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Owing to their high latent heat enabling thermal energy conservation upon heat absorption and release, phase change materials
(PCMs) are attracting increasing interest for use in thermal energy storage systems and next-generation thermal management
systems. However, they have limitations such as inherently poor thermal and mechanical properties, which hinder their
practical use. To overcome these limitations, we prepared a novel PCM based on polyimide- (PI-) grafted erythritol (PIET)
through in situ grafting and imidization using PI. PIET composites that were prepared using oxidized expanded graphite as a
filler showed an improved thermal conductivity of 2.56 W-m "K' in the through-plane direction, a latent heat of 192.5]-g”",
and a tensile strength enhanced by 119%. Thus, the prepared PCM composites showed the potential for the development of

advanced PCMs.

1. Introduction

The rapid development of electronic devices and packaging
technologies, such as electronic power modules and energy
storage system, has resulted in the development of highly
integrated, high-performance, and high-density devices.
However, these advances have led to thermal and electrical
problems, which reduce the lifetime and reliability of the
electronic devices [1-3]. In particular, for the stable and safe
operation of the devices, an efficient heat management sys-
tem is necessary to dissipate the heat accumulated [4, 5].
Toward this end, various studies have developed thermal
interface materials consisting of a polymer matrix (epoxy
[6], polyvinyl alcohol [7], and polyimide (PI) [8]) and highly
thermally conductive fillers (graphite [9], graphene [10], car-
bon nanotubes [11], alumina [12], aluminum nitride [13],
boron nitride [14], copper [15], and silver [16]). Phase
change materials (PCMs) such as stearic acid [17], paraffin
[18], and erythritol (ET) [19] have attracted attention as
novel thermal management and energy storage systems,
because of their high latent heat that facilitates heat conser-

vation during the inflow and outflow of thermal energy.
However, the inherently poor thermal and mechanical prop-
erties of these materials limit their use in real products. Fur-
thermore, heat-induced leakage issues at temperatures above
the melting point of the PCMs and supercooling effects pose
additional challenges to the development of advanced PCM
composites [20, 21]. One of efficient strategies to prevent
leakage is microencapsulation, which has the advantage of
preserving the high latent heat and leakage proof properties
[22, 23]. However, most reported studies of microencapsu-
lated PCM composites showed limited low thermal conduc-
tivity. Zhang et al. used calcium carbonate, polydopamine,
and n-octadecane to fabricate form-stable PCM composite.
The composite had a thermal conductivity of 0.5W-m K
and a latent heat of 140 ]-g'1 [24]. Meanwhile, to introduce a
porous-structured filler network in the matrix by using porous
expanded graphite (EG) [25] and a metal framework [26] is
also useful strategy. EG is commonly used in this context
because of its low cost, porous structure, ease of surface treat-
ment, and high thermal conductivity (100-150 W-m K.
Huang et al. used EG, parafin, and styrene-butadiene-
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FIGURE 1: Fabrication process for PIET/EG-OH.

styrene to fabricate a flexible, form-stable PCM composite. The
composite had a bending strength of 0.75 MPa, a tensile strength
of 0.38 MPa, a thermal conductivity of 0.88 W-m™-K™', and a
latent heat of 78.3 I-g’1 [27]. Moreover, ET, which is a sugar
alcohol PCM, is attracting attention as a potential matrix of
PCM composites, owing to its intrinsically excellent heat-
saving capacity, absence of phase separation and corrosion,
high thermal conductivity, and ecofriendly nature [28]. Ma
et al. fabricated EG/ET PCM composites and measured their
latent heat and thermal conductivity to be 352.66]-g"" and
1.287W-m "K', respectively, which corresponded to a
52.5% improvement compared with pure ET [29]. Although
improvements in thermal conductivity and mechanical prop-
erties have been reported in many studies, it is still difficult to
achieve a level exceeding that of conventional polymer-matrix
composites. In particular, the hot-pressing method is useful
for the fabrication of high-performance composites with
decreasing voids between the filler and the matrix under high
pressure and at a temperature above the glass transition tem-
perature of the polymer matrix [30, 31].

In this study, a novel PI-grafted ET (PIET) PCM was
prepared through in situ grafting and thermal imidization
using PI, ET, and (3-aminopropyl)triethoxysilane (APTES).
The prepared PIET matrix showed higher mechanical and
thermal stability than pure ET. Furthermore, oxidized EG
(EG-OH) showed improved compatibility with the matrix,
with stronger interaction and reduced thermal resistance at
the interface. The prepared PIET and EG-OH were com-
pounded using the hot-pressing method. The porous EG
structure provided phonon transfer paths in the PCM and
dissipated accumulated heat, thereby preventing the thermal
degradation of ET. The novel PCM composite prepared in
this work and its easy preparation show great potential for
accelerating the development of functional PCMs.

2. Experimental Section

2.1. Materials. Meso-ET (99% purity) was supplied by Alfa
Aesar, pyromellitic dianhydride-co-4,4"-oxydianiline poly(a-
mic acid) (PAA) solution (electronic grade), APTES (98%
purity), and expandable graphite (>300 ym) were procured

from Sigma-Aldrich, and sulfuric acid and nitric acid were
purchased from Daejung Chemical Co., Korea.

2.2. Synthesis of PIET. ET, PAA solution, and APTES were
mixed and stirred until completely melted at 140°C for
30 min. After that, a homogeneous yellow mixture was pro-
duced. To prevent imidization, we stored the prepared PIET
at room temperature.

2.3. Oxidization of EG. To synthesize porous EG, we heated
expandable graphite to 900°C for 30s in a muffle furnace.
One gram of the EG synthesized was dispersed in a 450 mL
mixture of sulfuric and nitric acid (1:2 v/v), and the mixture
was stirred at 75°C for 6h to oxidize it. After the reaction,
the mixture was filtered and stored at 80°C in an oven.

2.4. Preparation of PIET/EG-OH. EG-OH was dispersed in
acetone. The dispersion was then added to PIET, and the
mixture was stirred at 120°C until all the acetone evaporated
and the mixture was homogeneous. The mixture was taken
in a Teflon plate and hot-pressed through a thermal imidiza-
tion process that consisted of the following three stages.

(1) Solvent evaporation at 150°C for 10min; only the
evaporation of the solvent occurred in this stage

(2) Imidization at 230°C for 30 min
(3) Annealing at 300°C for 60 min

Finally, PIET/EG-OH composites were obtained.

3. Results and Discussion

3.1. Synthesis and Analysis of PIET. We first prepared the
PIET PCM and oxidized EG to produce advanced PCM
composites (Figure 1). PIET was fabricated to address the
intrinsic fragility and liquid leakage issues of ET at high tem-
peratures. This material was synthesized by imidization of
PAA-ET prepared through in situ grafting using PI, ET,
and APTES.

Fourier transform infrared (FT-IR) spectra showed the
chemical reaction changes occurring in PAA-ET and PIET
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FIGURE 2: (a, b) FT-IR spectra and (c) DSC curve changes upon fabrication of PIET. Cross-sectional FESEM images of (d) PI, (e) neat ET,

and (f) PIET are also shown.

(Figure 2(a)). The peak at 3324 cm™! was attributed to the
stretching vibrations of the O-H groups of ET [32], and
the typical peaks at 1620 and 1098 cm ™" corresponded to

the N-H and Si-O-C stretching vibrations of APTES [33].
After the reaction between PAA and ET, the signals of the
-NH groups of APTES and PAA disappeared, and a new
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TaBLE 1: Mechanical properties and latent heat of PIET.

PI/ET ratio Latent heat (J-.g™")

Tensile strength (MPa) Elongation at break (%)

1:0 (PI) —

0:1 (ET) 395.3+0.3
1:1 191.4+0.3
1:25 259.6+0.3
1:5 328.2+0.2

70+£0.3 10+£0.2
0.7+0.1 2.4+0.1
3.39+0.2 6.37+0.1
2.84+0.2 4.64+0.1
1.48£0.2 3.79+0.2

peak of Si-O-C stretching vibrations appeared, confirming
the successful grafting of PAA chains on ET [34]. The broad
hydroxyl vibration peak of ET also appeared after the reac-
tion. The same results were obtained after the thermal curing
of PI and PIET (Figure 2(b)).

Thermal behavior changes after the synthesis of PIET
were investigated using differential scanning calorimetry
(DSC). The variation in the endothermic temperature of
the material is shown in Figure 2(c). The melting tempera-
tures of PAA and ET were —20 and 130 °C, respectively.
After the synthesis, the endothermic response of PIET
shifted to 120-122.5°C, which was 5°C lower than that of
ET. These phenomena originated from the weakening of
the hydrogen bond network because of the reduction in
the number of hydroxyl groups (related to the melting point
of the material) during the grafting of PAA on ET. In other
words, the decreased melting point of PAA-ET was a strong
indication of the successful grafting of PAA on ET [35].

Cross-sectional images (Figures 2(d)-2(f)) of the
matrices during the PIET synthesis were obtained using
field-emission scanning electron microscopy (FE-SEM). A
homogeneous PIET phase was observed after the synthesis,
consistent with the above results (Figures 2(e) and 2(f)).

The mechanical properties and latent heat measured for
various PI/ET ratios are shown in Table 1. Grafting PT on ET
significantly enhanced the tensile strain and strength of ET
due to intrinsic high mechanical properties of PI grafted
on ET. Furthermore, the latent heat of the sample with PI/
ET=1:5 did not decrease significantly (83% of that of
neat ET).

3.2. Oxidation of EG Surface and Analysis. EG was oxidized
to increase the adhesion between the matrix and the filler
and to thereby enhance the performance of the PCM
composites.

FT-IR analysis was conducted to evaluate changes in the
functional groups during the oxidation process (see
Figure 3(a)). A new peak of 3325 cm™ !, which was attributed
to the O-H vibration, was observed for EG-OH. To obtain
additional information, we performed wide-scan X-ray pho-
toelectron spectroscopy (XPS) and Raman measurements
(Figures 3(b) and 3(c)). XPS analysis showed that the O/C
atomic ratio increased from 0.015 (raw EG) to 0.16 (EG-
OH), and the Raman spectrum of EG was dominated by
the G, D, and 2D bands. The peak at 1355 cm™ (D band)
was attributed to defects on the surface of EG and the sp’-
hybridized carbon, the peak at 1578 cm™ (G band) was the
vibration of sp>-bonded carbon atoms, and the 2718 cm™

peak of the 2D band was the second order of the D band that
could be attributed to two-phonon emission with double
resonant Raman scattering [34]. The I/l ratio—the inten-
sity ratio between the D and G bands—is used to evaluate
the amount of disorder and defects in carbon materials
[36]. The Iy/I; ratio of EG and EG-OH increased from
0.14 to 0.21 after oxidation, reflecting an increase in defects
in EG-OH because of the introduction of hydroxyl groups
in the oxidation process. These results confirmed the success-
ful introduction of hydroxyl groups on the EG surface [37].

3.3. Morphological Analysis of EG. Morphological changes
that occurred during the preparation of EG-OH were ana-
lyzed using FE-SEM (Figures 3(d)-3(f)). Figure 3(d) shows
the presence of expandable graphite flakes, and Figure 3(e)
depicts the porous structure of EG after heating. Notably,
the porous EG structure was well maintained after oxidation
(Figure 3(f)).

3.4. Morphology of PIET/EG-OH Composites. The stronger
interfacial interaction between EG-OH and the matrix after
oxidation was verified by performing FE-SEM morphologi-
cal analysis (Figure 4).

Raw EG exhibited many defects and a low dispersibility,
which resulted in the separation of the matrix and filler
domains because of poor interfacial interaction (Figures 4(a)
and 4(c)). On the other hand, EG-OH showed significantly
enhanced interfacial adhesion in the PIET, owing to the
hydrogen bonds between ET’s hydroxyl groups and the filler
surface (Figures 4(b) and 4(d)).

3.5. Properties. The through-plane thermal conductivity was
calculated by measuring the thermal diftusivity, heat capac-
ity, and density of PIET composites according to various
constitutions (Figure 5(a)). As expected, PIET/EG-OH
exhibited the highest thermal conductivity (2.56 W-m".K'",
412% higher than that of pure ET (0.5 W-m "K™)). In other
words, the improvement in the interfacial interaction after
the oxidation of EG, the porous filler network of EG in the
through-plane direction, and the reduction in the number
of defects in composites fabricated through hot-pressing
resulted in the prepared PCMs having high thermal conduc-
tivity. Additionally, a theoretical analysis was conducted to
predict the thermal conductivity of composites for analyzing
the increasing trend of the thermal conductivity of
composites in detail, and it is described in the extended dis-
cussion part in Supplementary Information (Figure SI and
Table S1).



International Journal of Energy Research

O/C atomic ratio: 0.16

Transmittance (%)

O/C atomic ratio: 0.015

4000 30I00 20I00 IOIOO 600 S(I)O 4(I)0 3(I)0 2(I)0 100
Wave number (cm™) Binding energy (eV)
—— raw EG —— raw EG
— EG-OH —— EG-OH

(@ (b)

G band 2D band

D band L I5/15:0.14

Intensity (a.u.)

I5/15:0.21

T T T T T
1000 1500 2000 2500 3000
Raman shift (cm™)

100 ym

—— raw EG
—— EG-OH

100 ymy

(e) (f)
FIGURE 3: (a) FT-IR, (b) wide-scan XPS, and (c) Raman spectra of EG and EG-OH. Morphologies of (d) EG flakes, (e) EG, and (f) EG-OH.



International Journal of Energy Research

FI1GURE 4: Cross-sectional FE-SEM images of (a, ¢) PIET/EG and (b, d) PIET/EG-OH.

Figure 5(c) shows the latent heat values measured for
PCMs with different fillers. The latent heat of PIET/raw EG
was only 51.2% (168.2 ]'g‘l) of that of PIET (328.2 ]-g'l), and
this could be ascribed to the crystal orientation of ET mole-
cules being constrained by the porous EG [38]. The steric drag
effect of nano is also known to decrease the latent heat of
form-stable PCMs [39]. After the oxidation of EG, improved
interfacial interaction resulting from hydrogen bonding
between hydroxyl groups on the EG surface and the ET matrix
accelerated heat transfer in the PIET/EG-OH composite. Con-
sequently, PIET/EG-OH had higher latent heat (192.5]-g",
enhancement of approximately 14%) than PIET/raw EG.

To verify the superiority of the PIET/EG-OH compos-
ites, we compared the dependence of their thermal conduc-
tivity on the latent heat with that in the case of sugar
alcohol-based PCM composites reported in recent studies
(Table 2). Since it is difficult to simultaneously achieve high
values of latent heat and thermal conductivity, PIET/EG-OH
(with high latent heat and thermal conductivity) has high
potential for use in novel thermal management applications
combining heat dissipation and saving.

Furthermore, the thermal stability of PIET/EG-OH was
evaluated via a leakage test. As shown in Figure 6, pure ET start
to leak at 150°C while PIET start to leak at 170°C. This is due to
cured PI between ET that enhance the thermal stability of
PIET. Meanwhile, PIET/EG-OH did not show any leakage of
ET up to 200°C, which is considerably higher than the melting
point of ET (130°C). In other words, the chemical curing reac-
tion between PI and ET, the porous EG network, and the
hydrogen interaction between interfaces of filler and matrix
significantly enhanced the thermal stability of the composites.

The tensile stress and strain of PIET/EG-OH were eval-
uated by using a universal testing machine (Figures 7(a)
and 7(b)). After raw EG was loaded, the tensile strain and
stress increased from 3.79% to 4.28% and from 1.48 MPa
to 1.99 MPa, respectively, because of the brittleness of the

filler [45]. Furthermore, the EG-OH filler network and the
improved interfacial interaction between the filler and the
matrix maintained the tensile strain at 5.09%, which caused
the tensile strength to increase to 2.59 MPa. The tensile
strength and stress increased by 119% and 225%, respec-
tively, compared with those of pure ET. Thus, among
reported PCM composites, the PIET/EG-OH composite is
a strong candidate for use as an advanced PCM.

Figure 8 and Table 3 show a comparison between the cool-
ing curves and subcooling degrees of the PCM composites.
When a material passes through a metastable phase transition
temperature during the cooling or heating process without
solidifying or melting, subcooling occurs. This is considered
a kinetic property, and the difference between the melting
temperature (T,,) and the solidification temperature (T) is
the subcooling degree (T.). Most PCMs used in thermal stor-
age applications exhibit subcooling, and this property is less
pronounced in organic PCMs such as paraffins and fatty acids
compared with inorganic PCMs such as salt hydrates. To ver-
ify the subcooling impact of composites with various compo-
nents, we determined the subcooling degree by using DSC.
For neat ET, the subcooling degree was 68.7°C, which is a large
value typical of sugar alcohol-based PCMs. The porous EG
with a large specific area can influence the ET matrix in two
ways. First, it can increase the nucleation sites in ET and pro-
mote nucleation and crystal growth. Second, the porous struc-
ture can adsorb and fix ET, which would hinder the diffusion
of ET molecules and improve the activation energy of phase
transformation. From Figure 8 and Table 3, the supercooling
degree after EG loading (44.8) was apparently lower than that
of pure ET, implying that the nucleation effect of EG was
stronger than the hindrance effect. Furthermore, the improved
interfacial interaction between ET and EG-OH after the oxida-
tion of the EG surface enhanced the nucleation effect and
decreased the supercooling degree of the PIET/EG-OH com-
posite (39) [50]. Meanwhile, the phase change stability of
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TaBLE 2: Comparison of thermal properties of sugar alcohol-based PCM composites.

Organic PCMs Filler Filler content (%) Latent heat (]~g'1) Thermal conductivity (WmLK?) Refs.
56ME/Sep XGNP 8 168.9 0.76 [38]
Erythritol KKf 7 3225 0.40 [40]
D-Mannitol Silica/GO — 216.7 0.72 [41]
Erythritol EG/CaPi 3 352.7 1.29 [42]
Erythritol MWCNT 1 356.0 0.98 [43]
Erythritol Exfoliated graphite 10 257.5 1.66 [44]
Erythritol EG 4 380.5 115 [46]
PIET EG-OH 5 192.5 2.56 The present work
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TaBLE 3: Subcooling degree of composites with different components.

Composite Melting temperature (°C) Solidifying temperature (°C) Subcooling degree (°C)
Neat ET 125.8 0.1 57.1+0.2 68.7
PIET/raw EG 120.2+0.2 75.4+0.1 448
PIET/EG-OH 120.3+0.1 81.3+0.1 39

PCM composites is also one of the most critical factors. There-
fore, DSC cycling tests with 50 cycles were performed to con-
firm the decrease in the latent heat during repeating phase
changes (Figure 8(c)). After 50 cycles, the latent heat of the
composites decreased from 192.5 to 182.8]-g"" (i.e., only by
2.5%), indicating that the phase change stability in repeating
heating and cooling cycles is sufficient.

4. Conclusions

We attempted to fabricate novel thermal conductive PCMs
that did not have the drawbacks of existing PCMs, such as

poor mechanical properties and low thermal conductivity.
The novel PCMs were synthesized through in situ grafting
using PI, ET, and APTES. To increase the interfacial adhe-
sion between the matrix and the filler, we oxidized the EG
surface. The fabricated PIET/EG-OH composites showed
excellent characteristics such as high through-plane thermal
conductivity (2.56 W-mK"), tensile strength (2.59 MPa),
and latent heat (192.5]-g""). Our study shows the consider-
able potential of thermal conductive PCM composites for
novel thermal management applications, including heat sav-
ing and heat dissipation, which will significantly contribute
to the further development of these composites.
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