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Abstract   Flexible phase change materials (PCMs) have become increasingly critical to address the demand for thermal management in electron-

ic technologies and energy conversion. However, their application remains challenging because of their rigidity, liquid leakage, and insufficient

thermal  conductivity.  Herein,  flexible  glutamic  acid@natural  rubber/paraffin  wax  (PW)/carbon  nanotubes-graphene  nanoplatelets

(GNR/PW/CGNP) phase change composites with high thermal conductivity, excellent shape stability, and recyclability were reported. Zn2+-based

dynamic crosslinking was constructed through the reaction of zinc acetate and carboxyl groups on glutamic acid@natural rubber (GNR), which

was used as a flexible matrix to physically blend with paraffin wax/carbon nanotubes/graphene nanoplatelets (PW/CGNP) to achieve uniform dis-

persion of PW/CGNP, continuous thermal conductivity networks, and good encapsulation of PW. The GNR/PW/CGNP composites showed excel-

lent mechanical strength, flexibility, and recycling ability, and effective encapsulation prevented the outflow of melted PW during the phase tran-

sition. Also, the phase change enthalpy could attain 111.1 J/g with a higher thermal conductivity of 1.055 W/mK, 428% higher than that of pure

PW owing to the formation of efficient thermal conductive pathways, which exhibited outstanding thermal management performance and supe-

rior temperature control behavior in electronic devices. The developed flexible composite PCMs may open new possibilities for next-generation

flexible thermal management electronics.
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INTRODUCTION

The  global  energy  crisis  has  drawn  significant  attention,  and
maximizing the efficient use of renewable energy has emerged
as a key focus for advancing sustainable development.[1,2] Phase
change  materials  (PCMs)  provide  a  novel  pathway  for  enhanc-
ing  clean  energy  utilization  as  potential  solar-thermal  media
owing  to  their  high  energy  storage  capacity,  suitable  phase
transition  temperatures,  and  chemical  stability,[3−5] PCMs  can
store and release latent heat during the phase change process,
which has attracted significant attention in thermal energy stor-
age fields.  Moreover,  with the rapid development of  electronic
technology  and  artificial  intelligence,  microelectronic  devices
are increasingly being designed to be thin, light,  compact,  and
high-powered.[6−9] The  long-term  operation  of  electronic  de-
vices  inevitably  leads  to  the  generation  and  accumulation  of
heat inside the equipment, which causes irreversible damage to
its  service  life  and  safety.  Efficient  heat  dissipation  and  main-
taining  an  appropriate  operating  temperature  are  crucial  for

electronic devices to ensure safety and improve their  reliability
of electronic devices.[10,11] Therefore, an effective solution to the
problem of heat accumulation has become a key factor in pro-
moting the development of electronic devices.

Phase change materials (PCMs), which are promising candi-
dates  for  thermal  energy  storage,  are  capable  of  absorbing
and releasing latent heat and are considered as effective ther-
mal  responsive  materials  in  electronic  equipment
systems.[12,13] The  implementation  of  PCMs  as  thermal  man-
agement  materials  at  the  device’s  thermal  interface  can
achieve  a  solder-like  effect,  maximize  the  filling  of  interface
gaps, and effectively reduce contact thermal resistance.[14−16]

Therefore,  flexible  PCMs  can  be  used  for  thermal  manage-
ment to regulate the optimal operating temperature of elec-
tronic components. Therefore, there is an urgent need to de-
velop  high-performance  phase-change  materials  with  high
thermal  conductivity  and  good  mechanical  flexibility.
Nonetheless,  PCMs are prone to leakage during phase trans-
formation, which seriously reduces their service life and is un-
favorable  to  the  surroundings.  In  addition,  the  significantly
lower  thermal  conductivity  of  PCMs  considerably  restricts
their use in energy conversion and thermal management ap-
plications.[17] Therefore,  great  efforts  have been made to de-
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velop shape-stabilized PCMs and improve their  thermal  con-
ductivity  by  filling  them  with  various  thermally  conductive
nanofillers.

Various  methods  have  been  explored  to  address  the  leak-
age problem of  PCMs,  including polymer  blending and inte-
gration  into  3D  network  matrices  to  enhance  encapsulation.
Hu et  al. [18] developed flexible  composite  PCMs using paraf-
fin  wax  (PW)  as  a  phase-change  component via melt  blend-
ing  with  EPDM  rubber,  which  exhibited  outstanding  shape
stability,  flexibility,  and  high  thermal  storage  capacity.  Gol-
noosh et  al.[19] successfully  constructed  shape-stabilized
nano-encapsulated  PCMs  by  encapsulating  PW  within  a
polyurethane  shell  structure via mini-emulsion  polymeriza-
tion.  Hu et  al.[20] reported  flexible  PW/SBS/CNT  composites
with excellent enthalpy and encapsulation efficiency, and PW
was embedded in  a  3D skeleton formed through the chemi-
cal  crosslinking  of  styrene-butadiene  block  copolymer  (SBS)
and carbon nanotubes (CNTs). Encapsulating PCMs with flexi-
ble  polymers  is  a  practical  approach  for  large-scale  produc-
tion  of  flexible  PCMs.[21] Although  the  above  reports  ob-
tained good shape stability,  achieving a high energy storage
capacity remains a significant challenge. There is currently an
urgent  need for  an  efficient  method for  producing form-sta-
ble  flexible  composite  PCMs  to  satisfy  application  require-
ments.

Considering  the  low  thermal  conductivity  of  PCMs,  incor-
porating thermally conductive fillers is still an important strat-
egy  owing  to  both  effective  and  simple  processes.[22] Li
et  al.[23] introduced  graphene  oxide  (GO)  into  composite
phase  change  materials via aqueous  chemical  plating  fol-
lowed by high-temperature calcination processes, resulting in
flexible composites with improved heat transfer. Kang et al.[24]

developed a flexible PW composite by combining aligned car-
bon  fiber  bundles  (CF)  with  a  polyolefin  elastomer  (POE),
which  demonstrated  high  thermal  enthalpy  and  excellent
thermal conductivity.  Zhang et  al.[25] produced a highly ther-
mally  conductive  flexible  composite  film  by  combining
polyvinylidene fluoride-boron nitride (PVDF-BN) with PW, and
the enthalpy of melting was 105.63 J/g. Although a high filler
loading could enhance the thermal conductivity, it inevitably
led  to  a  reduction  in  the  thermal  energy  capacity  owing  to
the  decrease  in  the  mass  ratio  of  the  PCMs.  Achieving  both
high  thermal  conductivity  and  phase-change  enthalpy  while
maintaining good flexibility remains a significant challenge.

Natural rubber (NR),  which exhibits excellent elasticity and
insulation over a wide temperature range, is a promising can-
didate  as  a  thermal  interface  material  for  thermal  manage-
ment.[26] Paraffin  wax  (PW)  exhibits  various  advantages,  in-
cluding  a  proper  phase-change  temperature,  high  thermal
enthalpy,  and non-corrosiveness,[27] and has  been extensive-
ly used in phase-change thermal management. However, the
ease of leakage and low thermal conductivity restrict its prac-
tical  application.  To  address  these  issues,  flexible  composite
PCMs  with  high  thermal  conductivities  and  excellent  shape
stabilities  were  successfully  prepared.  Specifically,  CNTs-GNP
(CGNP) was uniformly dispersed in molten PW under heating
conditions,  and  CGNP  was  the  first  to  encapsulate  PW
(PW/CGNP).  NR latex was coated with glutamic acid (Glu) via
physical blending to produce flexible Glu@NR (GNR). The GNR

and PW/CGNP were mixed through two-roll milling using zinc
acetate as a crosslinking agent, and the obtained compound
was  hot  compression  molded  to  obtain  flexible  GNR/PW/
CGNP  phase-change  composites,  achieving  the  second  en-
capsulation  for  PW.  Continuous  thermal  pathways  were
formed in the GNR/PW/CGNP matrix, which were anticipated
to remarkably improve the thermal conductivity of the phase
change  composites.  This  strategy  provides  an  effective  ap-
proach for fabricating flexible composite PCMs with excellent
shape stability  and thermal  conductivity that  are suitable for
efficient electronic thermal management.

EXPERIMENTAL

Materials
Analytical-grade  PW  (melting  point  ~46  °C)  was  supplied  by
Suzhou Kangzhilv Tech Co., Ltd. Graphene nanoplatelets (GNPs)
with a particle size of ~10 μm were purchased from Nanjing XF-
NANO Materials Tech Co., Ltd. CNTs with a length of 10–20 μm
and  a  diameter  of  4–8  nm  were  provided  by  Nanjing  FAME
Bearing Co.,  Ltd. Natural rubber latex (solid content of 60 wt%)
was supplied by Nanjing Orientleader Technology Co., Ltd. Glu-
tamic  acid  (Glu)  with  biochemical  reagent  was  obtained  from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).

Preparation of Glu@NR (GNR)
Fifty grams of distilled water were added to 50 g of NR latex to
form  a  30  wt%  latex  solution.  Glu  was  added  under  ultrasonic
treatment for 30 min and stirred for another 30 min at 50 °C to
form a stable emulsion. The obtained emulsion was then floccu-
lated  and  dried  at  50  °C  for  48  h  to  obtain  functionalized  NR
(Glu@NR, GNR).

Preparation of GNR/PW/CGNP
Paraffin wax (PW) was heated to completely melt at 50 °C, and a
certain  amount  of  CNTs  and  GNPs  powder  was  added  to  the
molten PW under mechanical stirring for 30 min and sonicated
for 1 h to obtain a PW/CGNP mixture. After cooling, the mixture
was  crushed  to  particles.  The  mass  ratio  of  the  CNTs  to  GNPs
was  maintained  at  1:3.  The  contents  of  the  CNT-GNPs  (CGNP)
were set  as  3  wt%,  5  wt%,  7  wt%,  and 10 wt% in  terms of  the
weight of PW.

The  prepared  GNR  and  PW/CGNPs  were  mixed  uniformly
by two-roll milling at room temperature, and a small amount
of  zinc  acetate  was  added  as  a  crosslinking  agent.  The  mass
ratio  of  PW  to  NR  was  6:4.  GNR/PW/CGNP  composites  were
obtained by hot pressing for 5 min, and the composites were
denoted  as  GNR/PW/CGNP-x,  where x is  the  CGNP  content.
GNR/PW  and  GNR/PW/CGNP0%  represent  the  same  sample.
For  comparison,  NR/PW/CGNPs  were  prepared  using  the
same procedure.

Characterization
The  chemical  structures  were  investigated  using  Fourier-trans-
form infrared (FTIR) spectroscopy on a Nicolet Nicolet-iS10 spec-
trophotometer  (USA).  The  crystalline  structures  of  the  samples
were determined using a Philips X’ pert Pro X-ray diffractometer
(XRD) (λ=0.154 nm). The thermal properties were tested using a
NETZSCH  STA  449F3  thermal  analyzer  (Germany).  The  phase-
change  enthalpy  was  measured  using  a  NETZCH  214  DSC  in-
strument  (Germany).  The  morphologies  of  the  samples  were
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recorded using a JEOL JSM-5900LV SEM (Japan).  The mechani-
cal  properties  of  the  samples  were  tested  using  a  CMT-4304
Universal Testing Machine (USA). Thermal diffusivity was tested
using a Netzsch LFA 467 laser scintillator (Germany). The surface
temperature change in the heating-cooling state was recorded
using an infrared camera (FLUKE 60S+).

RESULTS AND DISCUSSION

Construction and Microstructure of GNR/PW/CGNP
NR  latex  was  modified  with  glutamic  acid  (Glu) via a  simple
physical blending method to produce Glu@NR (GNR). CNTs-GNP
(CGNP) was introduced into the molten PW under sonication to
obtain PW/CGNP to improve the thermal conductivity. The GNR
and  PW/CGNP  were  mixed  through  two-roll  milling  using  zinc
acetate  as  a  crosslinking  agent,  and  the  obtained  compound
was  hot  compression  molded  to  produce  flexible  GNR/PW/
CGNP phase-change composites.  The  preparation process  is  il-
lustrated in Fig. 1. PW was mixed with a flexible GNR matrix, and
the CGNP was dispersed into the system to build a continuous
thermal  conductivity  network.  Zn2+-based  exchangeable
crosslinking was achieved through the reaction of  zinc  acetate
with carboxyl groups on the GNR. PW is expected to be encap-
sulated in crosslinking networks to achieve shape stability.

Figs. 2(a) and 2(b) show the FTIR spectra of all samples. The
characteristic functional groups of olefins for NR were clearly
identified,  and  the  absorptions  at  2963  and  2851  cm–1 and
1457  and  1373  cm–1 were  attributed  to  the  asymmetric  and
symmetric  telescopic  and  deformation  vibrations  of  methyl
(－CH3)  or  methylene  (－CH2－).[26] The  characteristic  peaks
at  1638  and  842  cm–1 are  attributed  to  the  stretching  vibra-
tions of the C＝C bond in the NR chain and the vibrations of
the trisubstituted olefins in polyisoprene,  respectively.[27] For
Glu,  the  absorption  peaks  at  3433  and  1618  cm–1 were  at-
tributed  to  the  stretching  vibrations  of  the  N－H  and  C＝O
groups,  respectively.  GNR  showed  characteristic  amino
(－NH2)  peaks  at  3380  cm–1,  a  C＝O  peak  at  1645  cm–1 and
amide  bond  peaks  at  1607  cm–1,  suggesting  the  successful
coating of  Glu on the NR surface.[28] For  GNPs and CNTs,  the
peak at  1610 cm–1 was assigned to O－H–H and C＝C skele-
tal ring vibrations.[29] The absorption peaks at 2966 and 2843

cm–1 were  attributed  to  the  C－H  stretching  vibrations  of
methylene (－CH2－) on the surface of the CNTs. The peaks of
GNR/PW/CGNP at different CGNP contents were almost iden-
tical (Fig. 2b). The peaks at 2920, 2850, and 1730 cm–1 were at-
tributed to the C－H and C＝O stretching vibrations, and the
characteristic  peak  at  718  cm–1 was  assigned  to  the  out-of-
plane bending vibration of the O－H group. The characteris-
tic peaks of GNR/PW/CGNP indicate the successful complexa-
tion of GNR, CGNP, and PW.

Figs. 2(c) and 2(d) show the XRD patterns of GNP, CNTs, PW,
NR,  GNR,  and GNR/PW/CGNP.  The diffraction peak of  GNP at
11.06°  corresponds  to  the  (001)  crystal  plane.[30] The  peak  at
2θ=25.52o for the CNTs corresponds to the (002) crystal plane.
For GNR, the peak of NR moved to lower angles as a result of
grafting the Glu molecule, and was observed at 2θ=18.6°. The
diffraction peaks of PW at 21.6° and 23.84° are ascribed to the
(110)  and  (200)  crystal  planes,  respectively.  Additionally,  the
XRD spectra of  the GNR/PW/CGNP composites  showed char-
acteristic  peaks  of  PW,  demonstrating  no  obvious  effect  on
the crystal structure of PW. The thermal stability indicates the
reliability of the composite PCMs in heat storage applications.
Figs.  2(e)  and 2(f)  show  the  TG  curves  of  the  NR,  GNR,  and
GNR/PW/CGNP  composites.  GNP  exhibited  approximately
15%  weight  loss  below  130  °C  owing  to  the  evaporation  of
water retained within the interlayers,[31] and a second signifi-
cant weight loss of approximately 20% occurred between 180
and  230  °C  owing  to  the  elimination  of  oxygen-containing
groups  from  the  GNP  surface.  The  CNTs  showed  excellent
thermal  stability  even  at  800  °C  without  significant  weight
loss. The mass loss of NR decreased rapidly because of the de-
composition of the molecular chains of NR at higher tempera-
tures.  For  GNR,  the decomposition of  the NR chain is  limited
by  the  grafting  of  Glu.  Therefore,  the  onset  decomposition
temperature of GNR increased to 350 °C, and the final weight
residue was ~22%, which was higher than that of NR. In com-
parison with PW, the thermal  decomposition temperature of
GNR/PW/CGNP  were  higher,  revealing  the  outstanding  ther-
mal stability.

Fig. 3 shows photographs of the equilibrium dissolution ex-
periments for the same weight of GNR and GNR/Zn. GNR was
completely  dissolved  in  xylene  at  room  temperature.  The

 

50 °C 30 min

Ultrasonic

dispersion 

50 °C

Drying

NR latex

Glu

Glu@NR

PW

Ultrasonic 

dispersion

50 °C 1 h

PW/CGNP

Cooling

PW/CGNP
GNR/PW/CGNP 

Hot press

GNR/PW/CGNP 

GNR 

NR chains PW CGNP Zn
2+

-carboxyl crosslinksGlutamate

CNTS-GNP

Zinc acetate

HO

O O

O
O

O
−

O
−

Z
n

O
−

O
−

O
O

Z
n

NH N
H

N
H

OH

n

 
Fig. 1    Scheme for preparation of GNR/PW/CGNP composites.
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GNR/Zn  sample  was  swollen  and  did  not  dissolve  even  after
setting for  96  h,  which strongly  indicated the  formation of  a
crosslinked network structure.  The strategy of constructing a
crosslinked structure improved the tolerance of NR to organ-
ic  solvents.  However,  GNR/Zn could be completely  dissolved
in a mixed xylene/chloroacetic acid solvent under stirring for
24 h,  suggesting that a Zn2+-based crosslinking network was
formed  in  GNR/Zn.  Ionic  bonds  can  be  dissociated  using
dichloroacetic  acid,  and  the  constructed  Zn2+-based
crosslinks  are  sensitive  to  organic  acids  and  break  easily,
which  is  consistent  with  our  previous  reports.[32,33] NR/PW/

CGNP without Zn2+-based crosslinks could be completely dis-
solved in xylene at room temperature, leaving only the CGNP
fillers.

The  cryogenically  fractured  surface  morphologies  of  the
GNR/PW/CGNP  are  shown  in Fig.  4.  The  3D  network  in  the
GNR  was  clearly  observed,  and  the  construction  of  the
crosslinked  network  resulted  in  excellent  interfacial  contact
between the GNR and PW, which improved the interfacial in-
teraction and facilitated the uniform dispersion of CGNP, en-
abling  CGNP  to  fully  contribute  to  toughening  and  thermal
conductivity.[34] The  PW  was  uniformly  loaded  into  the  GNR,
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Fig. 2    FTIR spectra (a,b), XRD patterns (c,d) and TG curves (e,f) of NR, GNR, CNTs, GNP, PW and GNR/PW/CGNP.
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which was encapsulated by the networks formed by GNR and
CGNP, thus maintaining the good shape-stability of PW-based
composite  PCMs.[35] A  3D  network  for  the  GNR/PW/CGNP
composites  can  be  clearly  observed,  as  shown  in Fig.  4
(a,a1,a2−d,d1,d2),  which was the basis for the high PW encap-
sulation  rate.  In  addition,  with  an  increase  in  the  CGNP  con-
tent,  PW  and  CGNP  exhibited  a  more  obvious  stacking  ar-
rangement  in  the  GNR  matrix,  indicating  that  a  continuous
three-dimensional thermal conductivity channel was formed.

Mechanical Property of GNR/PW/GCNP Phase Change
Composites
Adequate mechanical strength is crucial for the effectiveness of
GNR/PW/CGNP  phase-change  composites,  particularly  in  situa-
tions  that  require  folding,  stretching,  or  bending.  As  illustrated
in Figs.  5(a)–5(f),  the  CNR/PW/CGNP  composites  showed  good
mechanical strength and considerable flexibility, which could be
stretched,  bent,  twisted,  and  folded  by  bearing  an  external
force.  In  addition,  the  CNR/PW/CGNP  composites  could  be
shaped  into  various  patterns,  like “JOU.” GNR/PW/CGNP  com-
posites  (thickness  0.5  mm) can easily  lift  a  weight  of  100 g,  re-
vealing  the  good  mechanical  strength  and  toughness  of  the
composites.  To  meet  the  requirements  of  electronic  devices,
composites have been fabricated into different shapes depend-
ing  on  the  application  scenario  while  maintaining  excellent
thermal  storage  properties  and  ensuring  optimal
compatibility.[36] The tensile  strength of  GNR/PW/CGNP0% was
2.48  MPa,  indicating  that  the  mechanical  strength  increased
through  exchangeable  Zn2+-based  crosslinking  bonds  and  en-
hanced interfacial interactions.[37] By addition of CGNP, the ten-
sile  strength  for  GNR/PW/CGNP  overall  showed  an  upward
trend,  attaining  up  to  2.72  MPa  at  10  wt%  content  of  CGNP,

which was mainly ascribed to the reinforcing effect of CGNP and
interfacial  interaction in the composite system, resulting in the
effective  stress  transfer  upon  stretching.  Compared  to
GNR/PW/CGNP0%,  the  tensile  strength  of  GNR/PW/CGNP10%
increased by 181%, as shown in Figs. 5(g) and 5(h). However, the
elongation at  break decreased as  the CGNP content increased,
and the loading of  CGNP restricted the movement  of  the GNR
molecular chain and deformation of the composites. In addition,
the CGNP fillers hindered the dynamic features of the interfacial
crosslinking network, especially at higher CGNP loadings, result-
ing in a reduction in stretchability. While for NR/PW/CGNP10%,
the  tensile  strength  was  much  lower  than  that  of  GNR/PW/
CGNP10%,  confirming  the  reinforcing  effect  of  the  Zn2+-based
crosslinking networks.

Traditional  flexible  PCMs  lack  a  reprocessing  ability.  How-
ever,  by incorporating dynamic ionic crosslinking bonds into
a flexible matrix,  PCMs can be recycled under specific  condi-
tions.[32] GNR/PW/CGNP utilized exchangeable ionic crosslink-
ing  between  Zn2+ and  carboxyl  groups,  enabling  network
topology  and  stress  relaxation.[38] The  recyclability  of
GNR/PW/CGNP  was  verified  by  cutting  it  into  smaller  frag-
ments,  followed  by  reshaping  through  hot  pressing  or  two-
roll  milling,  as  illustrated  in Fig.  6(a).  After  hot  pressing  at
50  °C  for  5  min,  the  GNR/PW/CGNP  samples  were  reshaped
even after recycling three times. The mechanical properties of
the  reprocessed  GNR/PW/CGNP  samples  are  shown  in Figs.
6(c) and 6(d). Owing to the presence and change in the distri-
bution  of  rigid  PW,  the  tensile  strength  and  elongation  at
break decreased after recycling, but the recycled samples re-
covered most of the initial mechanical strength owing to the
existence  of  Zn2+-based  crosslinking  networks.  The  dynamic
Zn2+-carboxyl  crosslinks  maintained  excellent  flexibility  and
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Fig. 3    Photographs of GNR, GNR/Zn and NR/PW/CGNP samples in the dissolution experiment.
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mechanical strength after multiple cycles. The reversible net-
work of Zn2+-carboxyl groups during the reprocessing is illus-
trated in Fig.  6(b).  The phase transition behavior  of  the recy-
cled GNR/PW/CGNP is shown in Figs. 6(e) and 6(f). The phase
enthalpy  (∆Hm),  crystallization  enthalpy  (∆Hc),  and  phase
change  temperatures  of  the  recycled  sample  after  recycling
three times showed almost no obvious changes compared to
those  of  the  original  sample.  The  slight  loss  of  mass-specific
latent  heat  for  PW  indicated  the  successful  encapsulation  of
GNR/CGNPs, which prevented PW from leaking during repro-
cessing.

Phase Change Characteristics and Shape Stability of
GNR/PW/CGNP
Thermal  energy storage capacity is  critical  for  composite PCMs
in practical applications.[39] Fig. 7(a) illustrates the thermal ener-
gy  storage  and  phase  change  performance  of  the  composites.
The  corresponding  phase  change  parameters  are  listed  in
Table 1. Pure PW melted at 44 °C with a latent heat of melting of
236.4 J/g, The temperature of crystallization was 36.4 °C and the
latent  heat  of  crystallization  was  235.5  J/g.  For  the  GNR/PW/
CGNP composites, the melting latent heat and crystallization la-
tent heat were reasonably reduced owing to the encapsulation

of GNR/CGNP and reduction in the mass fraction of PW. In addi-
tion,  the  encapsulation  of  PW  within  GNR/CGNP  hindered  the
movement of  the molecular  chains,  thus preventing the phase
transition  of  PW.[40,41] The  melting  temperature  of  GNR/PW/
CGNP5% was  47.3  °C,  and the  latent  heat  was  111.1  J/g,  while
the crystallization temperature was 34.6 °C with a crystallization
latent heat of 105.8 J/g, as shown in Fig. 7(b).

As  shown  in Figs.  7 (c)  and  7(d),  the  heating  and  cooling
curves  of  50  cycles  for  PW  and  GNR/PW/CGNP  were  mea-
sured. The values of Tm, Tc, ∆Hm and ∆Hc for the 1st, 10th, 30th,
and 50th cycle were presented in Table 2. Both the Tm and Tc

values  showed  minimal  changes  after  50  cycles.  The  phase-
change  enthalpy  of  PW  was  98.5%,  while  GNR/PW/CGNP
maintained  99.7%  of  the  initial  enthalpy,  indicating  that
GNR/PW/CGNP had excellent cycling reliability. This property
extends  the  service  life  of  composite  PCMs  in  the  thermal-
management field.

Figs.  8(a)−8(f)  show  the  leakage  behavior  of  the  PW  and
GNR/PW/CGNP  composites  in  an  oven  at  70  °C  for  1  h.  PW,
NR/PW/CGNP,  and  GNR/PW/CGNP  composites  maintained  a
stable shape. After 5 min, the pure PW began to melt into the
liquid  and  flowed  readily  even  when  soaked  in  the  filter  pa-
per  at  the  bottom  after  heating  for  20  min.  The  GNR/PW/
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Fig. 4    Cross-sectional SEM images of GNR/PW/CGNP composites (a, a1, a2−d, d1, d2).
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CGNP0% and GNR/PW/CGNP3% samples started to leak after
heating  for  10  and  20  min,  respectively,  and  NR/PW/CGNP
and GNR/PW/CGNP0% became deformed and collapsed at 30
min. However, when the CGNP content gradually increased to
5%–10%,  the  GNR/PW/CGNP  composites  maintained  excel-
lent  shape  stability  without  obvious  leakage  during  the  en-
tire  heating  process,  with  only  a  slight  PW  trace  at  the  bot-
tom of the heating plate. The mass losses of PW and GNR/PW/
CGNP are shown in Fig. 8(g). PW melted entirely, resulting in a
complete  mass  loss  of  100%,  and  the  mass  loss  of  all
GNR/PW/CGNP  composites  was  below  3%.  The  mass  loss  of
NR/PW/CGNP  was  1.59%,  which  was  higher  than  that  of
GNR/PW/CGNP  owing  to  the  lack  of  a  cross-linking  network.
The mass loss progressively decreased with increasing CGNP

content.  The  double-layer  encapsulation  of  PW  by  GNR  and
CGNP limited the mobility of PW without leakage at elevated
temperatures,  suggesting  that  the  GNR/PW/CGNP  compos-
ites  had  excellent  shape  stability.  As  shown  in Fig.  8(h),  the
PW  started  to  melt  when  the  temperature  exceeded  the
phase  transition  temperature.  However,  PW  was  encapsulat-
ed by CGNP and GNR, which restricted the movement of the
molten  PW. Fig.  8(i)  shows  the  cross-sectional  morphologies
of  the  GNR/PW/CGNP  before  and  after  heating  at  70  °C  for
1  h.  The  results  showed  that  GNR/PW/CGNP  had  an  interfa-
cial  gap  owing  to  the  physical  encapsulation  interaction  be-
tween GNR, PW, and CGNP before heating. After heating, PW
melted between the GNR and CGNP, and strong interactions
between GNR/CGNP and PW resulted in smaller or even no in-
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Fig. 5    Digital photos of GNR/PW/CGNP composites at different deformations of stretching, bending, twisting and folding (a–d). Digital
photos of the composite lifting 100 g weight (e) and various shapes (f). Tensile stress-strain curves (g) and mechanical properties (h) of
NR/PW/CGNP and GNR/PW/CGNP composites.
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Fig. 6    Recycling process of GNR/PW/CGNP by hot pressing (a).  Schematic illustrating multiple crosslinking networks (b),  stress-strain
curves (c) and mechanical properties after recycling (d) of GNR/PW/CGNP composites. DSC curves (e) and the enthalpy change, Tm and Tc

(f) of GNR/PW/CGNP before and after recycling.
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terfacial gaps, and no obvious larger gaps were observed, in-
dicating  that  the  GNR/PW/CGNP  composites  had  superior
shape  stability.  Furthermore,  the  addition  of  CGNP  to  the
composites contributed to the improvement of heat transfer,
which effectively avoided leakage of the PW during the melt-
ing  process  and  facilitated  the  GNR/PW/CGNP  to  maintain

shape stability.

Thermal Behavior of GNR/PW/CGNP
The  thermal  conduction  property  plays  a  key  role  in  phase-

change composites, which directly affects the efficiency of ener-

gy storage and release during the phase-change process.[42] The
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Fig.  7    DSC  melting-solidifying  curves  (a),  phase  change  enthalpy  (b)  and  DSC  cycling  curves  (c,d)  for  PW  and  GNR/PW/CGNP
composites.        

 

Table 1    DSC characteristic parameters of PW, GNR/PW/CGNP.
 

Sample Tm (°C) ∆Hm (J/g) Tc (°C) ∆Hc (J/g)

PW 44 236.4 36.4 235.5
GNR/PW/CGNP3% 45.3 110.7 34.9 105.1
GNR/PW/CGNP5% 47.3 111.1 34.6 105.8
GNR/PW/CGNP7% 46.1 103.9 33.8 98.1

GNR/PW/CGNP10% 44.9 107.6 33.7 100.1

 

Table 2    DSC cycling parameters of PW and GNR/PW/CGNP.
 

Sample Cycle Tm (°C) ∆Hm (J/g) Tc (°C) ∆Hc (J/g)

PW 1st 45.7 231.3 34.6 228.9
10th 45.2 229.5 35.1 226.5
30th 45.3 229.2 35.2 224.6
50th 45.3 228.6 35.1 218.4

GNR/PW/CGNP 1st 46.8 100.78 32.9 83.25
10th 42.1 101.6 33.4 87.63
30th 42.1 100.59 33.6 86.39
50th 42.1 100.52 33.6 86.03
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thermal conductivity of pure PW showed an inherently low val-

ue of 0.2 W/mK, as shown in Fig. 9(a),  the thermal conductivity

of previous report.[43] The thermal conductivity of pure NR is al-

so  very  low,  mainly  originating  from  the  disordered  molecular

chain  structure.[44] Upon  the  addition  of  CGNP,  the  in-plane

thermal  conductivity  showed  an  obvious  upward  trend,  while

the  through-plane  thermal  conductivity  showed  a  less  notice-

able change. The in-plane thermal conductivity was much high-

er  than the through-plane thermal  conductivity,  exhibiting ob-

vious anisotropic characteristics. Therefore, the stacked arrange-
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Fig.  10    Schematic  illustrating  the  IR  thermal  imaging  procedure  (a).  IR  thermal  images  of  PW  and  GNR/PW/CGNP  composites  (b,c).
Corresponding temperature evolution of PW and GNR/PW/CGNP composites as a function of heating and cooling time (d,e).

  Guo, J. X. et al. / Chinese J. Polym. Sci. 2025, 43, 625–639 635

 
https://doi.org/10.1007/s10118-025-3299-5

 

https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5


ment structure of CGNP along the in-plane direction in the ma-
trix (Fig. 4) was beneficial for improving the thermal conductivi-
ty. It is worth noting that GNR/PW/CGNP10% displayed a supe-
rior thermal conductivity of 1.055 W/mK, which is 428% higher
than that of pure PW. The PW/CGNP was well distributed within
the GNR network with an excellent layered structure, improving
the  interfacial  compatibility  between  the  PW/CGNP  and  GNR
matrix,  which  contributed  to  the  construction  of  efficient  heat
conduction  pathways. Fig.  9(b)  illustrates  the  mechanism  of
thermal conductivity enhancement of the GNR/PW/CGNP com-
posites. Effective phonon transport serves as the primary mode
of  heat  transfer  in  thermally  conductive  rubber  nanocompos-
ites.[45] The incorporation of CGNP provided a continuous ther-
mal conductivity path through the GNR/PW/CGNP composites,
forming  a  3D  thermal  conductivity  network,  which  promoted
phonon transport in the composites.[46]

Fig.  10(a)  shows  the  thermal  images  of  the  PW  and
GNR/PW/CGNP  composites  obtained  using  an  infrared  cam-
era. The composites were heated using a heating plate and al-
lowed to cool naturally, and the temperature was continuous-
ly  monitored  using  an  infrared  camera  to  evaluate  the  ther-
mal  regulation  properties.  As  shown  in Fig.  10(b),  the  addi-

tion  of  CGNP  improved  the  thermal  response  of  the
GNR/PW/CGNP  composites,  resulting  in  a  much  faster  tem-
perature change with increasing CGNP content. During heat-
ing,  GNR/PW/CGNP10%  underwent  a  swift  transition  from
dark  blue  to  red,  indicating  a  rapid  increase  in  surface  tem-
perature.  In  contrast,  GNR/PW/CGNP0%  and  PW  exhibited  a
delayed  alteration  in  color,  indicating  that  the  incorporation
of CGNP significantly improved the heat transfer efficiency of
GNR/PW/CGNP.  Thermal  energy  was  stored  in  the  GNR/PW/
CGNP  composites  through  the  latent  heat  effect  during  the
PW  phase  transformation.  No  leakage  of  the  GNR/PW/CGNP
composites was observed during the process. After removing
the heating source, the stored thermal energy began to be re-
leased,  leading  to  an  evident  temperature  decrease.  As
shown  in Fig.  10(c),  the  temperature  change  was  faster  with
increasing  CGNP  content,  further  revealing  the  effectiveness
of  the  CGNP-enhanced  thermally  conductive  network.  The
temperature-time relationship of the GNR/PW/CGNP compos-
ites under the heating-cooling process is shown in Figs. 10(d)
and  10(e).  The “solid-liquid” and “liquid-solid” phase  transi-
tion stages corresponded to PW were founded,[47] respective-
ly. Similarly, GNR/PW/CGNP10% exhibited a faster heat-trans-
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Fig. 11    Thermal management monitoring of operating electronic device without (a–e) and with GNR/PW/CGNP sample (f–n).
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fer rate owing to its higher thermal conductivity.
To  illustrate  the  potential  application  of  the  composite

PCMs,  as  shown  in Fig.  11,  the  thermal  management  of  the
operating  smartphone  with  and  without  the  GNR/PW/CGNP
composite was evaluated. The GNR/PW/CGNP sample was in-
stalled in the core area of the iPhone Central Processing Unit
(CPU)  (Fig.  11f),  and  the  thermal  change  in  the  phone  after
running  for  the  same  time  was  monitored  by  infrared  ther-
mography.  With  an  increase  in  the  running  time  of  the
iPhone,  the  CPU  temperature  gradually  increased  to  74  °C
(Figs. 11a–11e). After the iPhone run for 25 min, the CPU sur-
face  temperature  increased  to  69.3  °C  (Fig.  11g).  When  the
GNP/PW/CGNP  sample  was  placed  on  the  CPU,  the
GNP/PW/CGNP  surface  temperature  was  32.7 oC  after  run-
ning for 25 min, and gradually rose to 52.8 °C after running for
another 5 min (Figs. 11h and 11i)).  However, the CPU surface
temperature was only 56.9 °C when the GNP/PW/CGNP sam-
ple  was  immediately  removed  (Fig.  11j),  15.4  °C  lower  than
that  of  the CPU without  GNP/PW/CGNP (Fig.  11c).  After  con-
tinuously  running  for  another  10  min,  the  CPU  surface  tem-
perature  increased  again  to  71.8 oC  (Fig.  11k).  When  the
GNP/PW/CGNP  sample  was  placed  once  again  on  the  CPU
surface,  the  GNP/PW/CGNP  surface  temperature  was  55.7  °C
after  running  for  45  min  (Figs.  11l and  11m)).  After  the
GNP/PW/CGNP  sample  was  immediately  removed,  the  CPU
surface temperature was 60.3 °C (Fig. 11n), 13.8 °C lower than
that  of  the  CPU  without  GNP/PW/CGNP  (Fig.  11e).  The  heat
produced  by  the  operating  iPhone  was  transferred  through
the  GNP/PW/CGNP  phase  change  composite,  indicating  the
significant  temperature  regulation  effect  of  GNR/PW/CGNP.
The thermal response of the position close to the heat source
of the CPU core was almost entirely determined by the phase
transition  process,  confirming  the  practical  significance  of
GNR/PW/CGNP  phase  change  composites  in  thermal  control
management systems for electronic devices.[48]

CONCLUSIONS

In  this  study,  an  effective  strategy  was  proposed  to  fabricate
flexible GNR/PW/CGNP composite PCMs with high thermal con-
ductivity,  outstanding  shape  stability,  and  recycling  ability via
physical  blending of GNR and PW/CGNP through a Zn2+-based
crosslinking  reaction.  The  dynamic  Zn2+-carboxyl  network  was
capable  of  reversible  shredding  and  reforming,  endowing
GNR/PW/CGNP  with  excellent  mechanical  strength,  flexibility,
and  recyclability.  The  phase  change  enthalpy  of  recycled
GNR/PW/CGNP showed almost no obvious change compared to
the  original  values,  indicating  that  the  encapsulation  of  the
GNR/CGNP  hindered  the  leakage  of  PW  during  reprocessing.
CGNP and GNR were encapsulated twice in PW, effectively pre-
venting PW leakage.  PW/CGNP was  uniformly  dispersed in  the
GNR  matrix,  and  continuous  thermal  pathways  were  formed,
which  enabled  GNR/PW/CGNP  to  retain  both  effective  energy
storage  and  better  thermal  conductivity.  GNR/PW/CGNP
showed a sufficient latent heat of 111.1 J/g and outstanding cy-
cling  stability.  The  addition  of  CGNP  remarkably  strengthened
the  thermal  conductivity  to  1.055  W/mK,  representing  a  428%
improvement over pure PW owing to the efficient thermal con-
ductive  pathways,  which  could  be  a  good  candidate  for  elec-
tronic  thermal  management.  This  demonstrates  the  significant

thermal management benefits of GNR/PW/CGNPs for electronic
applications. This study is expected to broaden the applications
of  composite  PCMs  in  thermal  management  and  energy  stor-
age.

Conflict of Interests

The authors declare no interest conflict.

Data Availability Statement

The  data  that  support  the  findings  of  this  study  are  available
from  the  corresponding  author  upon  reasonable  request.  The
author's contact information: licj_poly@jou.edu.cn.

ACKNOWLEDGMENTS

This  work  was  financially  supported  by  the  China  Postdoctoral
Science Foundation (No. 2024M751205).

REFERENCES 

 Sun,  N.;  Luo,  Q.;  Li,  X.;  Wang,  Z. High-flexible  phase  change
composites  with  enhanced  thermal  conductivity  for  electronic
thermal management. ACS Appl. Polym. Mater. 2024, 6, 778−786.

1

 Liu,  Z.;  He,  F.;  Jiang,  Z.;  Li,  Y.;  Wang,  P.;  He,  G.;  Yang,  W. Flexible
and  thermally  conductive  phase-change  films  with  a  two-level
network  for  dual-mode  thermal  management  of  batteries. ACS
Sustain. Chem. Eng. 2024, 12, 4605−4618.

2

 Zhang, Y.; Ruan, K.; Zhou, K.; Gu, J. Controlled distributed Ti3C2Tx

hollow  microspheres  on  thermally  conductive  polyimide
composite  films  for  excellent  electromagnetic  interference
shielding. Adv. Mater. 2023, 35, 2211642.

3

 Yang,  C.;  Hao,  W.;  Xu,  X.;  Hu,  L.;  Zheng,  X.;  Zhu,  C. Heat  storage
and  release  in  binary  paraffin-hexadecyl  amine  composites  for
solar  greenhouses  in  cold  climates. Appl.  Therm.  Eng. 2024, 240,
122269.

4

 Yang, A. S.; Huang, R.; Zhang, Q. P.; Jiang, Z.; Li, Y.; He, F.; Yang, W.
Poly(ethylene  glycol)-based  reprocessed  solid–solid  phase
change  materials  with  dynamic  semi-interpenetrating  network
for  efficient  energy  storage  and  thermal  management. ACS
Sustain. Chem. Eng. 2024, 12, 7778−7790.

5

 Gong,  J.;  Tan,  X.;  Yuan,  Q.;  Liu,  Z.;  Ying,  J.;  Lv,  L.;  Dai,  W. A  spiral
graphene  framework  containing  highly  ordered  graphene
microtubes for polymer composites with superior through-plane
thermal conductivity. Chin. J. Chem. 2022, 40, 329−336.

6

 Fang,  H.;  Zeng,  J.;  Shao,  X.;  Hu,  D. Advanced  electromagnetic
shielding  and  excellent  thermal  management  of  flexible  phase
change composite films. Carbon. 2023, 215, 118442.

7

 Lin,  Y.;  Kang,  Q.;  Wei,  H.;  Bao,  H.;  Jiang,  P.;  Mai,  Y.  W.;  Huang,  X.
Spider  web-inspired  graphene  skeleton-based  high  thermal
conductivity  phase  change  nanocomposites  for  battery  thermal
management. Nano-Micro Lett. 2021, 13, 180.

8

 Sun,  B.;  Huang,  X. Seeking  advanced  thermal  management  for
stretchable electronics. Npj Flex. Electron. 2021, 5, 12.

9

 Ghosh,  D.;  Ghose,  J.;  Datta,  P.;  Kumari,  P.;  Paul,  S. Strategies  for
phase change material application in latent heat thermal energy
storage  enhancement:  status  and  prospect. J.  Energy  Storage
2022, 53, 105179.

10

 Tao,  J.;  Luan,  J.;  Liu,  Y.;  Qu,  D.;  Yan,  Z.;  Ke,  X. Technology
development and application prospects of  organic-based phase

11

  Guo, J. X. et al. / Chinese J. Polym. Sci. 2025, 43, 625–639 637

 
https://doi.org/10.1007/s10118-025-3299-5

 

https://doi.org/10.1021/acsapm.3c02404
https://doi.org/10.1021/acssuschemeng.3c08149
https://doi.org/10.1021/acssuschemeng.3c08149
https://doi.org/10.1002/adma.202211642
https://doi.org/10.1016/j.applthermaleng.2023.122269
https://doi.org/10.1021/acssuschemeng.4c00638
https://doi.org/10.1021/acssuschemeng.4c00638
https://doi.org/10.1002/cjoc.202100656
https://doi.org/10.1016/j.carbon.2023.118442
https://doi.org/10.1007/s40820-021-00702-7
https://doi.org/10.1007/s40820-021-00702-7
https://doi.org/10.1007/s40820-021-00702-7
https://doi.org/10.1038/s41528-021-00109-9
https://doi.org/10.1016/j.est.2022.105179
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5


change  materials:  an  overview. Renewable  Sustain.  Energy  Rev.
2022, 159, 112175.
 Mehrizi,  A.  A.,  Karimi-Maleh,  H.,  Naddafi,  M.,  &  Karimi,  F.
Application  of  bio-based  phase  change  materials  for  effective
heat management. J. Energy Storage 2023, 61, 106859.

12

 Umair,  M.  M.;  Zhang,  Y.;  Iqbal,  K.;  Zhang,  S.;  Tang,  B. Novel
strategies  and  supporting  materials  applied  to  shape-stabilize
organic  phase  change  materials  for  thermal  energy  storage—a
review. Appl. Energy 2019, 235, 846−873.

13

 Luo,  L.;  Luo,  W.;  Chen,  W.;  Hu,  X.;  Ma,  Y.;  Xiao,  S.;  Jiang,  X. Form-
stable  phase  change  materials  based  on  graphene-doped  PVA
aerogel  achieving  effective  solar  energy  photothermal
conversion and storage. Sol. Energy 2023, 255, 146−156.

14

 Jiang,  Z.;  Yang,  W.;  He,  F.;  Fan,  J.;  Wu,  J.;  Zhang,  K.
Microencapsulated paraffin phase-change material  with calcium
carbonate  shell  for  thermal  energy  storage  and  solar-thermal
conversion. Langmuir 2018, 34, 14254−14264.

15

 Bayram,  M.;  Ustaoglu,  A.;  Kursuncu,  B.;  Hekimoglu,  G.;  Sari,  A.;
Uğur,  L.  O.;  Ozbakkaloglu,  T. 3D-printed  polylactic  acid-
microencapsulated  phase  change  material  composites  for
building  thermal  management. Renewable  Sustain.  Energy  Rev.
2024, 191, 114150.

16

 Guo,  Y.;  Qiu,  H.;  Ruan,  K.;  Wang,  S.;  Zhang,  Y.;  Gu,  J. Flexible and
insulating  silicone  rubber  composites  with  sandwich  structure
for  thermal  management  and  electromagnetic  interference
shielding. Compos. Sci. Technol. 2022, 219, 109253.

17

 Hu, X.; Zhu, C.; Wu, H.; Li, X.; Lu, X.; Qu, J. Large-scale preparation
of  flexible  phase  change  composites  with  synergistically
enhanced  thermally  conductive  network  for  efficient  low-grade
thermal  energy  recovery  and  utilization. Composites,  Part  A.
2022, 154, 106770.

18

 Abdeali,  G.;  Abdollahi,  M.;  Bahramian,  A.  R. Synthesis  and
characterization of paraffin wax nanocapsules with polyurethane
shell  (PU/PW);  the  droplet  size  distribution:  a  key  factor  for
thermal performance. Renew. Energy 2021, 163, 720−731.

19

 Hu, D.; Han, L.; Zhou, W.; Li, P.; Huang, Y.; Yang, Z.; Jia, X. Flexible
phase  change  composite  based  on  loading  paraffin  into  cross-
linked  CNT/SBS  network  for  thermal  management  and  thermal
storage. Chem. Eng. J. 2022, 437, 135056.

20

 Guo,  M.;  Xu,  P.;  Lv,  J.;  Gong,  C.;  Zhang,  Z.;  Li,  C. Engineering
nanocellulose/graphene  hybrid  aerogel  for  form-stable
composite  phase  change  materials  with  high  phase  change
enthalpy  for  energy  storage. Diam  Relat  Mater. 2022, 127,
109131.

21

 Li,  Y.;  Sun,  K.;  Kou,  Y.;  Liu,  H.;  Wang,  L.;  Yin,  N.;  Shi,  Q. One-step
synthesis of graphene-based composite phase change materials
with high solar-thermal conversion efficiency. Chem. Eng. J. 2022,
429, 132439.

22

 Li,  W.;  Wang,  F.;  Cheng,  W.;  Chen,  X.;  Zhao,  Q. Study  of  using
enhanced  heat-transfer  flexible  phase  change  material  film  in
thermal  management  of  compact  electronic  device. Energ.
Convers. Manage. 2020, 210, 112680.

23

 Kang,  L.;  Niu,  H.;  Ren,  L.;  Lv,  R.;  Guo,  H.;  Bai,  S. A  novel  phase
change  composite  with  ultrahigh  through-plane  thermal
conductivity  and  adjustable  flexibility. Chem.  Eng.  J. 2023, 463,
142402.

24

 Zhang, X.; Sun, K.; Liu, H.; Chen, J.; Yan, X.; Kou, Y.; Shi, Q. Flexible
insulating phase change composite  film with improved thermal
conductivity  for  wearable  thermal  management. Nano  Energy
2024, 121, 109256.

25

 Gong, C.; Guo, J.; Xu, P.; Lv, J.; Li, R.; Li, C. Recyclable, self-healing,
and  highly  thermal  conductive  natural  rubber  nanocomposites
enabled by a dynamic covalent network with carboxylated boron
nitride nanosheets. ACS Sustain. Chem. Eng. 2023, 11, 9087−9102.

26

 Guo, J.; Han, X.; Ma, S.; Sun, Y.; Li, C.; Li, R.; Li, C. Form-stable phase27

change composites with high thermal conductivity and enthalpy
enabled  by  graphene/carbon  nanotubes  aerogel  skeleton  for
thermal energy storage. Appl. Therm. Eng. 2024, 255, 123954.
 Boonluksiri,  Y.;  Siangdang,  P.;  Johns,  J.;  Nakaramontri,  Y.
Utilization of modified epoxidized natural rubber and zinc oxide
on  properties  of  polylactic  acid/epoxidized  natural  rubber
blends:  mechanical  properties,  antibacterial  efficiency  and
biodegradability. Ind. Crops. Prod. 2024, 220, 119102.

28

 Li,  X.;  Zhao,  Y.;  Min,  X.;  Xiao,  J.;  Wu,  X.;  Mi,  R.;  Fang,  M. Carbon
nanotubes  modified  graphene  hybrid  aerogel-based  composite
phase  change  materials  for  efficient  thermal  storage. Energy
Build. 2022, 273, 112384.

29

 Huang, W.; Wang, Z.; Zhou, H.; Yu, Z.; Hao, Z.; Gao, Y.; Cai, J. Highly
thermal  conductive  graphene/paraffin  composite  for  efficient
thermal management of electronics. Appl. Therm. Eng. 2024, 246,
122958.

30

 Yu,  M.;  Fang,  G.;  Meng,  K.;  Sun,  P.;  Zhao,  M. Paraffin/modified
exfoliated graphite composite phase change materials with high
performance  and  stability  for  thermal  energy  storage. Therm.
Anal. Calorim. 2023, 148, 675−687.

31

 Gong,  C.;  Cao,  J.;  Guo,  M.;  Cai,  S.;  Xu,  P.;  Lv,  J.;  Li,  C. A  facile
strategy for  high mechanical  performance and recyclable  EPDM
rubber  enabled  by  exchangeable  ion  crosslinking. Eur.  Polym.  J.
2022, 175, 111339.

32

 Li,  C.;  Yuan,  Z.;  Ye  L. Facile  construction  of  enhanced  multiple
interfacial  interactions  in  EPDM/zinc  dimethacrylate  (ZDMA)
rubber  composites:  highly  reinforcing  effect  and  improvement
mechanism of sealing resilience. Compos Part A-Appl S. 2019, 126,
105580−105580.

33

 Cai,  Z.;  Liu,  J.;  Zhou,  Y.;  Dai,  L.;  Wang,  H.;  Liao,  C.;  Xu,  Y. Flexible
phase change materials with enhanced tensile strength, thermal
conductivity  and  photo-thermal  performance. Sol.  Energy  Mater
Sol. Cells. 2021, 219, 110728.

34

 Wu, H. Y.; Li, S. T.; Shao, Y. W.; X. Z.; Qi, X. D.; Yang, J. H.; Wang, Y.
Melamine foam/reduced graphene oxide supported form-stable
phase  change  materials  with  simultaneous  shape  memory
property  and  light-to-thermal  energy  storage  capability. Chem.
Eng. J. 2020, 379, 122373.

35

 Du,  X.,  L.;  Deng,  S.;  Zhou,  M.;  Du,  Z.;  Cheng,  X.;  Wang,  H.
Recyclable,  self-healing,  and  flame-retardant  solid–solid  phase
change  materials  based  on  thermally  reversible  cross-links  for
sustainable  thermal  energy  storage. ACS  Appl.  Mater.  Interfaces
2021, 13, 42991−43001.

36

 Xu, C.; Huang, X.; Li, C.; Chen, Y.; Lin, B.; Liang, X. Design of “Zn2+
salt-bondings” cross-linked  carboxylated  styrene  butadiene
rubber  with  reprocessing  and  recycling  ability via
rearrangements  of  ionic  cross-linkings. ACS  Sustain.  Chem.  Eng.
2016, 4, 6981−6990.

37

 Larrue,  C.;  Bounor-Legaré,  V.;  Cassagnau,  P. Enhancement  of
EPDM  crosslinked  elastic  properties  by  association  of  both
covalent and ionic networks. Polymers 2021, 13, 3161.

38

 Wang,  C.;  Cheng,  C.,  T.;  Dong,  H. Review  on  bio-based  shape-
stable  phase  change  materials  for  thermal  energy  storage  and
utilization. J. Renew. Sustain. Energy 2022, 14, 52701.

39

 Cao,  H.;  Li,  Y.;  Xu,  W.;  Yang,  J.;  Liu,  Z.;  Bai,  L.;  Yang,  M. Leakage-
proof  flexible  phase  change  gels  with  salient  thermal
conductivity for efficient thermal management. ACS Appl.  Mater.
Interfaces 2022, 14, 52411−52421.

40

 Bao,  Z.;  Bing,  N.;  Yao,  H.  R.;  Zhang,  Y.;  Xie,  H.;  Yu,  W. Three-
dimensional interpenetrating network phase-change composites
with  high photothermal  conversion and rapid  heat  storage and
release. ACS Appl. Energy Mater. 2021, 4, 7710−7720.

41

 Wang,  C.;  Geng,  X.;  Chen,  J.;  Wang,  H.;  Wei,  Z.;  Huang,  B.;  He,  X.
Multiple  H-bonding  cross-linked  supramolecular  solid-solid
phase  change  materials  for  thermal  energy  storage  and

42

638 Guo, J. X. et al. / Chinese J. Polym. Sci. 2025, 43, 625–639  

 
https://doi.org/10.1007/s10118-025-3299-5

 

https://doi.org/10.1016/j.rser.2022.112175
https://doi.org/10.1016/j.est.2023.106859
https://doi.org/10.1016/j.apenergy.2018.11.017
https://doi.org/10.1016/j.solener.2023.03.037
https://doi.org/10.1021/acs.langmuir.8b03084
https://doi.org/10.1016/j.rser.2023.114150
https://doi.org/10.1016/j.compscitech.2021.109253
https://doi.org/10.1016/j.compositesa.2021.106770
https://doi.org/10.1016/j.renene.2020.09.013
https://doi.org/10.1016/j.cej.2022.135056
https://doi.org/10.1016/j.diamond.2022.109131
https://doi.org/10.1016/j.cej.2021.132439
https://doi.org/10.1016/j.enconman.2020.112680
https://doi.org/10.1016/j.enconman.2020.112680
https://doi.org/10.1016/j.cej.2023.142402
https://doi.org/10.1016/j.nanoen.2024.109256
https://doi.org/10.1021/acssuschemeng.3c01737
https://doi.org/10.1016/j.applthermaleng.2024.123954
https://doi.org/10.1016/j.indcrop.2024.119102
https://doi.org/10.1016/j.enbuild.2022.112384
https://doi.org/10.1016/j.enbuild.2022.112384
https://doi.org/10.1016/j.applthermaleng.2024.122958
https://doi.org/10.1007/s10973-022-11806-6
https://doi.org/10.1007/s10973-022-11806-6
https://doi.org/10.1016/j.eurpolymj.2022.111339
https://doi.org/10.1016/j.compositesa.2019.105580
https://doi.org/10.1016/j.compositesa.2019.105580
https://doi.org/10.1016/j.compositesa.2019.105580
https://doi.org/10.1016/j.solmat.2020.110728
https://doi.org/10.1016/j.solmat.2020.110728
https://doi.org/10.1016/j.cej.2019.122373
https://doi.org/10.1016/j.cej.2019.122373
https://doi.org/10.1021/acsami.1c14862
https://doi.org/10.1021/acssuschemeng.6b01897
https://doi.org/10.3390/polym13183161
https://doi.org/10.1063/5.0102005
https://doi.org/10.1021/acsami.2c15602
https://doi.org/10.1021/acsami.2c15602
https://doi.org/10.1021/acsaem.1c01061
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5


management. Adv. Mater. 2024, 36, 2309723.
 Tang,  X.;  Zhang,  J.;  Wang,  J.;  Xu,  T.;  Du,  Y.;  Fan,  G.;  Wu,  H.
Preparation  and  application  of  paraffin/expanded  graphite-
based  phase  change  material  floor  for  solar-heat  pump
combined radiant heating systems. ACS Sustain. Chem. Eng. 2023,
11, 2871−2884.

43

 Wei, Q.;  Yang, D.;  Yu, L.;  Zhang, L. Grafting of epoxidized natural
rubber chains with BN platelets  to obtain flexible and thermally
conductive papers. Compos. Sci. Technol. 2021, 212, 108881.

44

 Yu, L.; Yang, D.; Wei, Q.; Zhang, L. Constructing of strawberry-like
core-shell  structured  Al2O3 nanoparticles  for  improving  thermal
conductivity of nitrile butadiene rubber composites. Compos. Sci.
Technol. 2021, 209, 108786.

45

 Xu,  W.;  Yang,  W.;  Su,  J.;  Huang,  J.;  Min,  Y.;  Yu,  Y.;  Li,  X. Diatom-

based  biomass  composites  phase  change  materials  with  high

thermal  conductivity  for  battery  thermal  management. J  Energy
Storage. 2024, 96, 112737.

46

 Zhu,  X.;  Han,  L.;  Lu,  Y.;  Wei,  F.;  Jia,  X. Geometry-induced thermal

storage  enhancement  of  shape-stabilized  phase  change

materials  based  on  oriented  carbon  nanotubes. Appl.  Energy
2019, 254, 11368.

47

 Liu, C.; Duan, X.; Zhang, W.; Huo, Q.; Sui, X.; Liu, Y.; Liang, C. Stable

self-crosslinking phase change composites with vertically aligned

boron  nitride  for  high  thermal  conductivity  thermal  interface

materials. Ceram. Int. 2024, 50, 19829−19837.

48

  Guo, J. X. et al. / Chinese J. Polym. Sci. 2025, 43, 625–639 639

 
https://doi.org/10.1007/s10118-025-3299-5

 

https://doi.org/10.1002/adma.202309723
https://doi.org/10.1021/acssuschemeng.2c06289
https://doi.org/10.1016/j.compscitech.2021.108881
https://doi.org/10.1016/j.compscitech.2021.108786
https://doi.org/10.1016/j.compscitech.2021.108786
https://doi.org/10.1016/j.est.2024.112737
https://doi.org/10.1016/j.est.2024.112737
https://doi.org/10.1016/j.apenergy.2019.113688
https://doi.org/10.1016/j.ceramint.2024.03.107
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5
https://doi.org/10.1007/s10118-025-3299-5

	INTRODUCTION
	EXPERIMENTAL
	Materials
	Preparation of Glu@NR (GNR)
	Preparation of GNR/PW/CGNP
	Characterization

	RESULTS AND DISCUSSION
	Construction and Microstructure of GNR/PW/CGNP
	Mechanical Property of GNR/PW/GCNP Phase Change Composites
	Phase Change Characteristics and Shape Stability of GNR/PW/CGNP
	Thermal Behavior of GNR/PW/CGNP

	CONCLUSIONS
	REFERENCES

