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Given the ever-increasing demand for energy and the limited nature
of fossil fuel resources, improving energy efficiency and storage has
become one of the most significant challenges facing humanity. Phase
Change Materials (PCMs), substances capable of absorbing and releas-
ing thermal energy at a constant temperature, have emerged as an inno-
vative solution in the field of energy storage. With their high latent heat
capacity, ability to maintain a stable temperature, and environmental
friendliness, PCMs have great potential for applications in various in-
dustries. However, their low thermal conductivity, especially in organ-
ic PCMs, has hindered their widespread use. To address this challenge,
researchers have been exploring various methods to enhance the ther-
mal properties of PCMs. One of the most effective approaches involves
incorporating high thermal conductivity nanoparticles into the PCM
matrix. This research comprehensively reviews recent advancements
in the preparation and applications of nanoparticle-enhanced PCMs. It
delves into various types of nanoparticles used, production methods for
nanocomposites, the impact of nanoparticles on the thermal and me-
chanical properties of PCMs, the stabilization of nanocomposites with
surfactants and surface modification, and also their potential applica-
tions in diverse industries. The results of this study indicate that the use
of nanoparticles can significantly improve the thermal conductivity of
PCMs, with carbon-based nanofillers showing the highest impact. Addi-
tionally, nanoparticles have led to a relative reduction in the phenome-
non of supercooling in PCMs. Based on the results of numerous studies,
nanoparticle-enhanced PCMs hold great promise for improving the per-
formance of energy storage systems, reducing energy consumption in
various industries, and fostering the development of sustainable tech-
nologies. These nanocomposites can be employed in the construction,
automotive, electronics, and textile industries to create more comfort-
able environments, enhance energy efficiency, and reduce greenhouse
gas emissions. Continued research in this field is expected to lead to the
development of even more efficient PCMs with a broader range of ap-
plications.

*To whom correspondence should be addressed:

netesami@iut.ac.ir


https://arcpe.modares.ac.ir/article-38-76836-fa.html

[ Downloaded from arcpe.modares.ac.ir on 2025-07-17 ]

35062 U b o d 36y g0 Bian ) 90 L1 3936 8 1,15 1 20l> (559 30
S3P S 3o >3 9S4 e 5l o o1

"S> wuzmo  leaduwy 0 HB T olaie] (g g | g0z 152

Oldal sixis olRiils (geuds (owaige 0l il IS (gemmiils -
Oleol srio olSails (o (e sbewl =Y
Sleral s oAl (gord pwaige gl xS -Y

shed glie Cmogazme 5 (65,1 (gl LSl 595815, Al am amrgi Ly
i sl il o e 5l (S0 A ol ilwe 35 5 (55,51 (6590
olso g e ay (LePCM) ou2;38 s olg o .l ool Joos —iv (g9,
Olg=e dm sl el sles o) ol )5 (65, lwdlsl g i e bls as
byl L oly e oyl loai 7y dae (g3l 33 835> 40 ailyglgs (5,8 al,
L 685w 5 patein 85 0 laoe slos o> o LB YL Ly b )S
o asyls e lizee anlio )0 (6,5 54 gl =YL o LB o 3o
3 ele (I GLaPCM o 055 4 o le)S (bl (35 el (Lo (=)
JLiss a1, X zghs (il ol a8y gl ol sais Lol 80 S 5,0 )8
59 CwltPCM sl au YU ol 5 Ul L oly3a50 09581 Lo s,
y9—ba LaPCM jl oolaiul slo il 5 Lolie (o) p (mend (il oy
slgs slacy oSl 0,5 g avpd dsw) jo 3 slacd, iy a4 2 sl>
sl ul 8,50 Dl H3g 5L aLiBee glasil ol ol a B ls 5 saao b s
S 5 (=l elsS o D3l b ey jeell gl wd s sl s,

5 g Mol g b Jladada v SaS 4 Lacy 5900556 (g5 lasly LaPCM
A5 el sy i ) il gin 1o L] o5 5 syl 5 _
s oo lis aslllae ol mols cewl a3 3 )18 G 550 Gl ol

LaPCM o5 sblw; s BB jobay aliles oo Dl,350 5l colaiwl a5
ol ) ;80 o VL ()5 sl S99 2815l (lae (ml 5o 48 aiS Sege |,
PCM o (ioleyw pl 8000y s (ials cel O35 50 pvioran alosls ol 3gil
Slg—s slay ;505 9l coaBploml Glibos moli an dog L ailoa s Lo
6)Lwo)»..>é Lngd.;LoL.w a/._il.o.c S g—nf 6‘)_: ‘_,’_:yl) k_/_al)lé oué)bﬁ.a.}‘ @La)f g_g’bl"*’)
Jasl slag gl da vy g b lisw anlio (o (65,51 B a0 Gials (65,
Sy xSl g 055 ezl anlio o aily g0 Lacy sl el ol asjls eS8 5
G2l 5 65,51 690 e il el slekaze sloml gl (Al
o=l o L g dlol L as 18 1,8 colaiwl 0,50 slaslxls slajls Ll
U S-XGUR L PR L g BN WEY X3 C JUURS S\ PP VI P W [N P P B U0
D9 )‘5d_3:A| JB'OQJ’J_“?

022838 pss olge

o989l 5 5lk

(LS Jgamots
netesami@iut.ac.ir


https://arcpe.modares.ac.ir/article-38-76836-fa.html

[ Downloaded from arcpe.modares.ac.ir on 2025-07-17 ]

'5‘5_" uo”_el uLuo U_" )O .é)j o)l_,.'::‘ ‘05_..';) b‘j_n U_"
Oy gl S JLi) o p2 9t LS Lwgil
o=l =S e Ll ol JJA 8,50 L LaPCM
u.aol_w oJ_S‘).' 6‘)_5 (rl.‘>o‘) u_dl.' 4o 4_......"9 u.us)
5 SIS 3 5ol 5 A0l ey 5 3l Jals
aSulan a g L imen el o o) Cncisas
LF’LQ; 6))_3‘ LS)LM:O).QJ LsLdeLcl_w e L_aPCM
Sl 51 a8 el il anl o,
(Nanoparticles) <l 3450 04381 (goasin ol Siwghy
el 0 ST (S plsear 1, LaPCM oy
033l i Slyo (oS (Dbl St sl Loy,
bl 0 lgs oo DI85 U g3l a3 S slpi iy
Jbo e 5o Lol s (2l 65550 sobar |) (mle)S
Ple o Slde b 5b oS s el (O F)
el § 98 (mbe S 0y Shes 5 (Sl (S iy
Lagyl 5l oo ns soliwl LaPCM Conl am a>g5 L
o= g0 sa e sla agh 9529 5 alisw alio o
PGl aen g asl> ) paS cul oY 4t
2 Olyde b 6,5 e sla iy 5 Lol Lo alal,
saipll slo oy p 5514 S bl 50,8 &y 0
5 S5 Dot Eg—9e il Oyl ST
S ao L eoga e o dla s y0 g 009 cu STy,
B3 S myp Boa Ly Sl (5590 Al (]l
Nanocomposites) oa—3l8 o35 ole—o (glacs jslS sl
S Slas dslin g din) oyl jo codplxil sl o
sla oy .crwl o b al ol [, SusS ,LaS o LQQT
Loyl wypama sl oa S a e ool ca L
Sl Sy 9 dtd SLoahy) (o) 0dia0) i
Ele—l =80 002338055 Slso Loy ;emelSsl
Slge (ml 0,5 i bz sloaie; 5 Lot gl 50
o 318 i dlgo gBLCG jaaolSgil ¥
DSl 5l sa o3l s ol slalg el il
o Y by ol Lo Gl olpde b
Wl d o) Glee ay a ol a0l s sol
Sla Sy ool s oy loay;emlSsl

wlge oy 50 )39l 0 )5 s el (55950
doddio )

u...._bls “Sla.\:uu_w.‘) 6L¢m¢u§ﬂ C_Ia_..u w_ul)ﬁ‘
il alin Axgi oge Ja¥o dlar o] o
Jl_7v.:‘ g0 \_e‘,.utb L.S))—" 3)_._7.) ] )_uA.u.\.!J.?u
oo 5yl bl sl tpabl c Ll 5 IS
ol_>u| LS))—" d)_.a.n LF'?‘GJ'@ BN L5‘°)—’5 w._a.a 9
(.Sjl—““"")"""‘) ulj_..e‘.?u 3.'_»45.' u_..o..b‘ 9) U_‘l )‘ ‘J_»S‘SA
(V) s 65, amas Al 8L 5l S (65,
3,10 3525 65,51 §3lme 23 (sl m (SFLS slahs,
Syl 6, d a Lol el slaganai o o a S
5y oyiman § S Sl 53yl 6, b oSS
5 oS (5,01 () el o0y 40| e (o,
laail b o ool ul 55 s (65,01 S5l (s oo )
S39iS g (aio (5)la slaisu 9 0,y (SN
90 4 0‘9_>‘5a ‘) ‘rvLa)f 6))_u| szl_..uo),._?-b R—
GLA; 6)@0).00) H.)).J 6uwj) ‘rlf & wd
g Lo 0, e (oliond g (g 5 Ol
A Caws oolo yo lgs sl I s )b foe s YU A
slaslelw )" 6)L.t—~'-*-.’ BN ‘Q] O xR LSLA; u_.ﬁj.]o
oatian Slaa 5L s S LB 5l 65l 8o STe S
(\) 05_...4‘59 ool 6))_u| (5)1_....»01..}0 )5_14..‘414.‘
L,’_:L..,:H_MJ «)‘9—6 )I 6‘0&‘9_&} a 0‘9_’&5" L._...:‘) u_“ B
(Phase Change Materials) oo 2538 ;i olg—s ol oy
S5 il S sloa gy e 5 (S Ol
5551 3lmolil 5 iz 55 (Vb (il a5 5,5 oL
ol sbagiagn (1) as)ls ole slo 5 dlwgas
=S 65 6,35 Gl LaPCM 5, )5 555 5o
Goai b S iSSg g ome o AT ols o ay olon i
TH 3\.\_&0)[3).»..:.» 0‘9_‘1 ULHO u_s‘ o (\ ’) ..\49_.»‘59
48 (S (Supercooling) isle s 5l )18 5L sl ozl
L_T““’):""‘")s oo ra..\_c gth..Lo.c 6LAQ )O)_‘I.QS)l_ﬁLg
Ll OOV Y) aslass 5 )1 8 a>g5 0,5 0 5 don oyl
LS’L'LM") ‘u—” SA_&Q)LQ).U.'U é‘j_o JLMA—Q g))).vé:l_w
ey boslos 5L8 s ace Jgbo ,o 65,50 5kl
S.A_&é)bfu.u b|9_A d_i».»‘ (_gl)_: Jad o9_~.; ‘nl_7u‘ (_g)_..J
sl D il \.\_,o—|)l5 Gl gilwo ud o kr]—‘
o QL‘M9°"\—“’ ’alJu‘ b‘H L.)_i‘)‘) LA;J[J.»." CA.C)_M:
5 SLJI . (Metal Structures) s ;18 glo Lzl y0g3-31 4y
oolail «(Carbon Fibers and Foams) S slazial
2l e 5 Lo Ll o po Gl oo

SO ok - ooh i 631 e gl gl Ay o (Abg (sole anlibiad


https://arcpe.modares.ac.ir/article-38-76836-fa.html

[ Downloaded from arcpe.modares.ac.ir on 2025-07-17 ]

g dey jo Ol )3eil 8,8 1 mel> (5590

Sbale s o4 anly A (99,0 Sly59l @ puse
S (S i (e Jlebgda

S8 4y LaPCM LS bl Ll
oten b Al 4l Ay 4 D)3550 (y99 -4
slpgiegy 4 Sl p3¥ olpln 2g—bige (i
750 ol mals s S sl 3 ai S50
o plw 5 (—leS (LUl 1o 39l (0933
sybiea ) Jgao 09 b (o) Jol> 5ol gl
Syoe 5 i lizs L mdllio &y 2l sy
Slg— slacajgali gl (b )S (llow, Al dlie
el 00 a Sl ool o

adgl baao3ld s bole 4 Cud (55598 (mlo)S
st Ay )0 Sl bty cnlag ] sl
L aS 0,0 0929 00203l s olgo slacy jssalSsil
AST Bl3e 5L A les 5l caLizee 13450 (6,5 Say
EEIE S JPUPT A CPPS S CRCH M CRP
Eo— 4y c0aa33l i lgo slacyjgelSeil o )S
UT Sl cos A () S ‘o\.\_.ibooﬁj'él o).bj_;l.;
y9—taiedy (Surfactant) Jldeda w5l colaiwl &ye—0 yo g

0i3jl8 i Slge (slan joalS il dine; ;0 A S8 00 Slatagh p Jlol 6y900 ) Sy
Table 1. A brief overview of the research conducted in the field of nanocomposites of phase change materials

Remarks

PCMs suggested

Reference

Sami and Etesami | Paraffin
(2017) T :54-58 °C
3) Enthalpy: 137.8 J/g

Characterization of thermal properties and stability of
paraffin/titanium oxide (TiO,) composites with and
without sodium stearoyl lactylate (SSL) as a sur-
factant was investigated experimentally. The results
showed an increase in the thermal conductivity of the
composite containing paraffin/TiO,/SSL by 47.85%
at a concentration of 3%, and a slight decrease in the
dispersion of nanoparticles in the nanocomposites
after 80 heating cycles.

Babhirai et al.

Paraffin wax

Three types of carbon-based nanostructures includ-
ing carbon nanofibers (CNF), graphene nanoparti-
cles (GNP), and graphite nanopowder (GrP) were
combined with paraffin wax and a small amount of

8(5))1 7 Elr:t}?;)lp}? 119.3 /g PVP-40 was added to the mixture for good dispersion
’ ’ of nanoparticles in liquid PCM. The obtained results
showed an increase in the thermal conductivity of
PW/GrP by 620% and 1100% respectively in the
concentration of 7.5% and 10%.
The effect of phase change materials reinforced with
nanoparticles on the performance of stationary solar
. . devices was investigated. Three types of nanoparticles
gzg:s\zlzlf,r & Paraffin TiO,, CuO,. and grapheqe oxide (GO) were dispersed
2018) T - 64 °C sepgrately in paraffin with 0.3% by weight and
(16) m sodium dodecylbenzene sulfonate (SDBS) was also

used as surfactant. Finally, an increase in the thermal
conductivity of paraffin/TiO,, paraffin/CuO, and
paraffin/GO was observed by 25%, 28.8% and 101%,
respectively, at a concentration of 0.3%.

Masoumi et al.
(2019)
(17

Stearic acid
T : 62-64 °C
Enthalpy: 130 J/g

In this review, nanoparticle-enhanced phase change
materials were prepared on a laboratory scale by
dispersing TiO, nanoparticles in stearic acid with the
addition of SDBS surfactant using the sedimentation
equilibrium method (SBM) and an increase in the
thermal conductivity of stearic acid/TiO, by 27%

was observed at a concentration of 5%. The results of
the structural analysis showed that the nanoparticles
were uniformly dispersed in the base matrix with the
addition of the surfactant. Also, the chemical stability
and thermal reliability of phase change materials
improved with nanoparticles were observed after 250
thermal cycles.
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He et al.
(2019)
(18)

Myristic acid

T :54-55°C
Enthalpy: 194.90
J/g

In this research, the addition of carbon-based
nanoparticles, including graphene nanoplatelets
(GNPs), multi-walled carbon nanotubes (MWCNTS),
and nanographite (NG) was done to improve the ther-
mal conductivity of myristic acid phase change ma-
terial for solar thermal energy storage. The obtained
results showed an increase in the thermal conductivity
of myristic acid/GNPs, myristic acid/MWCNTs, and
myristic acid/NG by 176.26%, 47.30% and 44.01%,
respectively, at a concentration of 3% for the solid
phase. Also, the results of DSC analysis reported the
excellent stability of nanoparticle-enhanced phase
change materials after 100, 200 and 300 thermal
cycles.

Haghighi et al.
(2019)
amn

Paraffin
T :27.7°C

m

Enthalpy: 206 J/g

The effect of adding different weight percentages of
different nanoparticles such as CuO, TiO,, Al,O,, and
graphene to paraffin along with the addition of SDS
as a surfactant on improving its thermal properties
was investigated on a laboratory scale. The results
showed that the highest and the lowest coefficient of
thermal conductivity are respectively related to par-
affin/graphene at a concentration of 3% and paraffin/
Al O, at a concentration of 1% and Nanocomposites
containing 2 wt% TiO, and 1 wt% graphene have the
highest and lowest energy storage capacity, respec-
tively, compared to pure paraftin.

George et al.
(2020)

(19)

Paraffin wax

T :58-60 °C
Enthalpy: 153.61
J/g

The effect of adding conductive polyaniline (PANT)
and copper oxide (CuO) nanoparticles with different
weight percentages in the paraffin wax (PW) matrix
by adding the surfactant TritonX-100 was investigat-
ed experimentally and the increase in thermal con-
ductivity of PW/PANI and PW/CuO was observed by
46.8% and 63.6%, respectively, at the concentration
of 1%. In this investigation, the thermal stability of
paraffin wax and its composite was determined using
an accelerated thermal cycle.

Kabeel et al.
(2020)
(20)

Paraffin wax
T :55°C

In this research, a composite of graphene oxide
nanoparticles (GNP) in paraffin wax with the pres-
ence of SDBS as a surfactant was used to produce
fresh water in a fixed tubular solar device. The
obtained results reported an increase in the thermal
conductivity of PW/GNP by 52% at a concentration
0f 0.3%.

Arshad et al.
(2020)
(21)

RT-35HC
Commercial par-
affin

T :34-36 °C

In an experimental study by dispersing titanium oxide
nanoparticles (TiO,) from 0 to 2% by weight in pure
commercial PCM samples RT-35HC and the addition
of SDBS as a surfactant to increase the dispersion of
nanoparticles in PCM, the physical properties, ther-
mal and chemical stability of the said nanocomposite
were investigated. The increase in thermal conductiv-
ity of RT-35HC/TiO, was observed by 59.5% in 2%
concentration.
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Laghari et al. Paraffin wax

This study was conducted to characterize the titanium
dioxide-graphene binary composite (TiO,-Gr) (1%
by weight of titanium oxide and 0.1, 0.5, 1, and 2
wt% graphene) with paraffin wax to improve the
thermophysical properties was added with SDBS

(2022) Tm: 47-48 °C as surfactant. The results showed an increase in the
(22) Enthalpy: 160 J/g thermal conductivity of PW/TiO, and PW/TiO,-Gr
by 120% and 179%, respectively, at a concentration
of 1%. Also, the results of TGA, DSC, and FTIR
analysis, which were taken after 0 and 300 cycles,
clearly showed the chemical and thermal stability of
the nanocomposite.
This experimental research was carried out in order
to cool an aluminum heat sink, in which graphite
nanoparticles with different surfactants (SSL, SDBS,
A biocompatible and sodium dodecyl sulfate (SDS)) were added to the
phase change phase change material and then the thermal perfor-
Sheikh et al. material mance of the phase change material was investigated.
(2023) Brand name Pure- After performing the tests, the mass fraction of graph-
(23) Temp 29 ite to surfactants was selected with a ratio of 1 to 3.
Tm: 29 °C This resulted in a stable solution except in the case of

Enthalpy: 202 J/g

nanocomposites made with SSL. The results of the

measurements showed an increase in the thermal con-
ductivity of graphite-PCM/SDBS and graphite-PCM/
SDS by 240% and 218%, respectively, at a concentra-

tion of 5% with a ratio of 1:3 graphite to surfactant.
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Figure 4. The percentage of nanoparticles used in recent researches
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Table 2. Quantitative investigation of the increase in thermal conductivity of phase change material nanocomposites in

recent research
Reference PCM Nanoparticles (%) Surfactant Thermal conduc-
(Thermal conduc- tivity enhance-
tivity ) ment (%)
Sami & Etesa- Paraffin TiO, (3.0 wt%) SSL 47.85
mi (2017) (3) (0.139 W/m.K)

Dsilva Winfred Paraffin TiO, (0.3 wt%) SDBS 25
Rufuss et al. (0.26 W/m.K) CuO (0.3 wt%) 28.8
(2018) (16) GO (0.3 wt%) 101.2

He et al. Myristic acid GNP (3.0 wt%) - 176.26
(2019) (18) (0.22 W/m.K) MWCNTs (3.0 47.30
wt%) 44.01
NG (3.0 wt%)
George et al. Paraffin wax Polyaniline (PANI) Triton X-100 46.8
(2020) (19) (0.2 W/m.K) (1.0 wt%) 63.6
CuO (1.0 wt%)
Kabeel et al. Paraffin wax Graphene oxide SDBS 52
(2020) (20) (0.26 W/m.K) (0.3 wt%)
Arshad et al. RT-35HC TiO, (2.0 wt%) SDBS 59.5
(2020) (21) (0.2 W/m.K)
Sheikh et al. Biobased Graphite (5 wt%) SDBS 240
(2023) (23) Phase Change Ma- Graphite (5 wt%) SDS 218
terial
(0.25 W/m.°C)

Sivasamy et al. | Myristic acid (MA) Ag (0.3 wt%) SDBS 109.2
(2019) (31) (0.17 W/m.K)

Sharm et al. Palmitic acid TiO, (5 wt%) SDBS 80
(2016) (33) (0.19 W/m.K)

Nourani et al. Paraffin wax AI20, (10 wt%) SSL 31.47
(2016) (34) (0.197 W/m.K)
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Han et al. Ternary chloride salts | ALO, (0.7 wt%) - 62.59
(2020) (52) (MgCl12:KCl:NaCl CuO (0.7 wt%) 21.58
with 51:22:27 molar Zn0 (0.7 wt%) 6.47
ratio)
Cui et al. Sodium acetate Nano copper SDS 20.5
(2016) (55) trihydrate (0.5 wt%)
(0.777 W/m.K)
Choi et al. Stearic acid Graphene (0.1 PVP 21.5
(2014) (60) (0.33 W/m.K) vol%) 10.5
MWCNTs (0.1 9.91
vol%)
Graphite (0.1 vol%)
Lin & Al-Kay- Paraffin wax Cu (0.5 wt%) - 14
iem (2016) (62) (0.172 W/m.K) Cu (1.0 wt%) 23.9
Cu (1.5 wt%) 42.5
Cu (2.0 wt%) 46.3
Ezhumalai et Palmitic acid CuO (0.1 wt%) SDBS 19.87
al. (2018) (63) (0.17 W/m.K) CuO (0.2 wt%) 45.61
CuO (0.3 wt%) 66.08
Aguila et al. Octadecane CuO (10.0 w/v%) Surface mod- 9.32
(2018) (64) (0.131 W/m.K) ification with
sodium oleate
Kazemi et al. Paraffin MWCNTs (0.2 Gum arabic 35
(2019) (65) (0.2 W/m.K) wt%) (GA) 49
MWCNTs (0.5
wt%)
Harikrishnan Myristic acid Si02 (0.2 wt%) SDBS 2543
etal. (2019) (0.19 W/m.K) Si02 (0.5 wt%) 43.06
(66) Si02 (0.8 wt%) 60.48
Si02 (1.0 wt%) 87.27
Sivashankar et OM35 GNP (0.5 vol%) Sodium deoxy- 75
al. (2020) (67) (0.2 W/m.K) cholate
300
g
‘g 250 40
E 218
E 200 176.26
E
'r._ 150
g 1012 1062
-E 100 0 - S8 82
E 1738 73 4m B9 o s 53 4
E ’ . T asnsa 105 991 932
=
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Figure 5. Comparison of the percentage increase in thermal conductivity of phase change material nanocomposites due to
the addition of nanostructured materials
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Table 3. Review of research conducted on the effect of adding nanostructured materials on the supercooling phenomenon

Author PCM Nanoparticle surfactant | Supercooling effect investigation
Their results indicated that carbon nanoad-
grap LIS LR TCNIE ditives can slightly reduce the degree of
Zou et al. Industrial Cia supercooling. The mechanism of this phenom-
(2018) grade par- MWCNT - enon can be attributed to the nucleation role
(68) affin (0.2,0.5,08, 1.0 of these nanoadditives, which facilitates the
) 2 a’mc'l i 5' “’] t% )’ formation of paraffin crystals at the interface
’ ’ of nanostructured materials and paraffin.
In this study, by adding 0.5 wt% copper
nanoparticles as the optimal amount, the
Cui et al. Sodium Nano copper supercooling point of the nanocomposite was
(2016) acetate (0.5 Wi%) SDS reduced to about 0.5 °C. Copper nanoparticles
(55) trihydrate ' are significantly more effective in reducing
the supercooling point of pure PCM than min-
eral salt hydrates as nucleating agents.
The results show that the addition of copper
nanoparticles to paraffin led to a decrease
in supercooling. This phenomenon can be
Lin & Al-Ka- copper nanoparti- attributed to the .effecFive n}llclealltion role of
yiem (2016) Paraffin cles ) cop.per.nanopartlcles in facilitating the crys-
(62) wax (0.5,1.0,1.5,2.0 tallization process of paraffin. The presence
wt%) of copper nanoparticles acts as crystal growth
centers and increases the rate of paraffin crys-
tal formation, thereby reducing the supercool-
ing phenomenon.
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He et al. Myristic GNP, MWCNTs
(2019) (18) aci/d & NG -
(3.0 wt%)

In this study, the addition of graphene nano-
platelets to the myristic acid phase change
material, due to the nucleation effect of the
nanoadditives, led to the effective elimination
of the supercooling phenomenon in these
nanocomposites.

Arshad et al. 100

2020) 21y | KI-35HC

2.0 wt.%)

(0.5, 1.0, 1.5 and SDBS

They reported a slight decrease in the crys-
tallization temperature of the nanocomposite
due to the confinement of the crystallization
of the surface layers of TiO, nanoparticles

in the nanocomposite, and a slight change in
the maximum melting temperature due to the
formation of incomplete RT-35HC due to the
surface layers. Therefore, these factors caused
a very slight increase (less than 1%) in the
supercooling temperature in this study.

Sharm et al. Palmitic TiO,

(2016) 33) | acid 5.0 wi%)

(0.5, 1.0, 3.0, and SDBS

In this study, the presence of TiO, nanoparti-
cles dispersed in palmitic acid acts as crystal-
lization nuclei and leads to an increase in the
nucleation rate and a decrease in supercooling
in the nanocomposite. As a result, the melting
and freezing temperatures of the nanocompos-
ite become close to each other and we achieve
simultaneous melting and freezing points.
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Table 4. A summary of the researches carried out in the field of using surface agents in the preparation of nanocomposite of

phase change material

PCMs sug-

Reference gested

Nanoparticles

Surfactant

Remarks

Zeng et al. Multiwalled nano-
(2009) Palmitic acid | tubes
(59) (MWNTs)

Setyl trimethyl am-
monium bromide
And SDBS

The results of the DSC curves showed
that there is no significant change in
the melting and freezing point and the
phase change characteristics of palmitic
acid are not affected by the addition

of MWNTs and surfactants, regardless
of the type of MWNTs and surfactants
added.

Multi-walled carbon

Choi et al.
oreta nanotubes

(2014) Stearic acid PVP

(MWCNTSs), graphite

(60) and graphene

The obtained results showed that the
stability of PCM dispersion with-

out adding surfactant for MWCNT,
graphite, and graphene for at least 7, 2,
and 5 days, respectively, and with the
addition of surfactant as stabilizer, dis-
persion stability lasted for at least 10,
3, and 8 days. These results showed the
effect of adding surfactant on increas-
ing the good dispersion stability of the
fabricated nanocomposite.
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In this study, in order to check the

Nourani . . stability of the sample, the thermal

et al. Aluminum oxide

(2016) Paraffin (ALO.) SSL cyc!e test was performed. All nanocom-

(34) 23 posites showed good thermal reliability
after 120 thawing and freezing cycles.
Accelerated thermal cycling test on

Sharma nanoparticle-enhanced phase change

- .. material showed that the prepared com-

et al. ... .. | Titanium Dioxide . . .

Palmitic acid . SDBS posite material does not lose its thermal

(2016) (TiO,) . .

(33) and chemical proper‘t}es even after. a
large number of melting and freezing
cycles.

Palmitic
. . acid/poly-

S;l:lkhon pyrrole Graphene Nanoplate- In this study, SDS has been used as a

(201'5) (PA/PPy) Jets (GNPs) SDS surfactant to stabilize the nanoparticles

©1) stable phase inside the PCM base.

change
material
After 50 cycles of melting and
freezing, the degree of supercooling
. . o

Cuictal. | Sodium copper nanoparteles sl very low

8(5))1 6) Ziztt:te trihy- | copper (Cu) SDS (about 1°C) and its latent heat does not
decrease much compared to the initial
melting, which indicates good stability
of the nanocomposite.

In this study, a decrease in the melting
temperature and latent heat of the sam-

Sami and ples ‘and a slight de(;rease? in the dis-

Ftesami . persion of nanoparticles in nanocom-

(2017) Paraffin TiO, SSL posites were observed .j:lfte.r SQ heating

3) cycles. However, the distribution of
nanoparticles in the nanocomposite
with SSL surfactant was still better than
the nanocomposite without it.

A very small amount of polyvinylpyr-
rolidone-40 was added to the mixture
as a dispersing additive to ensure good

Bahirai et carbon nanofibers dispersion of the nanoparticles in the

al (CNF), liquid PCM. For each nanoparticle,

(2'017) Paraffin wax | Graphene nanoplate- | PVP-40 four samples with different weight frac-

(15) lets (GNP) and tions of carbon additives are prepared.

Graphite nanopowder The stability of each nanocomposite is
evaluated by successive thermal cycles
to ensure the homogeneity of the sam-
ples during the thawing/freezing cycles.
The results of the investigation showed

Liu & Rao thaF the addi.tion of sur.fgctant leads to

- Graphene and SDS an increase in the stability of compos-

) Paraffin Exfoliated graphite ites. In addition, more than 50 times of

(2017) and SDBS . .

(58) sheet heating and cooling cycle tests were

performed to ensure dispersion stability
and thermal properties.
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The results of DSC analysis after 1000
heating cycles showed small changes

Ezhumalai in the phase change temperature and
et al. e . latent heat for melting and freezing of
the sample, and these small deviations
(2018) Palmitic acid | copper oxide (CuO) SDBS h ol dth 1l deviati
1d not have any adverse effect on the
(63) did not h y ad ffi h
stability of the nanocomposite for long-
term operation.
SVSilri‘f/rae d In this research, SDBS was added to
Rufuss et TiO.. CuO and base PCM with a mass ratio of 1:1
al Paraffin a Zflene oxide (GO) SDBS to ensure the stability and homoge-
(2'01 8) grap neous dispersion of nanoparticles as a
(16) surfactant.
Haghighi SDS was added as a surfactant to
et al. TiO,, CuO and achieve a homogeneous composite
(2019) Paraffin graphene SDS during the composite preparation
(72) process.
Harikrish- By conducting DSC analysis after
nan 1000, 2000, 3000, and 4000 thermal
et al. Myristic acid | silicon dioxide (SiO,) | SDBS cycles, the fabricated nanocomposite
showed good thermal stability for long-
(2019) howed good th 1 stability for 1
term operation.
(66 perati
Sivasam The results of comparing the thermal
. t\elll Y conductivity of the sample before and
(201'9) Mpyristic acid | Silver (Ag) SDBS after 4000 heating cycles showed a
31) decrease in thermal conductivity for
nanocomposites.
Nanoparticle-enhanced phase change
Ouikhalfan materials in this study were subjected
- ALO.. TiO... CuO and to 500 thermal cycles and showed good
@ 01'9) Myristic acid ziric é’xi de Z(’Zn 0) thermal stability, as the latent heat
26) storage properties remained unchanged
after thermal cycles, indicating good
chemical stability of the sample.
Kazemi Since any nanoparticle-enhanced phase
ot al change material requires a surfactant to
) Paraffin MWCNTs Gum Arabic stabilize. Therefore, gum arabic (GA)
(2019) g
(65) is added to the phase change agent as a
surfactant.
Bahari et Surfactant sodium dodecylbenzene
al sulfate was added to surround the
(2'01 9) Paraffin a-ALO, SDBS nanoparticles and prevent their aggre-
(73) gation to stabilize the nanocomposite
during the process.
Zhang et
al. In this study, SDS was used to stabilize
(2020) octadecanol | MWCNTs SDS nanoparticles in the base matrix.
(74)
The thermal stability of paraffin wax
George Conducti Ivani- and its composite was determined using
et al. Paraffin wax lir?e (;ZI\;IIS) I; gdya Triton X-100 an accelerated thermal cycle, and the
(2020) results of the DSC analysis showed
Cuo g
(19) acceptable stability after 0, 100, and

200 thermal cycles.
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5;?2};2;?; Titanium dioxide-sil- The uniform dispersion and stability
su Paraffin wax | ver binary composite | SS1, SDS and SDBS of nanocomposite pamcles in paraffin
(2020) (Ti02-Ag) wax after 100 heating cycles were con-
(75) & firmed by the results of SEM analysis.
Arshad et RT-35HC To achieve uniform dispersion of TiO2
al. Commercial | TiO2 SDBS in RT-35HC, surfactant (SDBS) was
(2020) araffin added to RT-35HC liquid at a ratio of
(21) P 4:1 surfactant to nanoparticles.
Sivashan- Sodium deoxycholate surfactant was
kar et al. Paraffin GNP Sodium dexochlo- added to liquid PCM with 0.75 volume
(2020) rate percent for uniform dispersion of
(67) nanoparticles in the base matrix.
Thermal stability for paraffin wax,
Lachari nanocomposite prepared with TiO2 and
ot i Titanium diox- binary nanocomposite after 0 and 300
@ 02'2) Paraffin wax | ide-graphene binary | SDBS heating cycles by analyzing the results
composite (Ti0O2-Gr of TGA, DSC, and FTIR analysis clear-
(22)
ly showed the chemical and thermal
stability of the nanocomposite.
This experiment was initially conduct-
ed with a 1:1 ratio of mass fraction of
. L graphite to surfactant. However, due to
:lh cikh et bAaE:()i hase SSL. SDS and unstable solution yield after succes-
) p graphite ’ sive heating cycles, the mass fraction
(2023) change SDBS
23) mate%ial of graphite to surfactants was chosen
with a ratio of 1 to 3. This resulted in
a stable solution except in the case of
nanocomposites made with SSL.

The percentage of use of surfactant

%23

%12

%21

uSDBS mSDS

%44

SSL mother

sl o iags )0 eoliiul 050 sla Jldmlaw do s # ISs
Figure 6. The percentage of surface agents used in recent researches
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Figure 7. Scheme of the fields of application of nanoparticle-enhanced phase change materials: (a) thermal chamber for heat
recovery (87), (b) experimental setup of the solar water heater (62), (c) test device for measuring TES (37), (d) schematic of
the performance improvement unit of the thermal management system of the lithium-ion battery (41), (e) schematic of heat
transfer in a glazed window (89), (f) schematic diagram for a typical PV/T/Nano PCM system (90)
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