH 1k
TR IE T /\BERE K, FLIESS R AL I B
W T R, WNESR EE, GA (A M R
MAFEMEA T — B R 5.
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100 F —— Pure n-octadecane
— GA1l
— GA2
x 80F GA3
= —— GA4
=
2060 |
5}
=
g 40t
st
n
3
2|
0 -
0 100 200 300 400
Temperature/K

B3  CPCM MIE+/A\%if TG MLk
Fig. 3. The TG curves of CPCM and n-octadecane.

4 25 GA4 FERFRREET (15 C, 45 °C, 75 C)
MIEASE. IE+/\Beks ok 28 <C, WA 4(a) iR,
7E 15 °C T CPCM PReFoe i iy mACRE; anf&l 4(b)
B, MR IR F] 45 C B, IF -+ /\ B iZ58 20
b, (H CPCM H B MLEE BI R I L/H 5L, & 4(c)
R BIREIRT] 75 °C B CPCM Mih 2] LIE 3
VRIS IE T\ Beitt 8, (HARIRRIT T GA 1
2T GA X /e B BHE .

(a)

Kl 4 CPCM e A Al B2 T B 45
(c)75 C

Fig. 4. Morphology of CPCM at different temperatures
(a)15 C; (b)45 C; (¢)75 C.

(a)15 C; (b)45 C;

3.3 WUEHEEFY

R THRFEIE A+ /\GE il GA RIS, 43
AT GA L IE T /\BEL R A A R T T
LIHMEE T, AT AN EER] (Fourier tra-
nsform infrared spectroscopy, FTIR) W& 5 ffr/s.

GA

3447.11 1633.75 1}84478

8 n-octadecane
g 1150 35'
pe] 2960.57— Il 2846.71 1369.47 \
Ei e " 891.40!
£ | GA/n-octadecane 1470.54 71633
<
= 291098 ot 1
1624.98 1150.48%
891.48
3422.80 1369.73
-—
/) 284837 I 717714

2953.87 2915.79
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers/cm !

5 GA, IE+/\4E & CPCM 1) FTIR 3% K
Fig. 5. FTIR spectra of GA, n-octadecane and CPCM.

K5 N BB =45 mlh GA, IE+A
LiFl CPCM ¥ FTIR 4. It GA 5 CPCM 1)
EIZE AT %1, 3447.11 F1 3422.80 cm ! &b By Wz AT s -
OH A 45 ik 2 3 1k, 3% W] RE A PR R 7R i
o B, GA BIRUNLIEZSA IR T /D mas S
7Ky, WA T AR R B TR AT 2, &
A BRI BGIGAN DRI, 1633.75 F
1624.98 cm ' bW 27 X6 7 - C=C- iR W fff, 3
S AR B RFE DS, 1384.78 5 1369.42 cm !
AN A C-H T PN S R s

Yt IET/\%e 5 CPCM ) FTIR fhk, 2960.57
1 2910.98 cm ' 43 4% F&-CH; Fl-CH, 19 A X Fi
T4 IR BN i, 2846.71 Fl 2848.37 cm ! J&-CH,
HRTFR AR A R Sl RS, 752 G AH AR ARt RE R
F] 2953.86, 2915.79 1 2848.37 cm ! 5 BT} R .
1470.54 F1 1471.42 cm * 4b XF [ oA -CH, F A HH i
C-H 1 N2 3R 3hig, 1120.35 F1 1120.48 cm ! 4b
X 7 ) 4 -C-OH H C-O R FITEZE . 891.40 5
891.48 cm ! N-C-C-i4atiRahl. 716.33 Fl 717.14
cm ' Ak A IS0 DU AR 2R - (CHL), - K 8% n KT 4 B
A THT PN FEATIR B0

Zeyk Xt AT LR IR, GA FIIE -+ /\BEfT B )
Wi fE CPCM H¥Rg—— 4R BN N, A kA4
MBS, It B B EUE Mg, BTl GA A
IE /L G ch kA28 k.

3.4 HTHHME

FHAS BRI A G FAE 4T RE 2 A7 1Y
1, ARZSYE TR PN R A A R R L FE AR —
K6 GA4 25t — AR 3A A #+ B Y Y DSC
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MLk, LB IEIR, 1+ /\ B By, (HM
H AR LR ZI IR —E, IXRWIIE+ /U
500 S BRI A AR PR A AR B R AT .

Heat flow/mW

—20 —s+— Octadecane

—s— GA/octadecane

—30

10 20 30 40 50
Temperature/°C

B 6 IE+/\biK GA4 ) DSC £
Fig. 6. The DSC curves of n-octadecane and GA4.

1 RIER 2 4 5 THEAR BIR IE -+ \BERTA
SR BRSO 5 AH A8 R E S5 A R (3] AH A8 2o 72
HA TR, 1/ sl 28.6 °C 41k, 7F 26.9 C
BRI, HOAH N AT 1) 232.0 F1225.8 T /g,
5 Z A, CPCM Ay AH S I B2 B I i A AR
1k, GA & B i 1 GAD 25 Ak Vs FRR B [ 75 P 3
BRI T 13.8% 1 10.8%. "I 0L GA SiE+/\kiE
AR EOE T /B IEE S B — 1 R . A AR
P T IR R, SR A A AR A EMA R i
AT AREAAAER GA, A 1 IE 1/t L
A JO B 1 B0 RO IS I /e &R A A S AR
HHEZNS S5HZNY L.

KR T GA JInh B BT 38, — L AP B2
X 52 GRS MR R A AR AR T T B . GA N
PR R P AALIE, 55 W B A IE e 2

£ 1 ETGE R HE G AREMDRME b T2 4 AR
AR KA KR
Table 1.  Phase transition temperature and en-

thalpy of n-octadecane and CPCMs during melting

process.
i IR E  ZREE RS
HUPER GRS
Tws/C  Tnp/C  Twe/C  Hy/Jg!
IE+ A\ 24.6 28.6 34.9 232.0
GA1l 24.6 28.3 34.8 220.5
GA2 24.3 28.6 34.5 213.1
GA3 24.4 28.4 34.2 207.9
GA4 24.2 28.7 34.2 199.9

FEIXLEALIE, FHEOAHAR S R e+ R K
RO 2 B —Se R, 5350, FLIE 4R B A IR s
Il AR T AR R I /e R TR B, X B R 2k
HAE A, G+ /e 2RO Z YR, X4k
SN ] BE T B AL TR 25 R i . 2R AR
SEFEI1E P e A S BLAE TR EL I ARl , AR S5 SR
K&, GA 2 EE GBI IGE T T B,
(T R B Ab T T e 2 OTE 2 P

2 IETNGE RIS AHE BRI R AR
AR KA AE RS

Table 2. Phase transition temperature and en-
thalpy of n-octadecane and CPCMs during solidifica-

tion process.

BIGRE

KARWEE A

MR X5
T/ C T,/C T./C H/Jg!
IE+ b 27.8 26.9 23.2 -225.8
GAl 27.6 27.3 24.1 -214.6
GA2 28.3 27.6 24.2 ~206.6
GA3 27.9 27.2 24.4 -202.2
GA4 28.2 27.0 24.1 -201.4

3.5 SHEREH

GA BIPEHIBR T 32 BB AL T8 45 F LA B 1+
INIE, B IEARAE A R ER A1, b AT Al e A AEBHRHA
F PIE s AR A S B R, 1A B TRl I+
JNBE AT B AREL, s PR A A2 i, oSy R0 1 2
AR 5 Pl o T AR R 32 T+ A A R A 22 8
PRI A AE

A S HOGIRDEIE I T 25 AR Al B LERAVAT | 4
PHCRE MR 20 €. SREEARA (1) X
R, EaMEREEEn (2) 201, 490 3
Jir5i).

E IR o AN VSRR 3t 3R i g S

Table 3. Thermal conductivity and relevant data
of n-octadecane and CPCM.

e PHE R HeAgR SHRERE

i "

poE EX Pcom/ Cp/ 7»/
a/mm?s ! gem?®  J(gK) ' W (mK) !

iEt

e 0.137 0.777 1.658 0.177

GA1l 0.331 0.782 1.871 0.484

GA2 0.349 0.780 1.878 0.511

GA3 0.374 0.787 1.910 0.562

GA4 0.461 0.789 1.977 0.719
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Abstract

Phase change materials can absorb, store and release heat with their latent heat capacity. Meanwhile, their
temperature fluctuation during phase changing is small, so they can realize temperature control and be used for
thermal management. But their low thermal conductivity and easy leakage problem seriously restrict their
performance. Graphene aerogel have a large specific surface area because of its rich porous structure, and can
absorb phase change materials to solve the leakage problem. Meanwhile, the high thermal conductivity of
graphene can improve the thermal conductivity of phase change materials. At the same time, the black of
graphene aerogel itself has good light absorption performance. Combined with phase change material, the
resulting composite phase change material can make full use of the sunlight to achieve photo-thermal
transformation and energy storage. Composite phase change material can release heat at night when there is no
solar energy, making up for the intermittency of solar energy. Herein, graphene aerogel was prepared by
reduction self-assembly and freeze-drying method, and composite phase change material was prepared by
vacuum impregnation method. The graphene aerogel composite phase change materials with different mass
fraction were prepared by using n-octadecane as phase change material. The thermal conductivity of the sample
with 13.99 wt% graphene aerogel content was 306.2% higher than that of pure octadecane, and the latent heat
of melting and solidification decreased by 13.8% and 10.8% respectively. Simultaneously, molecular dynamics
simulation results show that the introduction of graphene aerogels will increase to a certain extent is octadecane
molecular order and consistency, which in the same temperature of composite phase change materials are
octadecane than pure octadecane molecules have more concentrated at the end of the distance and the torsion
angle, radial distribution function and the diffusion coefficient is relatively low, that the introduction of

graphene materials can promote positive octadecane coefficient of thermal conductivity.

Keywords: graphene aerogels, n-octadecane, thermophysical properties, molecular dynamics simulation
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