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Abstract    Phase  change  materials  are  potential  candi-
dates for the application of latent heat storage. Herein, we
fabricated  porous  capsules  as  shape-stable  materials  from
cellulose-based  polyelectrolyte  complex,  which  were  first
prepared using cellulose 6-(N-pyridinium)hexanoyl ester as
the cationic polyelectrolyte and carboxymethyl cellulose as
the  anionic  polyelectrolyte  to  encapsulate  polyethylene
glycol by the vacuum impregnation method. Furthermore,
the  multi-walled  carbon  nanotube  or  graphene  oxide,
which were separately composited into the polyelectrolytes
complex  capsules  to  enhance  thermal  conductivity  and
light-to-thermal  conversion  efficiency.  These  capsules
owned  a  typical  core–shell  structure,  with  an  extremely
high  polyethylene  glycol  loading  up  to  34.33  g∙g‒1.  After
loading of polyethylene glycol, the resulted cellulose-based
composite  phase  change  materials  exhibited  high  thermal
energy storage ability with the latent heat up to 142.2 J∙g‒1,
which  was  98.5% of  pure  polyethylene  glycol.  Further
results  showed that  the  composite  phase  change  materials
demonstrated  good  form-stable  property  and  thermal
stability.  Moreover,  studies  involving  light-to-thermal
conversion  determined  that  composite  phase  change
materials exhibited outstanding light-to-thermal conversion
performance. Considering their exceptional comprehensive
features,  innovative  composite  phase  change  materials
generated  from  cellulose  presented  a  highly  interesting
choice  for  thermal  management  and  renewable  thermal
energy storage.
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1    Introduction

Nowadays,  it  has  been  urgently  challenged  to  solve  the
depletion  of  natural  resources  and  find  renewable,
abundant, and environmentally friendly alternative energy
forms  [1].  Phase  change  materials  (PCMs)  are  widely
regarded  as  one  of  the  most  promising  energy-saving
materials  at  the  moment  owing  to  their  outstanding
advantages  such  as  high  latent  heat  storage  density  [2],
almost  constant  use  temperature  [3],  a  wide  temperature
range  for  various  applications  [4],  and  a  relatively  low
cost  [5].  According  to  the  type  of  phase  change,  PCMs
can  be  divided  into  four  classifications,  including
solid–solid,  solid–liquid,  solid–gas,  and  liquid–gas  [6].
Hereinto,  solid–liquid  PCMs  garner  the  most  attention
due  to  their  remarkable  superiority  in  terms  of  good
thermal  reliability,  high latent  heat  storage  capacity,  low
cost,  and  small  volume  change  during  the  phase  change
process  [7].  As  a  vital  organic  solid–liquid  PCM,
polyethylene  glycol  (PEG)  is  a  non-toxic  and  non-
corrosive  polymer  with  good  chemical  stability,  suitable
phase  change  temperature,  and  high  latent  heat  storage
capacity  [8,9].  However,  PCMs  have  two  major
drawbacks  that  limit  their  applications:  the  first  is  their
low thermal conductivity, which has a negative impact on
energy  conversion  efficiency  and  decreases  thermal
charging  and  discharging;  the  second  is  PCM  leakage
during the phase transition [10].

Given  that,  considerable  efforts  have  been  devoted  to
addressing  these  technical  issues.  To  resolve  the
drawback  of  low  thermal  conductivity,  one  effective
strategy  is  to  make  composite  PCMs  with  additives  of
high  thermal  conductivity  additives,  especially  carbon-
based  additives  with  high  thermal  conductivity,  stable
thermal  and  chemical  properties,  low  density  and  good
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compatibility,  to  improve  heat  transfer  rate  and  solar  to
thermal  conversion  capacity  [11].  Composite  PCMs  can
not  only  store  and  release  energy  through  the  phase
transition process, but also effectively absorb solar energy
and  convert  into  thermal  energy.  Graphene  oxide  (GO)
and  carbon  nanotube  (CNT)  are  mostly  used  carbon-
based additives. Advincula et al. [12] successfully encapsu-
lated  stearic  acid  into  a  shell  composed  only  of  reduced
GO  nanosheets.  The  carbon  shell  prevented  leakage  of
stearic  acid  and  significantly  improved  the  thermal
conductivity.  Sun  et  al.  [13]  fabricated  a  novel  phase
change microcapsule system composed of an n-docosane
core  and  a  CNTs/polydopamine/silica  hierarchical  shell.
The presence of CNTs/polydopamine coating layer could
introduce  an  efficient  solar  light-to-heat  energy  conver-
sion capability to the microcapsule system.

It  is  challenging  to  maintain  PCMs  in  materials
especially  when  undergoing  a  shift  to  liquid  from  solid
phase.  Thus,  an  effective  strategy  that  closed  containers
serve  as  shape-stabilization  supporting  materials  is
proposed  to  prevent  the  leakage  and improve  the  energy
storage  performance  of  PCMs  [14].  According  to  the
materials  designs  and  dimensions,  supporting  materials
applied to confine PCMs include core–shell, longitudinal,
interfacial,  and  porous  template  structures  [15].  Among
these  methods,  the  core–shell  structure  turns  to  be  very
promising  to  stabilize  organic  PCMs  [16].  Compared  to
synthetic  polymer-derived  supporting  materials,  such  as
poly(methyl methacrylate) [17], poly(urea-urethane) [18],
and  polyimide  [19],  natural  polymer-derived  supporting
materials,  for  example,  cellulose,  are  more  appealing  in
some  cases  thanks  to  their  natural  abundance,  low  cost,
low toxicity,  biocompatibility,  and biodegradability [20].
Various  cellulose-based  supporting  materials  such  as
foams  [2],  aerogels  [22],  fibers  [23]  and  capsules  [24]
have been widely used to stabilize PCMs. Yuan et al. [25]
prepared  core–shell  microcapsules  with  ethyl  cellulose
and  methylcellulose  as  the  supporting  material.  The
capsule  shell  can  reduce  the  impact  of  the  external
environment on PCMs and prolonged their  lifetime [26].
Besides,  the  encapsulation  of  PCMs produces  more  heat
transfer  area  and  thereby  enhances  the  heat  transfer  rate
[27].  Though  cellulose-derived  shape-stabilized  PCMs
have been studied to some extent,  there still  exists much
research  space  regarding  developing  novel  supporting
structures and improving energy storage performance.

In  this  study,  we  prepared  porous  capsules  with  the
representative  core−shell  structure.  The  capsules  were
formed  via  cooperative  electrostatic  interactions  among
cellulose-based polyelectrolyte complexes (CPEC), where
cellulose  6-(N-pyridinium)hexanoyl  ester  (CPHE)  that
was synthesized in a one-pot reaction acted as the cationic
polyelectrolyte, carboxymethyl cellulose (CMC) acted as
the  anionic  polyelectrolyte,  and  cellulose  nanofiber
(CNF)  enhanced  the  porous  structure.  After  mixing
CPHE,  CMC,  and  CNF in  a  certain  proportion  and  then

freeze-drying,  the  porous  CPEC  capsules  were  formed.
To  improve  thermal  conductivity  and  light-to-thermal
conversion  efficiency,  CNT  and  GO  were  incorporated
into  the  porous  CPEC  capsules,  respectively,  which
generated two composite porous capsules, namely, CPEC/
CNT  and  CPEC/GO  porous  capsules.  Furthermore,  to
form  PEG-based  composite  PCMs,  PEG  was  encapsu-
lated into the prepared porous capsules, including CPEC,
CPEC/CNT, and CPEC/GO, through the vacuum impreg-
nation  method.  The  resulted  composite  PCMs  were
referred  to  as  PEG@CPEC,  PEG@CPEC/CNT  and
PEG@CPEC/GO,  respectively.  The  weight  gained  rate
(WGR)  values  of  PEG  in  these  capsules  were  over
28  g∙g‒1.  The  obtained  composite  PCMs,  especially
PEG@CPEC/CNT  and  PEG@CPEC/GO,  exhibited
excellent shape stability, superior energy storage capacity
and improved light-to-thermal conversion ability.

 

2    Experimental

 2.1    Materials

Microcrystalline  cellulose  (MCC)  was  purchased  from
Sigma-Aldrich. CMC, 6-bromohexanoyl chloride, anhyd-
rous  pyridine,  dimethyl  sulfoxide,  ferric  chloride,  PEG
(Mn =  10000  g∙mol‒1)  and  CNT  were  obtained  from
Shanghai  Aladdin  Reagent  Co.  CNF  was  bought  from
Guilin  Qihong  Technology  Co.  GO was  purchased  from
Shandong  OBO  New  Material  Co.  Distilled  water  was
used  in  all  experiments.  The  other  chemicals  were  all
analytical grade and used as received.

 2.2    Synthesis of CPHE

In  a  typical  case,  0.5  g  of  MCC  was  dried  in  a  vacuum
oven at 90 °C for 24 h before it was suspended in 15 mL
of  pyridine.  The  cellulose  suspension  was  heated  up  to
the  reaction  temperature  and  followed  by  addition  of
certain  amount  of  6-bromohexanoyl.  The  resultant
mixture  was  kept  stirring  for  one  hour.  Then  5  mL  of
dimethyl  sulfoxide  was  dropwise  added  into  the  system
and  the  reaction  was  kept  for  a  time.  The  resultant
mixture  was  poured  into  50  mL  of  distilled  water  and
then  transferred  into  a  dialysis  membrane  (with  a
molecular  weight  cut-off  of  8000)  and  stored  in  4  L  of
water  for  12  h.  The  water  was  changed  ten  times  after
every  12  h.  After  the  dialysis  process,  the  product  was
dissolved in water and stored for further use. The detailed
reaction conditions were summarized in Table 1.

 2.3    Preparation of CPEC, CPEC/GO and CPEC/CNT
porous capsules

CPHE-3 was chosen as the polycation to construct porous
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capsules and referred to as CPHE. First, 200 mg of dried
CMC and 100 mg of dried CNF were added into 10 mL
of  distilled  water,  respectively.  The  CMC/CNF  mixture
was continuously stirred for a few hours until  CMC was
completely  dissolved  and  CNF  was  well  dispersed  in
water.  Then,  GO  and  CNT  in  different  contents  (0.5,  1
and 3 wt %) were dispersed into the CMC/CNF mixture,
respectively,  via  ultrasonication.  The  resultant  sticky
suspension was dropped into the CPHE aqueous solution
(20  mg∙mL‒1).  Once  the  droplet  was  immersed  into  the
CPHE solution, it would be solidified as a spheric capsule
due  to  the  formation  of  a  polyelectrolyte  complex
network  between  CPHE  acting  as  the  polycation  and
CMC  acting  as  the  polyanion.  After  stabilization  in  the
CPHE solution  for  five  hours,  the  capsules  were  soaked
in FeCl3 solution (1 wt %) for one hour and subsequently
rinsed with  a  large  excess  of  distilled  water.  Finally,  the
capsules were freeze-dried to form dried porous capsules.
Based  on  the  content  of  GO or  CNT,  the  obtained  dried
porous capsules were referred to as CPEC (without GO or
CNT), CPEC/GO-0.5, CPEC/GO-1, CPEC/GO-3, CPEC/
CNT-0.5, CPEC/CNT-1, CPEC/CNT-3.

 2.4    Preparation of composite PCMs

The  composite  PCMs  were  prepared  by  encapsulating
PEG  into  porous  capsules  through  a  vacuum  impregna-
tion  method.  Briefly,  capsules  including  CPEC,  CPEC/
GO,  and  CPEC/CNT  were  immersed  in  melted  PEG  at
80 °C,  respectively,  and then placed in a  vacuum drying
oven (80 kPa) for 1.5 h. The excessive PEG was removed
and  the  resultant  shape-stable  PCMs  were  cooled  and
stored  for  further  use.  The  obtained  composite  PCMs
were  named  as  PEG@CPEC,  PEG@CPEC/GO-0.5,
PEG@CPEC/GO-1,  PEG@CPEC/GO-3,  PEG@CPEC/
CNT-0.5,  PEG@CPEC/CNT-1,  PEG@CPEC/CNT-3.
The WGR value of PEG in the capsules was calculated by
Eq. (1):
 

WGR =
m−m0

m0
, (1)

where m0 and m were the initial mass of the capsules and
the mass of the composite PCMs, respectively.

 2.5    Thermal transport performance

The  thermal  transport  performance  of  the  composite

PCMs  was  characterized  using  an  infrared  thermal
imaging  camera  (Fotric  226s-L28,  China).  Samples  on  a
glass  were  placed  on  a  heating/cooling  apparatus  for
heating to 100 °C (the set temperature) and cooling to 20 °C.

 2.6    Light-to-thermal conversion test

A  light-to-thermal  conversion  experiment  of  the  compo-
site PCMs was performed under simulated sunlight using
a  CEL-HXUV300  xenon  lamp  (CEAULIGHT,  China).
The intensity of irradiation was sustained at 300 mW∙cm‒2

while  the  irradiation  distance  was  sustained  constant  at
10  cm from the  light  source.  The  temperature  variations
in  the  samples  were  recorded  by  the  infrared  thermal
imaging camera.

 2.7    Characterization

Liquid-state 1H  and 13C  nuclear  magnetic  resonance
(NMR)  spectra  (AVANCE  III  HD  500  MHz,  Bruker,
Switzerland),  Fourier  transform  infrared  spectroscopy
(FTIR,  Nicolette  6700,  Thermo  Fisher  Scientific,  MA,
USA)  and  X-ray  photoelectron  spectroscopy  (XPS,
ESCALAB,  Thermo  Fisher  Scientific,  MA,  USA)  were
used  to  study  the  chemical  structure  of  CPHEs.  The
element  content  of  CPHEs was  determined by elemental
analysis  (PE  SERIES  II  2400,  PERKINELMER,  MA,
USA).  The  morphology of  the  sample  was  characterized
by scanning electron microscope (SEM, Apreo S HiVac,
Thermo Fisher  Scientific,  MA, USA).  The phase change
property  was  characterized  using  differential  scanning
calorimetry  (DSC,  TA  Instruments,  USA).  The  thermal
conductivity  of  porous  capsules  was  measured  at  25  °C
using a thermal conductivity tester (DRX-II-RL, China).

 

3    Results and discussion

 3.1    Synthesis and characterization of CPHEs

In this study, the CPHEs as cationic pyridinium cellulose-
based polyelectrolytes were synthesized via a facile one-
pot method with the presence of MCC, 6-bromohexanoyl
chloride  and  pyridine  (Fig. 1(a)).  In  this  system,  the
esterification was conducted between the hydroxyl group
of MCC and the acyl chloride of 6-bromohexanoyl chlo-
ride, meanwhile the C–Br bond on the grafting agent was
subjected to nucleophilic attack by pyridine to create the
pyridinium ions  [28].  A  summary  of  the  reaction  condi-
tions  and  results  is  given  in Table 1.  When  the  reaction
temperature  was  50  °C,  the  reaction  was  not  completed.
A  large  amount  of  unreacted  cellulose  remained  in  the
system, but when the reaction temperature was raised, the
cellulose was reacted and a clear, transparent solution was
obtained (Fig. S1, cf. Electronic Supplementary Material,

   
Table 1    Reaction conditions and results of CPHEs
Sample Temperature/°C Time/ha) Molar ratiob) N/(wt %)c) DS Solubilityd)

CPHE-1 50 2 2 – – –
CPHE-2 100 2 1 3.27 0.94 –
CPHE-3 100 2 2 4.43 2.70 +
CPHE-4 100 5 2 4.49 2.91 +
a) The reaction time after adding dimethyl sulfoxide; b) the molar ratio of
6-bromohexanoyl to the hydroxyl group in cellulose; c) the content of
N/(wt %) in CPHEs; d) the solubility of CPHEs in water (“–” represents
insoluble in water, and “+” represents soluble in water).
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ESM).  The  element  nitrogen  in  CPHEs  originated  from
pyridine,  so  its  content  was  applied  to  represent  the
degree  of  substitution  (DS)  of  CPHEs.  The DS value  of
CPHEs were calculated based on the nitrogen content by
Eq. (2) [29]:
 

DS =
162×N%

14−256.1×N%
, (2)

where  162,  14,  and  256.1  are  the  molar  mass  of  the
anhydroglucose  unit,  the  element  nitrogen,  and  the
substituent quaternary ammonium group, respectively.

The DS value based on the nitrogen content of CPHEs
varied as the reaction condition changed, such as the ratio
of  the  esterification  reagent  to  the  hydroxyl  group  of
cellulose, reaction temperature, and the reaction time. As

shown in Table 1, the CPHE-3 and CPHE-4 had high DS
of  2.70  and  2.91,  respectively,  which  indicated  that
almost  all  the  hydroxyl  groups  in  cellulose  were  substi-
tuted leading to products of good aqueous solubility.

When  comparing  the  FTIR  spectra  of  MCC  and
CPHEs, there were plenty of new peaks within the spec-
trum (Figs. 1(b) and S2, cf. ESM). The peak at 1731 cm‒1

was attributed to the C=O stretching vibration in carbonyl
groups while the peak at 1633 cm‒1 was due to the C=C
vibration  in  the  aromatic  ring,  which  implies  the  pyri-
dinium moieties were successful grafted [28]. In the case
of  CPHE-1  and  CPHE-2,  the  lower  signals  at  1731  and
1633  cm‒1 indicated  that  the  damage  of  the  intermole-
cular  hydrogen  bonding  of  the  cellulose  was  not  signi-
ficant,  which  was  therefore  responsible  for  the  basic

 

 
Fig. 1    (a) The synthesis route of CPHEs; (b) FTIR spectra of CPHE-3 and MCC; liquid-state (c) 13C and (d) 1H NMR spectra of
CPHE-3; XPS spectra for CPHE-3: (e) Br 3d, (f) N 1s, and (g) Cl 2p.
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insolubility  properties  of  the  cellulose  (Fig.  S1).  Contra-
rily,  the  higher  intensity  of  the  corresponding  peaks  in
FTIR  spectra  for  CPHE-3  and  CPHE-4  indicated  the
obvious destruction of the intermolecular hydrogen bond-
ing and sufficient esterification (Figs. 1(b) and S2). Thus,
CPHE-3  and  CPHE-4  were  well  solvable  in  water  (Fig.
S1).  In  addition,  other  characteristic  signals  of  CPHEs
were also be observed. A broad peak at 3391 cm‒1 could
be  ascribed  to  the  =C–H  stretch  vibration  from  pyridi-
nium in ortho, meta,  and para positions  while  the  peaks
at 1468 and 1152 cm‒1 were assigned to the vibration of
the  C=N  bond  within  the  pyridinium  ring  and  the  stret-
ching vibration of the C–N bond between the first carbon
atom of  the  aliphatic  chain  and  the  nitrogen  atom in  the
pyridinium ring, respectively [30]. The peaks at 3048 and
2938 cm−1 were the asymmetric and symmetric stretching
of the C–H bond in aliphatic chains [31], respectively.

The  NMR  spectra  of  CPHEs  showed  the  signals  of
cellulose  backbone,  6-bromohexanoyl,  and  pyridinium
groups (Figs. 1(c), 1(d) and S3, cf. ESM). Within the 13C
NMR spectra, the carbons in the C=O group produced the
signal at 174.43 ppm. The signals at 145.90, 144.29, and
128.34  ppm  were  attributed  to  carbon  atoms  in  the
pyridinium  ring.  The  signal  at  61.47  ppm  was  derived
from the carbon in the C–N+ group. Also, signals between
40  and  20  ppm  were  owing  to  the  carbon  atoms  in  the
saturated  aliphatic  chain  of  the  6-bromohexanoyl  moiety
[32].  Within  the 1H  NMR  spectra,  the  signals  at  8.84,
8.48,  and  8.01  ppm  were  ascribed  to  the  protons  in  the
pyridinium ring.  The signal  at  4.56 ppm originated from
the proton on the methylene group attached to the C–N+

group. Then, the signals ranged from 2.3 to 1.2 ppm were
from the protons in the 6-bromohexanoyl moiety [33].

To further explore the existence forms of bromine and
nitrogen in CPHEs,  XPS was then used to get  a  detailed
insight  into  CPHEs.  In  the  XPS  study  CPHE-3,  the
spectra  of  Br  3d  and  N  1s  photoelectron  lines  shown  in
Figs. 1(e)  and  1(f)  were  representative  for  charged  ions.
The  peak  at  67.18  eV  in Fig. 1(e)  indicated  bromine
existed as the anionic bromine in the product. There were

two types of Br photoelectrons, which were Br 3d 5/2 at
67.08 eV and Br 3d 3/2 at 67.98 eV, respectively. Further-
more, the absence of the peak regarding the C–Br bond at
70.4  eV  in  the  spectrum  indicated  that  bromine  only
existed  as  the  anion  [34].  The  nitrogen  signal  in  CPHEs
could  only  originate  from the  pyridinium group.  Indeed,
the nitrogen 1s peaks with a binding energy of 401.58 eV
(Fig. 1(f))  corresponded  to  a  positively  charged  environ-
ment, namely, the pyridinium substituent. The absence of
other  nitrogen  peak  further  showed  that  there  was  no
remaining  unreacted  pyridine  [35].  Besides,  the  Cl  2p
spectrum (Fig. 1(g)) was also spotted through XPS. It was
clear  that  there  were  two peaks  (Cl  2p  3/2  at  196.78  eV
and Cl  2p 1/2 at  198.28 eV,  respectively)  resulting from
the  chloride  ion  [36].  The  chloride  was  from  the  acyl
chloride  moiety  which  underwent  an  esterification
reaction  and got  attracted  by  pyridinium,  thus  remaining
in  CPHEs.  The  XPS  analysis  further  proved  that
pyridinium cations were formed by nucleophilic attack on
the C–Br bond.

 3.2    Structure and morphology of CPEC-based porous
capsules and the composite PCMs

CPHE-3  was  chosen  for  the  preparation  of  porous
capsules  and  named  CPHE  in  the  following  section.
CPEC  capsules  were  produced  through  ionically  cross-
linking  interactions  among  CPHE  and  the  CMC/CNF
mixture  (Scheme 1 and  Fig.  S4,  cf.  ESM).  By  dropping
the CMC/CNF mixture into the CPHE solution, capsules
were generated from the solvent immediately (Fig. S4(a)).
However,  after  the  freeze-drying  process,  the  capsules
were loose and hardly to form a solid shell for preparing
the  composite  PCMs  (Fig.  S4(b)),  because  the  electro-
static  interaction  was  too  weak  to  keep  a  stable  network
structure.  Crosslinking  was  a  crucial  factor  in  inducing
the  molecular  structural  association  to  form  a  stable
network,  which  could  affect  the  properties  of  the  final
products,  namely  stability,  porosity,  and  homogeneity  of
the  capsules  [37].  Thus,  it  was  necessary  to  choose  an

 

 
Scheme 1    Schematic illustration for the preparation of CPEC-based porous capsules and the PEG-based composite PCMs.
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additional  cross-linking  agent  to  enhance  the  stability  of
the  capsules.  CMC  was  a  natural  polymer  containing
multiple  carboxyl  groups  that  exhibited  an  outstanding
coordination  ability  with  metal  ions,  such  as  ferric  ion
(Fe3+)  [38].  Thus,  Fe3+ was  added  into  the  system
(Scheme 1). It was obviously observed that the leakage of
capsules  disappeared  with  the  addition  of  Fe3+ after
freeze-drying  (Figs.  S4(c)  and  S4(d))  since  metal  ions
distributed  in  the  network  improved  the  stability  of
capsules [39].

To further seek an efficient way to enhance the light-to-
thermal  conversion  ability  of  CPEC-based  capsules,  GO
and CNT were introduced to CPEC-based porous capsu-
les  to  form CPEC/GO and CPEC/CNT capsules,  respec-
tively.  The  FTIR  spectra  of  CPEC-based  capsules  in
Fig. S5 (cf. ESM) showed a series of intensive absorption
peaks at 1735 cm‒1 for the C=O bond, 1634 cm‒1 for the
C=C  bond,  and  1151  cm–1 for  the  C–N  bond.  These
absorption  peaks  of  CPEC/GO and CPEC/CNT capsules
were  consistent  with  the  characteristic  absorption  bands
of  CPEC capsules,  which  indicated  that  the  introduction
of GO or CNT did not affect the chemical structure of the
formed capsules. The photo and SEM images of capsules

obtained  after  freeze-drying  were  shown  in Figs. 2,  S6
and  S7  (cf.  ESM).  Compared  with  CPEC  capsule,
CPEC/GO  and  CPEC/CNT  capsules  exhibited  darker
colors  on  account  of  the  existence  of  GO  and  CNT,
respectively  (Figs. 2(a1–c1)  and  S7(a1–d1)).  The  porous
structures  were  comprehensively  further  characterized
with  SEM.  The  addition  of  GO  or  CNT  did  not  change
the  inherent  structure  of  the  capsule.  Moreover,  the
resultant capsules showed a core–shell structure (Fig. S6).
The  acquired  SEM  images  of  the  outer  shell  of  the
capsules  displayed  a  dense  structure  with  unevenly
distributed  nanopores  (Figs. 2(a2–c2)  and  S7(a2–d2)).
However,  the  internal  structure  of  capsules  was  loosely
constructed  by  a  flaky  or  filamentous  network  structure
(Figs. 2(a3–c3)  and  S7(a3–d3))  which  could  be  explained
by  the  electrostatic  interactions  mainly  occurring  at  the
surface  of  two  polyelectrolyte  solutions  resulting  in  a
relatively  insoluble  complex  shell.  The  nanopores  in  the
shell  provided  channels  for  subsequent  PEG  impregna-
tion,  and  empty  space  within  the  porous  core  acted  as  a
storage location for PEG.

To  fabricate  the  PEG-impregnated  composite  PCMs,
PEG was molten into a liquid at 80 °C and then filled into

 

 
Fig. 2    Photos of (a1)  CPEC, (b1)  CPEC/GO-3, and (c1)  CPEC/CNT-3; SEM images of the surface structures for (a2)  CPEC, (b2)
CPEC/GO-3, and (c2) CPEC/CNT-3; SEM images of the inner structures for (a3) CPEC, (b3) CPEC/GO-3, and (c3) CPEC/CNT-3.
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the  capsules  by  the  vacuum  impregnation  method
(Scheme 1).  The  photo  and  SEM  images  of  PCMs  were
shown  in Figs. 3 and  S8  (cf.  ESM).  As  shown  in Figs.
3(a1–c1)  and  S8(a1–d1),  the  shape  of  composite  PCMs
exhibited no obvious change after vacuum impregnation.
All  porous structures disappeared and only smooth areas
could be observed for the capsules after  impregnation of
PEG (Figs. 3(a2–c2)  and  S8(a2–d2)),  which  indicated  full
encapsulation of PEG into the capsules resulted from the
reinforced  interaction  of  the  van  der  Waals  forces  and
hydrogen  bonds  [40]  between  hydrophilic  PEG  and  the
supporting  matrix  rich  in  hydrophilic  hydroxyl  groups,
effectively limited PEG leakage during the phase change
transition. The WGR study was revealed in Fig. 3(d). The
weight  for  each  composite  PCM  was  hugely  improved,
and  the  WGR  values  for  all  the  composite  PCMs  were
more than 28 g∙g‒1.  The addition of  GO or  CNT had no
significant  effect  on  the  impregnation  amount  of  PEG.
The data of the PEG loading rate obtained from relevant
references  and  our  experiment  were  summarized  in
Table S1 (cf.  ESM). It  was clear that  the porous capsule
developed  in  our  work  exhibited  a  much  better  PEG
loading rate than most conventional PEG-based PCMs in
relevant  references,  which  was  due  to  the  effective
protection  of  the  PEG  core  from  leaking  and  flowing
away in its molten state.

 3.3    Thermal behavior of composite PCMs

The thermal energy storage capacity of the PCMs directly
related  to  their  phase  transition  temperature  and  latent
heat  density.  The  results  about  thermal  behavior  of
composite  PCMs  were  shown  in  (Fig. 4).  The  DSC
curves  of  PEG and  the  composite  PCMs were  displayed
in Fig. 4(a),  and  the  corresponding  thermal  parameters
including  the  melting  temperature  (Tm),  the  temperature
of  the  crystallization  (Tc),  and  the  latent  heat  were
summarized  in Table 2.  Notably,  the  DSC  curves  of  the
composite  PCMs  were  similar  to  that  of  PEG indicating
that the presence of the CPEC-based porous capsules did
not  alter  the  crystalline  structure  of  PEG  (Fig. 4(a)).  As

shown  in Table 2, Tm and Tc of  the  composite  PCMs
slightly  shifted  towards  the  higher  temperatures  (around
65 and 42 °C), respectively, compared with those of PEG
(Tm = 63.86 °C and Tc = 40.58 °C), which was due to the
slightly  restricted  free  movement  of  PEG  chains  in  the
porous  network.  In Table 2,  the  latent  heat  values  of Hm
and Hc for PEG were 144.4 and 141.8 J∙g‒1, respectively,
while  those  for  the  composite  PCMs  in  the  melting  and
crystallization  process  were  over  135.6  and  131.2  J∙g‒1,
respectively, which were more than 93.9% and 92.5% of
those  regarding  pure  PEG,  and  thus  showed  excellent
thermal energy storage capacity for the composite PCMs.

Furthermore,  the  enthalpy  efficiency  (λ)  as  an
indispensable  parameter  was  utilized  to  evaluate  the
energy  storage  property.  The  larger  value  of λ generally
meant  a  better  heat  storage  capacity  [41].  The λ was
calculated by Eq. (3)
 

λ =
Hm,PEG@CPEC

Hm,PEG
×100%, (3)

where Hm,PEG@CPEC and Hm,PEG represented  the  melting
enthalpies  of  the  composite  PCMs  and  pure  PEG,
respectively.  The λ values  of  all  the  composite  PCMs
were  greater  than  93  (Table 2),  specifying  that  all  the
composite PCMs had excellent energy storage capacities.

The shape and thermal cycling stabilities of the compo-
site  PCMs  were  further  evaluated.  Samples  of  PEG  and
the  composite  PCMs were  gradually  heated  on  the  heat-
ing apparatus plate from 20 (Fig. 4(b)) to 90 °C (Fig. 4(c)).
The  PEG  gradually  melted  into  a  liquid  state,  but  the
composite  PCMs  kept  their  solid-state  shapes  from  the
beginning to  the  end without  any leakage observed even
at 90 °C for a few hours (Fig. 4(c)), which demonstrated
that  the  composite  PCMs  possessed  outstanding  shape
stabilities  due  to  the  introduction  of  capsules  featured
with  a  stable  cross-linked  porous  network  structure.  The
thermal  cycling  stability  of  PEG@CPEC,  PEG@CPEC/
GO-3,  and  PEG@CPEC/CNT-3  was  further  evaluated
with  200  heating-cooling  DSC  cycles  as  shown  in Figs.
4(d–f), with related data listed in Table S2 (cf. ESM). The
curves  after  200  heating-cooling  cycles  were  almost

 

 
Fig. 3    Photos of (a1) PEG@CPEC, (b1) PEG@CPEC/GO-3, and (c1) PEG@CPEC/CNT-3; SEM images of (a2) PEG@CPEC, (b2)
PEG@CPEC/GO-3, and (c2) PEG@CPEC/CNT-3; (d) the WGR values for the obtained PEG-based composite PCMs.
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remained  unchanged.  The  values  of Hm and Hc for
PEG@CPEC,  PEG@CPEC/GO-3,  and  PEG@CPEC/
CNT-3  were  129.9  and  124.4,  122.1  and  118.6,  119.1,
and  107.2  J∙g‒1,  respectively  (Table  S2).  During  the
heating‒cooling cycles, melting and crystallization points
did not  exhibit  a  clear  changing trend while  melting and
crystallization  enthalpies  showed  a  slightly  decreasing
trend  which  implied  that  the  prepared  composite  PCMs
showed excellent thermal stability.

 3.4    Thermal transport and conversion of composite PCMs

Thermal  transport  and  conversion  were  considered  as
important properties for PCM materials [42,43]. Thermal
transport  during  the  heating  process  and  light-to-thermal
energy conversion under light irradiation of the composite

PCMs  were  evaluated  (Figs. 5 and 6). Figures 5(a–b)
showed  the  temperature  development  curves  of  PEG@
CPEC/GO and PEG@CPEC/CNT with CPEC and PEG@
CPEC as control samples during the heating and cooling
processes. When the temperature was set to 90 °C and the
heater  was  turned  on,  the  sample  temperatures  increased
from  ca.  21  °C  and  remained  constant  over  65  °C.
Comparing  with  CPEC,  all  composite  PCMs  showed  a
similar temperature changing trend, which displayed two
thermal  storage  plateaus  at  around  60  °C  during  the
heating  process  and  around  50  °C  during  the  cooling
process. These temperature plateaus were due to the latent
heat energy storage and the release of encapsulated PEG
during  the  phase  change  process.  Furthermore,  the  addi-
tion of GO or CNT to the prepared composite PCMs did
not obviously enhance the thermal transport performance

 

 
Fig. 4    (a) DSC curves of PEG and composite PCMs; leakage test photos of PEG and the composite PCMs at (b) 20 °C and (c) 90 °C
(samples 1–7 represented the samples of  PEG@CPEC, PEG@CPEC/CNT-0.5,  1,  3,  PEG@CPEC/GO-0.5,  1,  and 3,  respectively);
DSC curves  of  (d)  PEG@CPEC,  (e)  PEG@CPEC/GO-3,  and (f)  PEG@CPEC/CNT-3 after  the  1st,  50th,  100th,  150th,  and 200th
heating and cooling cycles.

 

   
Table 2    DSC results of PEG, PEG@CPEC, PEG@CPEC/GO and PEG@CPEC/CNT

Sample
Melting process Crystallization process

λ
Tm/°C Hm/(J∙g‒1) Tc/°C Hc/(J∙g‒1)

PEG 63.86 144.4 40.58 141.8 –
PEG@CPEC 65.41 139.5 42.51 136.9 96.6
PEG@CPEC/GO-0.5 65.01 140.6 42.23 138.2 97.4
PEG@CPEC/GO-1 64.72 142.0 42.12 135.0 98.3
PEG@CPEC/GO-3 65.47 142.2 42.32 137.4 98.5
PEG@CPEC/CNT-0.5 65.36 136.5 42.57 134.8 94.5
PEG@CPEC/CNT-1 65.59 135.6 41.83 136.1 93.9
PEG@CPEC/CNT-3 64.98 138.6 42.67 131.2 95.9
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and the temperature development curves of PEG@CPEC/
GO and PEG@CPEC/CNT showed a similar trend to that
of PEG@CPEC. It could also be proved from the thermal
conductivity  of  the  porous  capsule.  Incorporating  GO or
CNT  into  the  prepared  capsules  did  not  improve  the
thermal  conductivity  significantly  (Table  S3,  cf.  ESM).
This could be ascribed to the failure to form a continuous
thermal conduction network due to the low content of GO
or CNT [44]. Moreover, the content of GO or CNT in the
composite  PCMs  showed  no  obvious  effect  on  the
thermal  transport  performance  during  the  heating  and
cooling processes. To intuitively and visually observe the
change in the transient temperature on the plate during the
heating  and  cooling  processes,  the  thermal  infrared
images  were  recorded  (Figs. 5(c–d)).  It  was  remarkable
that  the  temperatures  of  all  composite  PCMs  including
PEG@CPEC,  PEG@CPEC/GO,  and  PEG@CPEC/CNT
were  obviously  higher  than  that  of  CPEC.  This  is  attri-
buted to the efficient thermal conversion and preservation
of  PEG@CPEC,  PEG@CPEC/GO,  and  PEG@CPEC/

CNT  that  hampered  the  direct  energy  transport  to  the
surrounding air and therefore led to temperature rise [45].
In contrast, only CPEC exhibited an unstable temperature
changing  curve  and  a  relatively  lower  constant  tempera-
ture  throughout  the  heating  process  resulting  from  the
quick  energy  transmission  to  the  environment  (Figs.
5(a–b)).  During  the  cooling  process,  the  temperatures  of
PEG@CPEC,  PEG@CPEC/GO,  and  PEG@CPEC/CNT
were  up  by  13,  13,  and  15  °C,  respectively,  higher  than
that  of  the  CPEC  at  the  cooling  thermal  storage  plateau
area  (Figs. 5(c4)  and 5(d4)).  In  addition,  PEG@CPEC/
CNT  exhibited  a  slightly  higher  temperature  in
comparison  with  PEG@CPEC/GO  during  the  heating
process  because  the  tube-like  structure  of  CNT  greatly
facilitated  the  thermal  conductivity  along  the  axial
direction of PEG@PEG/CNT [46].

Moreover,  the  light-to-thermal  energy  conversion
capability of the composite PCMs was investigated under
a  simulated  sunlight  irradiation  with  a  power  density  of
300  mW∙cm‒2 (Fig. 6).  Upon  light  irradiation,  GO  and

 

 
Fig. 5    The thermal transport performance of the samples: time-dependent temperature evolution curves of (a) PEG@CPEC/GO and
(b) PEG@CPEC/CNT during heating and cooling (temperature plateaus during heating and cooling processes are correspondingly
denoted  by  black  rectangles);  (c–d)  infrared  images  showing  temperature  variations  of  samples  during  heating  and  cooling.  Note:
Samples 1, 2, 3, 4 and 5 in (c) represented CPEC, PEG@CPEC, PEG@CPEC/GO-0.5, PEG@CPEC/GO-3, and PEG@CPEC/GO-1,
respectively.  Samples  i,  ii,  iii,  iv  and  v  in  (d)  represented  CPEC,  PEG@CPEC,  PEG@CPEC/CNT-1,  PEG@CPEC/CNT-3,  and
PEG@CPEC/CNT-0.5,  respectively.  The  numbers  above  or  below the  arrows  in  (c)  and  (d)  denoted  the  temperatures  (°C)  of  the
corresponding samples.
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CNT effectively converted the solar energy to the thermal
energy  and  raised  the  temperatures  of  the  PEG@CPEC/
GO  and  PEG@CPEC/CNT.  As  shown  in Fig. 6(a),
compared  with  PEG@CPEC  slow  increasing  to  around
48.6  °C,  irradiated  PEG@CPEC/GO-0.5,  PEG@CPEC/
GO-1,  and  PEG@CPEC/GO-3 exhibited  relatively  sharp
and  sudden  increases  to  temperatures  at  59.5,  63.2,  and
81.1 °C, respectively. Figure 6(b) also showed that PEG@
CPEC/CNT-0.5, PEG@CPEC/CNT-1, and PEG@CPEC/
CNT-3 exhibited  a  faster  temperature  increase  to  tempe-
ratures at 54.4, 71.7, and 98.6 °C, respectively, which was
higher than that for PEG@CPEC. This indicated that the
incorporation  of  GO  or  CNT  into  the  composite  PCMs
effectively  improved  the  light-to-thermal  conversion
capacity.  In  essence,  the  temperatures  for  PEG@CPEC/
GO-3  and  PEG@CPEC/CNT-3  were  increased  by  32.5

and  51.9  °C,  respectively,  in  comparison  with  that  for
PEG@CPEC.  The  multi-walled  structure  of  CNT
provided  a  larger  surface  area  for  the  incident  light  than
GO,  which  caused  PEG@CPEC/CNT-3  to  absorb  more
light  and  conduct  the  heat  to  surrounding  PEG  faster
compared to PEG@CPEC/GO-3 [47]. Thus, PEG@CPEC/
CNT  showed  a  higher  temperature  than  that  of  PEG@
CPEC/GO during the simulated sunlight irradiation. With
light  removed,  temperatures  of  all  samples  dropped
sharply.  Subsequently,  when  the  temperatures  were  near
the crystallization point,  the plateaus appeared obviously
for PEG@CPEC/GO-1, PEG@CPEC/GO-3, PEG@CPEC/
CNT-1, and PEG@CPEC/CNT-3, which showed that the
corresponding PCMs gradually released the energy stored
in  the  heating  stage  with  plateaus  for  about  30,  180,  55,
and  65  s,  respectively  (Figs. 6(c–d)).  Thus,  the  PEG@

 

 
Fig. 6    The  light-to-thermal  conversion  of  samples:  light-to-thermal  conversion  curves  of  (a)  PEG@CPEC/GO  and  (b)  PEG@
CPEC/CNT (the black rectangles showed the temperature plateaus during the heating and cooling processes); (c–d) infrared images
showing  the  temperature  variations  of  samples  during  the  cooling  process.  Note:  samples  1,  2,  3,  4,  and  5  in  (c)  represented  the
samples of CPEC, PEG@CPEC, PEG@CPEC/GO-1, PEG@CPEC/GO-3, and PEG@CPEC/GO-0.5, respectively. Samples i, ii, iii,
iv, and v in (d) represented the samples of CPEC, PEG@CPEC, PEG@CPEC/CNT-1, PEG@CPEC/CNT-3, and PEG@CPEC/CNT-
0.5, respectively. The numbers above or below the arrows in(c–d) denoted the temperatures (°C) of the corresponding samples.
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CPEC/GO  and  PEG@CPEC/CNT  composite  PCMs,
particularly  PEG@CPEC/GO-3  and  PEG@CPEC/CNT-
3, significantly postponed the temperature decline during
the  cooling  process  which  exhibited  a  promising  appli-
cation  as  temperature-controllable  thermal  management
materials  [48–50].  Comparably,  the  curves  for  PEG@
CPEC,  PEG@CPEC/GO-0.5  and  PEG@CPEC/CNT-0.5
lacked platforms because their light absorption capacities
were  inadequate  to  reach  the  phase-transition  tempera-
tures and trigger the phase transition.

 

4    Conclusions

In  this  work,  we  prepared  a  new  energy  storage  form-
stable  composite  PCMs  by  taking  CPEC  capsules  with
GO  or  CNT  as  supports  and  PEG  as  the  PCM,  respec-
tively.  The  CPEC  capsules  were  constructed  through
cooperative electrostatic interactions among polyelectrol-
ytes, which composed of the synthesized CPHE with the
pyridinium group as the cationic polyelectrolyte, the CMC
with  the  carboxyl  group  as  the  anionic  polyelectrolyte,
and  CNF  that  enhanced  the  porous  structure  of  the
capsules.  The  prepared  capsules  presented  a  typical
core–shell  structure,  with  an  excellent  PEG  loading
capacity.  The  PEG  loading  efficiency  of  the  composite
PCMs reached more than 28 g∙g‒1.  The resultant compo-
site PCMs including PEG@CPEC, PEG@CPEC/GO, and
PEG@CPEC/CNT  displayed  stabilized  shape  even  at
90  °C  because  the  porous  network  had  strong  hydrogen
bonding  interactions  with  PEG  molecules  and  restricted
molecular movement at high temperatures. The composite
PCMs  showed  outstanding  thermal  energy  storage
capacities  with  their  maximum  latent  heat  values  in  the
melting and crystallization processes reaching up to 142.2
and 138.2 J∙g‒1, respectively. The thermal cycling evalua-
tions  revealed  that  the  composite  PCMs  possessed
excellent  thermal  reliability.  There  was  no  obvious  fati-
gue  change  in  the  DSC  curves  or  the  latent  heat  values
after  200  times  of  thermal  cycling.  Moreover,  incorpo-
rating GO or CNT into the composite PCMs dramatically
enhanced  the  light-to-thermal  conversion  capability.
Therefore, the PEG-based composite PCMs featured with
multiple functions including high thermal energy storage
capacity, remarkable thermal stability, and efficient light-
to-thermal conversion performance showed a great poten-
tial  in  the field  of  renewable thermal  energy storage and
rendered  a  new  avenue  in  high-efficiency  solar  thermal
applications.
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