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In order to improve the energy utilization efﬁciency during heat charging and discharging processes,
thermal conductivity enhancement of polyethylene glycol (PEG)/SiO2 hybrid form-stable phase change
material (PCM) was achieved by in situ Cu doping via in situ chemical reduction of CuSO4 through
ultrasound-assisted sol–gel process. This method would be an important approach to develop novel
hybrid form-stable PCM with high thermal conductivity due to the mild preparation conditions. The
XPS result of this material showed that the valence state of copper in PEG6000/SiO2 PCM was mainly
zero. The FTIR demonstrated that there was no new chemical bond between Cu, PEG6000 and SiO2. The
thermal properties and thermal stability of the composite PCM were conﬁrmed using DSC and TGA
analyses. The phase change enthalpy of Cu/PEG/SiO2 PCM reached up to 110 J/g, and the thermal
conductivity was 0.414 W/(m K) for 2.1 wt% Cu in PEG/SiO2, which was enhanced by 38.1% compared to
pure PEG. The Cu/PEG/SiO2 hybrid material had excellent thermal stability and good form-stable
performance.
Crown Copyright & 2012 Published by Elsevier B.V. All rights reserved.
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1. Introduction
Phase change materials (PCMs) are functional materials that
can store and release large amounts of latent heat energy within a
slight temperature change [1,2]. PCMs have been widely used in
various applications, such as solar energy storage [3], smart
textiles [4–7], thermal protection of electronic devices [8], waste
heat recovery [9], and smart housing [10,11]. However, there is a
risk of solid–liquid PCM leakage during the repeated melting and
crystallization processes [12,13]. Therefore, the form-stable
organic–inorganic hybrid PCMs have become very popular
because they are easy to prepare and can be used directly without
additional encapsulation [14–19]. However, traditional organic–
inorganic hybrid PCMs have low thermal conductivities, which
reduce the energy utilization efﬁciency during heat charging and
discharging processes [20–23].
Many scientists have exerted signiﬁcant efforts in improving
the thermal conductivity of form-stable organic–inorganic hybrid
PCMs. Two main methods have been developed thus far
[14,20–28]. One method involves the dispersion of organic
components into porous materials with high thermal conductivity
[20–23]. Sarı prepared expanded graphite/palmitic acid composite PCMs, and the thermal conductivities of these PCMs,
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including 5, 10, 15, and 20 wt% expanded graphite, were found
to be 0.24, 0.30, 0.38, and 0.60 W/(m K), respectively [14]. However, there is a limited amount of porous materials that have
preferable thermal conductivities. Thus, other organic–inorganic
hybrid PCMs are difﬁcult to obtain using this method.
The other method involves the addition of some particles with
high thermal conductivities into the base ﬂuids of PCMs [24–27].
Wang doped b-aluminum nitride (b-AlN) into PEG1000/SiO2
composite material, and the thermal conductivity changed from
0.3847 W/(m K) to 0.7661 W/(m K) with an increase in mass ratio
of b-AlN from 5% to 30% [28]. Although the thermal conductivity
of form-stable organic–inorganic hybrid PCMs could be improved
using this method, effective dispersion was very difﬁcult to
achieve because of the large surface area and high surface energy
of the particles.
In situ doping by in situ reduction of metal salt solution is an
effective approach in improving the dispersion performance of
particles in a medium. Huang prepared Cu–polymer complex by
in situ chemical reduction, and the copper particle size in the
order of 10 nm was controlled by the initial metal ion content in
the complex [29]. Moreover, copper is one of the most widely
used materials in various ﬁelds because of its high thermal
conductivity (400 W/[m K]) and low cost. Thus, Cu/water nanoﬂuid was achieved by chemical reduction and had an effectively
enhanced thermal conductivity [30].
In the present study, a novel type of Cu/PEG/SiO2 hybrid formstable PCM with high thermal conductivity was obtained by in situ
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reduction of CuSO4 solution through the ultrasound-assisted sol–gel
method. The present study capitalized on the high thermal conductivity of Cu and ease in doping of in situ reduction. The
experiment was performed under mild conditions with facile
characteristics. The hybrid PCMs displayed an excellent form-stable
effect and good phase-change performance. Lastly, the heat retrieval
of the composite PCMs was faster than that of pure PEG.

between 3 and 4. KI was then added into the solution. As a result,
CuI and I2 were formed. Sodium thiosulfate was used to immediately titrate I2. The endpoint was characterized by the change in
solution color to light yellow. A few drops of starch were added as
indicator in the system. A small amount of 10% KSCN solution was
added to the mixture, and titration was continued until the
solution became colorless. The quantity of Cu (0) was calculated
using the volume of sodium thiosulfate used in the titration.

2. Experimental

2.3. Characterization of the hybrid composite PCM

2.1. Materials

The valence state of copper in Cu/PEG6000/SiO2 PCM was
analyzed by the ESCALAB250 Thermo VG XPS system using a twin
Al–Mg X-ray anode.
The structural analysis of the form-stable PCM was performed
using an FTIR spectrophotometer (Nicolet Avatar 320, KBr pellets).
The powder X-ray diffraction patterns were measured using
Rigaku D/MAX-2400 with Cu–Ka radiation. The scanning step size
was 0.021, which is 2y from 51 to 801.
The surface morphology of the PCMs was studied using a
scanning electron microscope (SEM) (Phenom, FEI).
The thermal property of Cu/PEG6000/SiO2 PCM was determined using a differential scanning calorimeter (DSC) (TA 2010).
The DSC analyses were conducted under dry nitrogen at a heating
rate of 5 1C/min from 10 1C to 90 1C.
Thermogravimetric analysis (TGA) was conducted using a
Perkin Elmer Diamond TG/Dr TG Thermogravimetric/Differential
Thermal Analyzer from 30 1C to 700 1C with a heating rate of
10 1C/min  1 under nitrogen.
The thermal conductivities were measured using a DRL-III
tester (Xiangyi Instrument, China).

All chemicals were of analytical grade and used without further
puriﬁcation. Tetraethyl orthosilicate (TEOS) was purchased from
the Tianjin Damao Chemical Agent Company (Tianjin, PR China).
PEG6000 was supplied by the Sinopharm Chemical Agent Company
(Shanghai, PR China). Copper (II) sulfate pentahydrate and polyvinylpyrrolidone (PVP) were from the Xilong Chemical Agent
Company (Shantou, PR China). Hydrazine hydrate (NH2NH2  H2O)
was purchased from the Tianjin Bodi Chemical Agent Company
(Tianjin, PR China).
Cu/PEG/SiO2 hybrid form-stable PCM was prepared using an
ultrasound generator (XH-2008D, Beijing XiangHu Science and
Technology Development, PR China).
2.2. Preparation of hybrid PCMs with enhanced thermal conductivity
The form-stable PCM with enhanced thermal conductivity was
synthesized through the ultrasound-assisted sol–gel method. The
typical synthetic procedure was as follows: 8.32 g of TEOS and
7.2 ml of distilled water were mixed in a 100 ml ﬂask. The
ultrasound probe was then inserted into the mixture while the
temperature was controlled at 60 1C. The pH of the mixture was
adjusted between 2 and 3 by adding a certain amount of 10%
hydrochloric acid. The translucent silica sol was obtained under
an ultrasound power nominal value of 300 W. PEG6000 and PVP
were dissolved in 0.2 M CuSO4 solution. The mixture was then
placed into the silica sol. After 20 min, NH2NH2  H2O and 10%
Na2CO3 solution were added slowly to the silica sol simultaneously. The system was homogenized using a stirrer and was left
to gel after 2 h of insulation. The product was placed in a vacuum
oven at 50 1C for 24 h. Finally, the hybrid form-stable Cu/PEG/
SiO2  PCM was obtained by in situ reduction.
Iodometry was used to determine Cu (II) [31], and the Cu
(0) content was veriﬁed. A small amount of the sample was
dissolved in diluted sulfuric acid with the solution pH controlled

3. Results and discussion
3.1. PCM synthesis and valence state, as well as mass fraction,
analysis of copper in PCM
The synthesis of hybrid PCM is shown in Scheme 1. Silica sol
was easily obtained using hydrochloric acid as a catalyst and
through ultrasound dispersion. Na2CO3 was used to adjust the pH
value between 7 and 8, and NH2NH2  H2O acted as the reducing
agent to reduce Cu2 þ . Finally, Cu was reduced in situ and
stabilized by PVP [32] in the SiO2 cage using the ultrasoundassisted sol–gel method. The valence state of copper in
Cu/PEG6000/SiO2 PCM was analyzed using XPS. XPS analysis
(Fig. 1) reveals that using N2H4  H2O to reduce CuSO4  5H2O
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Fig. 1. (a) XPS spectra of sample and (b) Cu 2p1/2 and 2p3/2 peaks with ﬁtting curves.

Table 1
Cu mass fraction analysis.
Sample

Theoretical
content (wt%)

Chemical
titration (wt%)

Cu/PEG6000/SiO2-1
Cu/PEG6000/SiO2-2
Cu/PEG6000/SiO2-3
Cu/PEG6000/SiO2-4

1
3
5
8

0.51
2.1
3.9
6.3

produced impure particles containing trace amounts of Cu (II).
This result was due to the formation of Cu2(OH)2CO3 in basic
conditions [33] and was derived from particle surfaces (Fig. 1b,
2p1/2 ¼930.209 eV, 2p3/2 ¼950.195 eV corresponding to Cu
(0) and 2p1/2 ¼934.546 eV, 2p3/2 ¼952.438 eV corresponding to
Cu (II)) [34–37]. The XPS analysis and the chromogenic reaction of
Cu–neocuproine [38] also prove the absence of Cu (I) in the
material. Thus, iodometry can be used to determine Cu (II)
content. The Cu (0) mass fraction can be obtained using the
decrement method (Table 1).

Fig. 2. IR spectra of the samples: (a) PEG6000, (b) Cu/PEG6000/SiO2-2 composite
and (c) SiO2.

3.2. FTIR spectra of hybrid PCMs
Typical bands in the IR spectra of pure PEG6000 (Fig. 2a) are
at 3430 (O–H stretching), 2917 (CH3 stretching), 2889 (CH2
stretching), and 1106 cm  1 (C–O–C symmetric stretching). SiO2
(Fig. 2c) shows characteristic bands at 798 (symmetric Si–O–Si
stretching), 1105 (asymmetric Si–O–Si stretching), and 966 cm  1
(Si–OH stretching). In the FTIR spectrum of form-stable
Cu/PEG6000/SiO2 PCM (Fig. 2b), both characteristic bands of
SiO2 and PEG6000 are present. No new peaks and shifts can
be found in the absorption peaks of the composite. This result
indicates that there is no chemical reaction between Cu, PEG6000,
and SiO2.
3.3. XRD analysis
The XRD patterns of SiO2, Cu, PEG6000, and the composite
are shown in Fig. 3. The spectrum in Fig. 3a exhibits one broad
peak at 221, which is attributed to amorphous silica. In Fig. 3c,
the XRD peaks at 19.31, 19.81, 23.41, and 24.81 are attributed to
PEG6000. Sharp and intense diffraction peaks at 43.31, 50.41,
and 74.11 are observed in both fresh Cu/PEG6000/SiO2 and Cu

Fig. 3. XRD patterns of samples: (a) SiO2, (b) PEG6000, (c) Cu/PEG6000/SiO2  2
composite and (d) Cu.

samples. These results illustrate that the introduction of SiO2
and Cu did not affect the crystal structure of PEG in the
composite.
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Fig. 4. SEM images of samples: (a) SiO2, (b) PEG/SiO2 and (c) Cu/PEG/SiO2.

Table 2
Phase-change behavior of Cu/PEG/SiO2 composites.
Sample

Cu (wt%)

Tc (1C)

DHc

Tm (1C)

(J/g)
PEG6000
PEG6000/SiO2
Cu/PEG6000/SiO2
Cu/PEG6000/SiO2
Cu/PEG6000/SiO2

–
–
0.51
2.1
3.9

39.6
43.6
45.3
44.1
45.8

177.9
103.8
123.4
114.6
102.8

59.6
56.5
58.2
56.6
58.2

(J/g)

PEG loading
(wt%)

181.5
102.8
121.4
110.2
100.4

–
76
75.05
70.36
67.25

D Hm

Fig. 5. DSC curves of Cu–PEG–SiO2 samples: (a) PEG/SiO2, (b) Cu(0.51%)/PEG6000/
SiO2, (c) Cu(2.1%)/PEG6000/SiO2 and (d) Cu(3.9%)/PEG6000/SiO2.

3.4. Scanning electron microscopy
The SEM images of pure SiO2, PEG/SiO2, and the composite
with 2.1 wt% of Cu are shown in Fig. 4. The phase change
component of PEG is usually found in the caves, which are part
of the supporting material [39]. The SiO2 network in the composites is ﬁlled with additives, which conﬁrms the quasi-uniform
distribution of the additives in the shape-stabilized PCM (Fig. 4b
and c).
Based on the analyses of XPS, IR, XRD, and SEM, a Cu/PEG/SiO2
material with good crystal performance is successfully prepared.
3.5. Thermal property of the form-stable PCMs
The DSC curves of Cu/PEG/SiO2 PCMs with various Cu ratios
are shown in Fig. 5. The phase change temperatures and phase
change enthalpies are listed in Table 2. The data in Table 2 show
that the melting point of Cu/PEG6000/SiO2 PCMs is nearly similar
to that of pure PEG6000. The phase change enthalpies of hybrid
PCMs are lower than its theoretical enthalpy (145.2 J/g) because
SiO2 prevents perfect PEG crystallization by acting as a general
impurity. Moreover, PEG chains absorbed onto SiO2 cannot
crystallize easily because of the drag effect [10]. However, the
phase change enthalpies of Cu/PEG6000/SiO2 PCMs can reach over
100 J/g, which is higher than those in the previous studies
[28,30,40–42].
The supercooling of PCMs is an important factor to be
considered in practical applications. Using the DSC measurement

Fig. 6. Phase change temperature of Cu/PEG/SiO2 PCMs with different Cu mass
fractions.

data in Table 2, the extent of supercooling was determined as the
difference between the melting point and crystallization temperature. The results are shown in Fig. 6. The extent of supercooling in Cu/PEG/SiO2 is lower compared with that of pure PEG.
An increase in the Cu mass fraction results in a slight difference in
the phase change temperature.
3.6. Thermal conductivity improvement
The thermal conductivity of Cu/PEG/SiO2 hybrid form-stable
PCMs can be improved by adding Cu particles obtained from the
in situ reduction of CuSO4  5H2O using a TEOS sol–gel. The
thermal conductivity results at different Cu mass fractions are
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illustrated in Fig. 7. The thermal conductivities of PEG/SiO2 hybrid
shape-stabilized PCMs increase when the Cu additive mass
fraction is also increased. The thermal conductivities of PEG and
PEG–SiO2 are 0.297 and 0.36 W/(m K), respectively. The thermal
conductivities of composite PCMs with 0.51, 2.1, 3.9, and 6.3 wt%
of Cu are 0.377, 0.41, 0.426, and 0.454 W/(m K), respectively.
A relative enhancement of more than 38% in the thermal conductivity is observed in the PCM containing 2.1 wt% of Cu particles.
The comparative studies of Cu/PEG/SiO2 PCMs with other
PCMs are shown in Table 3. The relative thermal conductivity
enhancement of Cu/PEG/SiO2 is higher than those of PEG/SiO2/AlN
[28], PANI/tetradecanol/MWNTs composite [40], and Cu/water
nanoﬂuid [30]. The hybrid materials are obtained by the in situ
doping of Cu via in situ chemical reduction of CuSO4 through the
ultrasound-assisted sol–gel method. Thus, the Cu particles are
dispersed more uniformly compared to other preparation methods. Although the relative thermal conductivity enhancement of
Cu/PEG/SiO2 is lower than those of Ag NWs/1-tetradecanol [41]
and capric acid/expanded perlite [42], the phase change enthalpy
value of Cu/PEG/SiO2 is higher than those of the results of
previous studies [41,42]. Thus, compared to other PCMs, the
Cu/PEG/SiO2 hybrid shape-stabilized PCM obtained via in situ
reduction of CuSO4  5H2O using TEOS sol–gel has higher thermal
conductivity, larger enthalpy, and more ﬂexibility for further
modiﬁcation.

3.7. Thermal stability of form-stable PCMs
The TG curve of the PCM with 2.1 wt% Cu particles is shown in
Fig. 8. This PCM has a weight loss between 247 1C and 282 1C.
There is an apparent endothermic peak in the DTG curve, which
corresponds to Cu2(OH)2CO3 decomposition [43]. In addition, a
weight loss of approximately 70% from 263 1C to 700 1C is
indicative of the mass percentage of PEG6000 in the PCM. Therefore, the PCM has good thermal stability when the temperature is
below 263 1C. This property is needed for a material to be used in
heat storage applications.
3.8. Melting and freezing temperature curves of the PCMs
The enhancement of the thermal transfer was also investigated
by comparing the melting and freezing processes of the Cu/PEG/SiO2
composite PCM with that of pure PEG. The results (Fig. 9I) demonstrate that to achieve the same temperature of 62.3 1C, the heating
times are 464 s for pure PEG (Fig. 9I, curve a), 392 s for PEG–SiO2
(Fig. 9I, curve b), 368 s for Cu/PEG/SiO2 (Cu: 0.51 wt%, Fig. 9I, curve
c), 348 s for Cu/PEG/SiO2 (Cu: 2.1 wt%, Fig. 9I, curve d), and 200 s for
the Cu/PEG/SiO2 (Cu: 3.9 wt%, Fig. 9I, curve e). As for the freezing
process (Fig. 9II), to achieve the same temperature of 48 1C, the
freezing times are 692 s for pure PEG (Fig. 9II, curve a), 572 s for
PEG–SiO2 (Fig. 9II, curve b), 460 s for Cu/PEG/SiO2 (Cu: 0.51 wt%,
Fig. 9II, curve c), 208 s for Cu/PEG/SiO2 (Cu: 2.1 wt%, Fig. 9II, curve d),
and 168 s for the Cu/PEG/SiO2 (Cu: 3.9 wt%, Fig. 9II, curve e).
Compared with that of pure PEG, the heating and freezing times
of the form-stable Cu/PEG/SiO2 (2.1 wt %) composite PCM was
reduced by 25% and 69.9%, respectively. So, the energy utilization
efﬁciency can be improved during heat charging and discharging
processes because of the increased heat-transfer rate through Cu
addition.

4. Conclusions

Fig.7. Thermal conductivity of the composites with different mass fractions of Cu.

Cu/PEG/SiO2 hybrid form-stable PCMs, which exhibit the same
phase transition characteristics as PEG, are obtained for latent
heat storage applications. In the material, Cu, PEG6000 and SiO2
were physically composite according to the FTIR, and the valence
state of copper was mainly zero based on the analytical result of
XPS. When Cu is 2.1 wt% in PEG/SiO2, the phase change enthalpy
and thermal conductivity reached up to 110 J/g and 0.414 W/
(m K), respectively. The thermal conductivity of the form-stable
PCM is increased signiﬁcantly by in situ doping of Cu particles
through in situ reduction of the metal salt solution. The cooling

Table 3
Thermal properties in comparison with references.
PCM

Phase change type

DHf
(J/g)

PANI/tetradecanol/MWNTs

Form-stable
115

A–gNWs/1-tetradecanol

Solid–liquid
76.5

Capric acid/expanded perlite

Form-stable

Cu/water nanoﬂuid

–

PEG/SiO2/AlN

Form-stable

96.3
–

129.8
PEG/SiO2/Cu

Form-stable
110.2

Additive mass fraction
(wt%)

Thermal conductivity
(W/[m K])

0
5
0
62.73
0
10
0
10
0
5
0
2.1

0.33
0.43
0.32
1.46
0.087
0.143
–
–
0.2985
0.3847
0.297
0.41

Thermal conductivity enhancement (%)

Reference

30.3

[40]

356.3

[41]

64.37

[42]

23.8

[30]

28.88

[28]

38.05

This paper
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Fig. 8. TG and DTG curves PEG6000 (curve a) and Cu/PEG/SiO2 (curve b).

Fig. 9. The melting (I) and freezing (II) temperature curves of Cu/PEG/SiO2 composites with different mass fractions of Cu: (a) PEG6000, (b) 0, (c) 0.51%, (d) 2.1% and
(e) 3.9%.

rate tests show that the cooling time is reduced by 69.9% for
2.1 wt% Cu in PEG/SiO2 PCM compared to PEG/SiO2. Thus, problems associated with the low thermal conductivity of PEG/SiO2
and the extra encapsulating PEG are solved. Cu/PEG/SiO2 hybrid
form-stable PCMs are synthesized for the ﬁrst time from chemical
methods and are used to improve the thermal conductivities of
conventional heat transfer PEG-based PCMs.
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