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Abstract In the present work, a novel PAN-based form-
stable composite phase change materials with the methyl
stearate (MES) encapsulated in the supporting matrices of
polyacrylonitrile (PAN) nanofibers were fabricated through
electrospunning for the storage and retrieval of thermal
energy. Influences of graphene oxide (GO) addition on the
chemical properties, structural morphologies, mechanical
properties, thermal energy storage properties, thermal sta-
bility, and thermal energy storage/retrieval rates of elec-
trospun MES/PAN/GO phase change composite nanofibers
were systematically investigated by FT-IR, FE-SEM, ten-
sile testing, DSC, TG, and measurement of melting/freez-
ing times, respectively. The results revealed that the
incorporation of GO effectively enhanced the mechanical
properties, thermal stability, as well as heat storage and
release rates of the phase change composite nanofibers. The
averaged tensile strength of electrospun MES/PAN/GO
phase change composite nanofibers increased significantly
by 573 % with 10 mass% loading of GO, while elongation
at break had a maximum 107 % increment when adding
3 mass% of GO. The DSC results indicated that the elec-
trospun PAN-based phase change composite nanofibers
with various GO loadings had suitable phase transition
temperatures with the latent heat ranging from about 92 to
109 kJ kg~ " and exhibited good thermal reliability in terms
of DSC measurements during 50 melting-freezing cycles.
Moreover, the melting and freezing time were significantly
decreased about 44 and 43 % for the MES/PAN/GOS5, as
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well as 59 and 64 % for the MES/PAN/GOI10 after intro-
ducing the GO into the composite nanofibers systems.
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Introduction

Over the recent decades, there has been increasing interest
in latent heat storage technology using phase change
materials (PCMs), which has been successfully applied in
numerous fields of solar energy systems, energy efficient
buildings, smart air-conditioning, temperature-adaptable
greenhouses, space and water heating, industrial waste heat
recovery, cooling of engines, medical application, thermal
insulation, homothermal textiles, and solar thermal power
plant [1-7] because of the distinctive advantages such as
high heat storage density, narrow temperature variation
from reserve to release thermal energy, much less insulation
required, lower vapor pressure, and volume change [7, 8].

As a new type organic solid-liquid PCMs, fatty acid
esters, which can storage or retrieval large amounts of
latent heat and adjust temperature as they change from one
physical state to another, has drawn a great deal of atten-
tion due to its non-toxic, non-corrosive, high enthalpy, a
narrow temperature range during the phase transition, low
cost, good thermal, and chemical properties with little su-
percooling or phase segregation [9-11]. The preparation
and thermal properties of some fatty acid esters have been
studied for the applications related to the store and retrieval
of thermal energy in recent years. For example, Aydin et al.
[9] reported the synthesis of a series of high-chain fatty
acid esters of I-tetradecanol (myristyl alcohol) by
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esterification reaction, and characterized these substances
by FT-IR, DSC, and TG measurements. Their results
showed that these synthesized esters were favorable for
low-temperature heat transfer applications with superior
thermal properties and reliability. Sari and coworkers [10]
reported synthesis, characterization and thermal properties
of a series of stearic acid esters as novel solid-liquid
PCMs, and revealed that the synthesized esters have sig-
nificant energy storage potential due to their satisfactory
thermal properties, good thermal reliability, and thermal
conductivities. Sari et al. [11] also investigated the syn-
thesis, thermal energy storage properties and thermal reli-
ability of some fatty acid esters with glycerol as novel
solid-liquid phase change energy storage materials, and
indicated that the synthesized esters can be considered as a
potential PCMs for thermal energy storage. Nevertheless,
the leakage and poor thermal conductivity of organic solid—
liquid PCMs (e.g., fatty acid esters) probably limit their
direct applications in some areas. It is thereby essential to
fabricate form-stable PCMs with an enhanced thermal
performance to broaden their application. Currently various
supporting materials have been selected to solve this
leakage problem including polymethyl methacrylate [12],
high-density polyethylene (HDPE) [13], polyethylene [14],
polypropylene [15], ultra high molecular mass polyethyl-
ene (UHMWPE) [16], polyethers [17], PnBMA [18],
diacetate cellulose (CDA) [19], poly(acrylic acid) (PAA)
and poly(ethylene-co-acrylic acid) (EcoA) [20], polyure-
thane [21], poly(methylmethacrylate-co-divinylbenzene)
[P(MMA-co-DVB)] [22], polyamide 6 (PA6) [23], poly-
ethylene terephthalate (PET) [24], attapulgite [25], silicon
dioxide [26], diatomite [27], halloysite nanotube [28],
expanded perlite [29], vermiculite [30], expanded graphite
[31], and carbon nanotubes [32] etc. Moreover, the low
thermal conductivity of PCMs, which makes the rates for
storing and releasing of thermal energy during the melting
and crystallization processes to be slow, had also been
overcame by adding high thermal conductivity substances
into solid-liquid PCMs like silicon dioxide [26], expanded
graphite [27-31], carbon nanotubes [32, 33], carbon fibers
[33], and Ag nanowires [34] etc. These additives can
effectively improve the overall heat transfer and/or diffu-
sion properties of PCMs.

Graphene oxide (GO), a two-dimensional (2D) single-
layered carbon material, has recently attracted extensive
attention owing to its unique structure, large specific sur-
face area, superior electronic conductivity, high thermal
conductivity, excellent mechanical properties, and low
cost. There are a large number of oxygen-containing
functional groups attached on the basal planes and edges of
GO sheets such as hydroxyl, epoxide, carboxyl, and car-
bonyl groups, which could allow homogeneous dispersion
of GO nanosheets in water or different solvents and
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effectively improve interfacial interaction and compatibil-
ity between GO and polymeric matrix [32-51]. Recently, a
variety of GO-based polymer composites (e.g., Nylon-6
[36], polysaccharide [37], poly(vinyl alcohol) [38], poly-
amide and polyphenylene [39], poly(arylene ether nitrile)
[40], polybenzimidazole [41], carboxylated acrylonitrile
butadiene rubber [42], silicone [43], Polyimide [44],
polyurethane [45], polymethyl methacrylate [46], poly-
propylene [47], acrylic resins [48], polypyrrole [49],
polyaniline [50], and epoxy [51],) have been extensively
investigated to improve their mechanical [36—45], thermal
stability [38-46], thermal conductive properties [42—44],
electrical [46-50], electrochemical [49, 50], biocompati-
bility [37, 50], and tribological [51] properties.

Methyl stearate (MES) is a favorable fatty acid ester
with the attractive advantages of high energy storage
capacity, suitable phase change temperature, good thermal
reliability and chemical stability, better odor, non-corro-
sivity, and cost-effective, which can be considered as
potential organic solid—liquid PCM for storage and retrie-
val of thermal energy. Polyacrylonitrile (PAN) is an
important engineering polymer material that has been
widely used to produce electrospun nanofiber membranes
for many applications due to its good spinnability, attrac-
tive structural and mechanical characteristics, outstanding
chemical, and thermal stability property, as well as low
cost [52].

However, to the best of our knowledge, there have been
no previous reports on the preparations of PAN-based
form-stable PCMs with PAN acting as polymer supporting
materials. Furthermore, the study on the preparations of
form-stable PCMs incorporating MES, which was chosen
as solid-liquid PCM, has also never been reported. In this
study, therefore, the PAN-based form-stable phase change
composite nanofibers were prepared by encapsulating MES
into PAN nanofibers matrix using simple electrospinning
method. In addition, in order to enhance the mechanical
properties, thermal stability and thermal conductivity,
electrospun MES/PAN/GO phase change composite
nanofibers with various contents of GO were also fabri-
cated, in which the GO was selected as heat transfer/dif-
fusion promoters and could also act as supporting material
by interfacial interactions, capillary force, and surface
tension. The effects of GO loading on the chemical prop-
erties, structural morphologies, mechanical strength, ther-
mal energy storage properties, thermal stability and
thermal conductivity, properties of electrospun MES/PAN/
GO phase change composite nanofibers were systemati-
cally characterized by fourier transform infrared (FT-IR)
spectra, field emission scanning electron microscope (FE-
SEM), tensile testing, differential scanning calorimetry
(DSC), thermogravimetric (TG) analyses, and measure-
ment of melting/freezing times, respectively.
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Experimental
Materials

The PAN powder (PAN, M,, = 50,000-60,000) was pur-
chased from Aldrich. The chemicals of methyl stearate
(MES, CH;3(CH,);,COOCHj3;) and N, N-dimethyl form-
amide (DMF) were supplied by the Sinopharm Group
Chemical Reagent Co., Ltd. (Shanghai, China). The GO
was obtained from the Nanjing Pioneer Nanomaterials
Technology Co., Ltd. (Nanjing, China). All of the chemi-
cals were used as received without further purifications.

Fabrication of the MES/PAN/GO phase change
composite nanofibers

The GO were first dispersed in DMF solvent with different
mass ratios [Wgo:(Wyes + Wean + Woo)l of 1, 3, 5, and
10 mass% in a 100 W ultrasonic bath for 12 h at room tem-
perature. The PAN at a concentration of 10 mass% (with
respect to DMF) was then dissolved in the solution and stirred to
obtain a uniform polymer solution at ~50 °C. Subsequently,
the MES powder was added into the previously prepared
solution with a fixed concentration (Wygs:Wpan = 1.2:1).
Thereafter, these spinning solutions were magnetically stirred
to achieve the well-dispersed solutions for electrospinning. The
codes of electrospun phase change composite nanofibers were
referred to as MES/PAN/GO1, MES/PAN/GO3, MES/PAN/
GOS5, and MES/PAN/GO10, respectively.

Electrospinning solution was loaded into a 20 mL plastic
syringe with a blunt-end stainless steel needle. The inside
diameter of the metal needle was 0.3 mm. During electros-
pinning, the solutions were fed using a syringe pump pur-
chased from the medical instrument Co. (Hangzhou, China)
at a rate of 1 mL h™'. The electrospun phase change com-
posite nanofibers were collected as overlaid fibrous mats on
the electrically grounded aluminum foil that covered the
roller collector. The rotating speed of the roller was fixed at
100 rpm. The voltage applied between the spinner outlet and
the roller collector was set at 18 kV, and the distance
between the needle tip and the roller was set at 16 cm. In
addition, the PAN nanofibers and MES/PAN phase change
composite nanofibers were also electrospun for comparison.
All electrospun samples were dried in a vacuum oven at room
temperature for 24 h to remove the residual solvent.

Characterizations and evaluations
Fourier transform infrared spectroscopy
FT-IR spectra were obtained using a Nicolet iS10 FT-IR

spectrometer (Thermo Fisher Scientific) with the wave-
number ranging from 400 to 4,000 cm™ .

High-resolution transmission electron microscope

A HR-TEM (JEOL-2100) was used to examine the mor-
phology of pure GO nanosheets. The sample was prepared
by first dispersing the GO in anhydrous ethanol, and then
the dispersion was dropped on copper grid. Thereafter, the
sample was dried at room temperature under vacuum
before observation.

Field emission scanning electron microscopy

The morphologies of electrospun nanofibers were observed
with a Hitachi S-4800 FE-SEM at an accelerating voltage
of 1 kV. Prior to imaging with the FE-SEM, the sample
was sputter coated with gold to avoid charge
accumulations.

Mechanical testing

Mechanical property testing was performed by using a
computer control electronic universal testing machine
(KDII-0.05) at room temperature. The samples were cut
along the revolving direction of the drum with lengths of
100 mm and widths of 10 mm. The thicknesses of the
membranes were accurately measured using a digital
micrometer. A crosshead speed of 50 mm min~' was used
for all the specimens tested. The reported tensile strengths
and elongations at break were the average of at least ten
specimens.

Differential scanning calorimetry

The phase change temperatures and enthalpies of the MES
powder and electrospun phase change composite nanofi-
bers were determined by a DSC-Q200 thermal analyzer
with the scanning rate of 8 °C min~" over the temperature
range of 0-100 °C. The DSC analyses were carried out
under a constant nitrogen atmosphere at a flow rate of
50 mL min~'. About 5-10 mg sample was sealed in an

aluminum pan for the measurement.
Thermogravimetry analyses

The thermal stability of the MES powder and electrospun
phase change composite nanofibers was investigated by a
thermogravimetric analyzer (TG-Q5000 thermo-analyzer
instrument) under a constant stream of nitrogen with the
flow rate of 25 mL min~". The about 10 mg specimen was
heated from 25 to 800 °C using a linear heating rate of
10 °C min~'. The precisions of measurements for tem-
perature and mass during TG experiments were +2.0 °C
and 2.0 %, respectively.
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Thermal performance test

Thermal performance test was performed to investigate the
effect of GO addition on thermal energy storage and
retrieval rates of electrospun MES/PAN phase change
composite nanofibers. Figure 1 shows the schematic of the
experimental instrument for thermal energy storage and
release performance measurement. The electrospun nano-
fibrous membranes with mass of about 5 g were first cut to
pieces and put into sealed glass bottle. The thermocouple
was then immersed into the center of the samples to
monitor the internal temperature changes. Thereafter, the
sealed bottle containing samples were put into the constant
temperature water bath at 60 °C for the heating process.
After the temperature reached balance, the samples were
immediately subjected to cooling process in another con-
stant temperature water bath at 10 °C. The temperature
variations of the samples during these periods were auto-
matically recorded by computer via data logger with a
temperature measuring accuracy of 2 °C at time intervals
of 1 min. The conductivity measurements were repeated
three times.

Results and discussion
Chemical structure

The FT-IR spectra of (a) original GO nanosheets, (b) elec-
trospun PAN nanofibers, (c) pure MES powder, and
(d) electrospun MES/PAN phase change composite nano-
fiber as well as (e) electrospun MES/PAN/GOS phase
change composite nanofibers are shown in Fig. 2. For the
FT-IR spectrum of the GO nanosheets in Fig. 2a, there was
a strong characteristic absorption peak at the wave numbers
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Samples
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[
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Fig. 1 Schematic diagrams of the experimental setup for thermal
energy storage and release processes measurement
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of about 3,368 cm™', which was assigned to —OH groups.
It could be clearly seen that the GO nanosheets also had
two characteristic absorption peaks at 1,715 cm™' (C=0)
and 1,405 cm™' (C—OH) corresponding to vibration of
carboxyl group. The strong absorption peaks at
1,217 ecm™'(C-0) and 1,043 cm™' (C-O-C) were attrib-
uted to epoxy groups and alkoxy groups. Moreover, the
1,621 cm™! (C=C) absorption band could be associated
with the remaining sp® character [37, 39-41]. Figure 2b
reveals that the positions of all peaks were consistent with
the standard infrared spectrum of PAN. The typical
absorption peak at about 2,242 cm™' was ascribed to the
stretching vibration of nitrile groups (-C=N) in PAN
molecular chains, as well as the characteristic peaks at
2,928 and 1,450 cm~! were contributed to the asymmet-
rical and symmetrical bending vibrations of methylene
groups (—CH,—), respectively [52]. In the spectrum of the
MES powder in Fig. 2c, there were two characteristic
peaks corresponding to the stretching vibrations of C=0
and C-O groups of the acyclic saturated ester at the wave
numbers of 1,738 and 1,170 crnfl, respectively. In addi-
tion, the absorption peaks at 2,917 and 2,842 cm™ !,
respectively, represented the asymmetric and symmetric
stretching vibrations of C—H bond. Besides these bands, the
characteristic absorption peaks at about 1,468 and
724 cm™" assigning to the CH, or CH; deformation
vibration and the rocking vibration in (-CH,-), (n > 4)
groups were also observed in the spectrum.

As shown in Fig. 2d, the FT-IR spectra of electrospun
MES/PAN phase change composite nanofibers had no
significant new characteristic peaks except the absorption
bands belonging to the MES molecular and the PAN
molecular, suggesting that there was no chemical reaction
during the electrospinning process. Moreover, it could be
found that the -C=N absorption peak slightly shifted to
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Fig. 2 FT-IR spectra of a pure MES powder, b pristine GO, ¢ PAN
nanofibers, d MES/PAN phase change composite nanofibers, and
e MES/PAN/GO5 phase change composite nanofibers



Graphene oxide improved thermal and mechanical properties of electrospun 113

2,239 cm™', while the relative intensity of absorption
peaks regarding to the C—H bond stretching vibration of the
MES molecular obviously decreased and also slightly
shifted to 2,914 and 2,845 cm™!, which could be account
for the hydrogen interactions between PAN molecular and
MES molecular. The characteristic absorption peaks in the
FT-IR spectra of electrospun MES/PAN/GO phase change
composite nanofiber were approximately similar with the
spectrum of electrospun MES/PAN phase change com-
posite nanofiber as shown in Fig. 2e. It could also be
observed that the characteristic peaks of GO nanofibers
could overlap with the absorption bands of PAN and MES
in the composite nanofibers spectrum, indicating that the
GO and MES/PAN had good compatibility in those com-
posite nanofibers. Moreover, the peaks at 2,917, 2,842 and
1,738 cm ™', respectively, regarding to the C—H and C=0
groups from MES molecular were down shifted to 2,913,
2,841, and 1,734 cm™~!. Furthermore, the nitrile groups
(-C=N) of PAN molecular chain also slightly shifted to
2,237 cm™"' compared to that of pure PAN nanofibers.
These observable frequency shifts of the main groups of
electrospun MES/PAN/GO phase change composite
nanofiber indicated the existence of the interface interac-
tion after introducing the GO nanosheets into the com-
posite nanofibers. It was believed that there were some
hydrogen bonding interactions between the GO containing
oxygen-containing functional groups (i.e., -OH, —COOH,
and C=0 groups), -C=N of PAN, as well as C=0 group of
MES, which could effectively prevent the leakage of
melted MES from the PAN/GO supporting matrices during
the phase transition processes.

Morphology and structure

The TEM micrograph in Fig. 3 obviously reveals that the
GO had nanosheet structures with some irregular corru-
gations and slightly folded edges, which was consistent
with the result from previously reported literature [40, 46, 47].
In this paper, electrospun PAN nanofibers was chosen as
the polymer supporting matrix of form-stable phase change
composite nanofibers because PAN has not only excellent
chemical resistance, as well as thermal stability and
mechanical properties but also much higher melting point
than that of MES. PAN can effectively prevent the leakage
of the molten MES and help maintain the nanofibrous
shape during the phase change processes [52]. The struc-
tural morphologies of electrospun PAN nanofibers, MES/
PAN and MES/PAN/GO phase change composite nanofi-
bers with different contents of GO are shown in Fig. 4. It
was clearly seen from Fig. 4a that electrospun PAN
nanofibers had quite uniform diameter distribution with
smooth surface and cylindrical morphology structures.
However, the image of Fig. 4b shows that the electrospun

MES/PAN phase change composite nanofibers appeared to
have coarse and wrinkled surfaces with shallow grooves,
and the average fiber diameter (AFD) slightly increased
when compared to that of pure PAN nanofibers, suggesting
that the addition of MES affected morphological structure
of composite nanofibers. Nonetheless, it was noticeable
that the MES were well embedded and dispersed in three-
dimensional network structures of composite nanofibers
due to the polymer protection and supporting effect of PAN
matrice.

As revealed in Fig. 4c—f, the electrospun MES/PAN/GO
phase change composite nanofibers with various GO
amounts were also randomly distributed to form the
homogeneous nanofibrous mats. Apparently, the AFD of
electrospun MES/PAN/GO phase change composite
nanofibers was slightly lower than that of the MES/PAN
composite nanofibers, which might be attributed to the
increased conductivity of the electrospinning solution as a
result of the incorporation of GO. Moreover, it could also
be found that the electrospun MES/PAN/GO phase change
composite nanofibers showed the similar rough surfaces
structure and the conglutinations at some cross sites could
be occasionally observed, indicating the formation of the
strengthened interfacial adhesion. This may be contributed
to the fact that the GO nanosheets, which have numerous
oxygen-containing functional groups and presents the high
specific surface area and crumpled surface textures with
curling edges, could play a beneficial role in enhancing
interfacial interaction with the MES and the PAN. It was
also noteworthy that the GO nanosheets randomly distrib-
uting in the spin dopes, as well as in the phase change
composite nanofibers could also act as the supporting
material to absorb a certain amount of MES based on the
capillary action and interfacial interaction. It is believed
that there were three different possibilities of the MES

Fig. 3 TEM image of the GO nanosheets
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Fig. 4 FE-SEM images of
electrospun nanofibers: a PAN,
b MES/PAN, ¢ MES/PAN/
GOl1, d MES/PAN/GO3,

e MES/PAN/GOS5 and f MES/
PAN/GO10

54800 1.0kV-9.5mm x10.0k SE(M)

S4800 1 0ka 8.7mm x1.0-0kSE|

molecular dispersed in electrospinning solution after the
introducing of the GO nanosheets including intercalating
into the interlayer spaces of multilayer GO nanosheets,
covering on the surfaces of GO nanosheets and freedom
movement. Figure 5 presents the schematic illustration
representing the formation and evolution of the morpho-
logical structure for the electrospun PAN-based composite
nanofibers with the addition of MES and GO. The
remarkable improvement of interfacial interaction could be
achieved with the increasing GO amounts in the composite
nanofibers. Furthermore, the GO were well encapsulated
and homogeneous dispersed in electrospun MES/PAN
phase change composite nanofibers, which also demon-
strated that the GO and MES/PAN composite component
had good miscibility and excellent compatibility in those
composite nanofibers. The FE-SEM image indicated that
the electrospun PAN-based phase change composite
nanofibers shows characteristic of form-stable PCMs
without any leakage of the melted MES escaping from the
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nanofibers, which may be account for the three-dimen-
sional network and nanospaces confinement effect of
electrospun PAN nanofibers supporting skeleton, as well as
the strong hydrogen bonding interaction confinement effect
between the MES and PAN/GO supporting matrice.
Therefore, the electrospun PAN-based phase change com-
posite nanofibers with various GO loading can be consid-
ered as an innovative form-stable PCMs for the storage and
retrieval of thermal energy.

Mechanical properties

The GO with extraordinary mechanical properties and very
high aspect ratio is of the most effective nanofillers, which
can effectively achieve the significant reinforcement in
mechanical properties of polymer composites [36—47]. In
order to investigate the reinforcing effect of GO in the
PAN-based phase change composite nanofibers system, the
mechanical behavior of electrospun PAN nanofibers, MES/
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PAN, and MES/PAN/GO phase change composite nanofi-
bers with different loadings of GO were studied by tensile
testing. The typical stress—strain curves are shown in
Fig. 6A and the corresponding averaged tensile strength
and elongation at break of the all samples derived from the
stress—strain curves are presented in Fig. 6B. As can be
seen in Fig. 6A, the addition of MES into the electrospun
PAN nanofibers led to a significant weakening of the
mechanical properties, while the averaged tensile strength
and elongation at break of electrospun MES/PAN phase
change composite nanofibers were, respectively, decreased
by 84 % (from 3.47 to 0.56 MPa) and 68 % (from 31.02 to
9.83 %) compared with those of pure PAN nanofibers
because the MES acting as the dispersed phase could
remarkably broke the continuous phase structure of elec-
trospun PAN nanofibers. In addition, the lack of uniform
morphological structure of electrospun MES/PAN phase
change composite nanofibers with the coarse and wrinkled
surfaces could also be responsible for the reduction of the
mechanical properties. The results indicated that the load-
ing of MES in the nanofibers was an unfavorable effect to
the mechanical properties of the PAN-based phase change
composite nanofibers and electrospun PAN nanofibers
acting as the supporting materials provided a form-stable
structure and mechanical strength for the phase change
system. In contrast to the MES/PAN composite nanofibers,
the mechanical performance of electropsun MES/PAN/GO
phase change composite nanofibers was significantly
improved due to the incorporation of the GO nanosheets.
Figure 6B shows the averaged tensile strength of

Fig. 5 Schematic (a)
representation showing the

evolution of distribution of the

MES component in the PAN-

based phase change composite

nanofibers with different GO

amounts: a PAN, b MES/PAN,

¢ MES/PAN/GO1, and d MES/

PAN/GO10

@ PAN nanofibers

electropsun MES/PAN/GO phase change composite
nanofibers increased continuously from 0.56 to 3.77 MPa
with the increase of the GO amount in the nanofibers,
indicating that the maximum tensile strength exhibited
approximately 5.73 times increment compared to the MES/
PAN phase change composite nanofibers. It could also be
found from Fig. 6B that the elongation at the break showed
gradually increased from 9.85 to 20.35 % with the adding
of GO from 0 to 3 mass%, and then obviously decreased
from 20.35 to 7.45 % as the further increasing GO loading
from 3 to 10 mass%. The slight reduction of the elongation
at break may be attributed to the restricted movement of
the MES and PAN molecular chains during the tensile
stretching due to the stronger interfacial interaction
between different components, as well as slight aggrega-
tion and stacking of GO at higher content, which also
demonstrated that the MES/PAN/GO phase change com-
posite nanofibers showed more brittle failure (see Fig. 6A).
The significant improvement of the mechanical properties
can be contributed to the large aspect ratio, homogeneous
dispersion of GO, and the strong interfacial interaction
between GO and MES/PAN matrices. It was believed that
the GO nanosheets with the high surface area had a ben-
eficial effect on uniform distribution of stress concentration
points in the composite nanofibers systems, suggesting that
the external stress would be expected to transfer from the
matrix to GO to avoid and minimize the presence of stress
concentration center, resulting in significant enhancement
of mechanical properties. The remarkable reinforcement of
the mechanical properties also revealed that the GO
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nanosheets and MES/PAN matrices had good compatibility
in those phase change composite nanofibers. The results
from the tensile testing suggested that electropsun PAN-
based phase change composite nanofibers with various GO
amounts showed superior tensile properties, which could
be competent and suitable for potential applications.

Thermal properties
DSC analysis

The phase change behaviors of the MES in the electrospun
PAN-based phase change composite nanofibers and the
effect of GO addition on the thermal energy storage, and
release properties of electrospun MES/PAN/GO phase
change composite nanofibers were investigated using DSC
thermoanalytical technique. The representative DSC curves
and corresponding thermal characteristic data of the
extrapolated peak onset temperature (7,.), melting peak
temperature (7y,), freezing peak temperature (7.), melting
enthalpy (AH,,), and freezing enthalpy (AH.) are shown in
Fig. 7 and Table 1, respectively. As revealed in Fig. 7, no
phase transition peak was observed for the pure GO
nanosheets and electrospun PAN nanofibers in the entire
temperature region of the DSC analysis, suggesting that the
GO and PAN supporting matrixes have no contribution to
the phase change enthalpies of composite nanofibers.
Apparently, there were the strongest endothermic and
exothermic peaks representing the solid-liquid phase
change behaviors of the pure MES powder. It was clearly
seen that the intensity of endothermic and exothermic

peaks for all electrospun PAN-based phase change com-
posite nanofibers appeared to decrease compared to that of
neat MES powders. It could also be observed from Fig. 7
and Table 1 that the T, and T, of electrospun MES/PAN
and MES/PAN/GO phase change composite nanofibers
with varying GO contents exhibited slightly decrease about
1-5 °C relative to those of the pristine MES powder. In
addition, the AH,,, and AH,.. values of the MES/PAN phase
change composite nanofibers were, respectively, lower than
those of the MES powder, while the two enthalpies of the
MES/PAN/GO phase change composite nanofibers also
gradually decreased with the increase of GO content, which
were mainly caused by the PAN and GO supporting
matrixes significantly decreased the mass ratio of MES
acting as solid-liquid PCMs for thermal energy storage and
release in the whole phase change systems leading to the
remarkably reduced heat enthalpies. It is notable that the
AH,, and AH_ values of all composite nanofibers were
nearly equal, which means that the PAN-based phase
change composite nanofibers were a kind of transition
reversible latent heat storage materials.

Moreover, it could be found that the experimental
enthalpies extracting from DSC measurements were slightly
lower than the theoretical enthalpies, which calculated by
multiplying the enthalpy of pristine MES powder and the
mass ratio of MES in the composite nanofibers. The effi-
ciency of enthalpies (the ratio between the experimental
value and the theoretical value) for the electrospun MES/
PAN/GO phase change composite nanofibers with different
GO loadings (0, 1, 3, 5, and 10 mass%) was 95.23/98.92,
98.53/99.35,90.18/94.01, 88.32/92.00, and 91.52 %/95.26 %
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Fig. 7 DSC curves of pristine MES powder, electrospun PAN
nanofibers and MES/PAN phase change composite nanofibers with
various GO contents during a heating process and b cooling process

(melting/freezing), respectively. These results could be
contributed to the retardation of the crystallization process
for MES in the electrospun PAN-based phase change com-
posite nanofibers and the crystallization being hindered as a
result of the quench effect during electrospinning, the con-
finement effect of the three-dimensional network and
nanoscaled phase change spaces, hydrogen bonding inter-
actions, the dilution and shield supporting effect of GO and
PAN supporting matrixes in the phase change system, which
could substantially hamper the movement of MES molecules
during the melting and freezing processes resulting in the
difference of the experimental and the theoretical enthalpy
value.

The enthalpy efficiency of the electrospun MES/PAN/
GO phase change composite nanofibers slightly increases
with the increase of GO in the phase change system, and
then decreases. The increase of enthalpies efficiency for the
electrospun MES/PAN/GO phase change composite
nanofibers having low contents of GO may be attributed to
the facilitation of MES crystallization in the composite
nanofibers because the GO with high thermal conductivity

could act as the nucleation agent and effectively promote
the heterogeneous nucleation of MES. However, when
concentration of GO was added, the GO with large specific
surface area and interlayer structures also had strong
adsorption effect on MES through capillary force and
surface tension, and the intermolecular hydrogen bonding
interactions were effectively improved resulting from
numerous oxygen-containing functional groups attached on
the surface of the GO nanosheets. In other word, the
existence of the more strong interfacial interaction between
MES, GO, and PAN polymeric matrix may also increase
the molecular entanglement and impede the freedom
mobility of MES molecules chains, resulting in the sup-
pression of the crystallization of MES and further leading
to the decreased enthalpy efficiency. It was noteworthy that
the confined conformation of the MES molecules in special
nanoscaled phase change spaces may be different from the
curving and freedom conformation of MES molecule
chains in the bulk systems. Moreover, it is also believed
that the thermal energy of the phase transition could not
destroy the confinement effect of strong interfacial inter-
action, while the MES in the composite nanofibers system
hardly crystallized as the temperature was decreased to the
T, of pristine MES powder. Therefore, the freezing tem-
peratures of electrospun PAN-based phase change com-
posite nanofibers slightly decrease compared with those of
the neat MES powder.

Meanwhile, the thermal reliability of the electrsopun
MES/PET/GOS phase change composite nanofibers after
thermal cycling were also determined, and the DSC ther-
mal cycle curves are show in Fig. 8. It can be obviously
observed from Fig. 8 that the composite nanofibers showed
reversible thermal storage and release processes, and the
intensity of melting and freezing peaks had no distin-
guishable variations during the heating and cooling pro-
cesses, which was meant that electrospun PAN-based
phase change composite nanofibers had good thermal
reliability properties and can be implemented to transfer
energy in different time and space.

Table 1 The peak onset temperature (7,), melting peak temperature (7},), freezing peak temperature (7,), melting enthalpy (AH,,), and freezing
enthalpy (AH,) of neat MES powder and electrospun PAN-based phase change composite nanofibers

Samples Melting Freezing
T./°C Tw/°C AH,/kJ kg™! T./°C T./°C AH/K) kg™!

MES 38.66 41.69 205.4 34.95 33.02 197.2
MES/PAN 35.49 39.96 106.7 33.28 28.39 106.4
MES/PAN/GO1 34.96 43.53 109.3 32.98 28.38 105.8
MES/PAN/GO3 35.11 40.44 98.10 33.67 29.14 98.08
MES/PAN/GOS5 34.94 42.02 94.80 33.82 28.95 94.01
MES/PAN/GO10 37.38 42.20 92.27 34.04 29.48 92.23
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Fig. 8 DSC cycle curves of electrospun MES/PAN/GOS5 phase
change composite nanofibers

TG analysis

The thermal stability of pristine MES powder, GO, elec-
trospun PAN nanofibers, and MES/PAN/GO phase change
composite nanofibers with different GO amounts was
studied by thermogravimetric analysis (TG). The thermo-
gravimetric (TG) and differential thermogravimetric
(DTG) curves are shown in Fig. 9. The data of the
extrapolated 5 mass% mass loss temperature (7T_s masso)s
the maximum decomposition temperatures (7Tj.x; and
Tmax2) and the charred residue amount at 800 °C are tab-
ulated in Table 2. Figure 9 shows that electrospun PAN
nanofibers underwent a one-step decomposition process
occurring roughly at 322-534 °C, resulting from the ther-
mal degradation of the PAN molecular chains. The pure
MES powder started to be degradation at about 170 °C, and
the final mass loss percentage was nearly 100 % at 800 °C.
Apparently, the thermal decomposition temperature range
of electrospun PAN nanofibers was significantly higher
than that of the MES powder, suggesting that the PAN
nanofibers had excellent thermal stability and could act as
the supporting materials for the preparation of form-stable
phase change composite nanofibers. It was also obviously
observed from Fig. 9 that there were two less mass loss
steps for the GO at temperature of 67-318 °C. The first
slight mass loss at temperature below 110 °C was about
7 mass%, which can be typically attributed to the evapo-
ration of absorbed water on the surface of GO. The second
mass loss at about 200-318 °C was due to the removal of
labile oxygen-containing functional groups such as
hydroxyl, epoxide, carboxyl, and carbonyl groups [38—46].
As can be seen in Fig. 9, the two dramatic thermal deg-
radation processes of electrospun MES/PAN phase change
composite nanofibers were clearly observed with the
increasing temperature. The mass loss was about 51 %

@ Springer

between 173 and 280 °C, belonging to the decomposition
of the MES in the composite nanofibers, and the other mass
loss from 326 to 472 °C was about 31 %, ascribed to the
thermal degradation of the PAN supporting matrixes. As
revealed in Table 2, the T_5 ,.ss% and the charred residue
amount at 800 °C of the electrospun MES/PAN phase
change composite nanofibers obviously increased about
15 °C and 10.2 mass%, respectively, compared to the pure
MES powder due to the polymer protection and supporting
effect of the PAN nanofibers with the good thermal sta-
bility. For the electrospun MES/PAN/GO phase change
composite nanofibers with various GO contents, the similar
two stages mass loss behaviors were also recorded during
the TG measurements. The first stage of the mass loss
taking place in the region of about 180-280 °C was mainly
assigned to the degradation of the MES molecular chains in
the composite nanofibers. The corresponding mass loss was
about 47 mass% for the MES/PAN/GO3, 45 mass% for the
MES/PAN/GOS5, and 40 mass% for the MES/PAN/GO10,
respectively. The second stage happened approximately at
300-470 °C and the mass loss was about 32 %, corre-
sponding to the degradation of the PAN molecular chains.
The results from Fig. 9 and Table 2 indicated that the mass
loss of electrospun MES/PET/GO phase change composite
nanofibers gradually decreased as the increasing GO
loading during the first thermal degradation stage, which
could be mainly explained by the reduced mass ratios of
MES in the composite nanofibers due to the addition of
GO. In addition, as shown in inset magnified image of
Fig. 9a, the T_s5 1a559 Of electrospun MES/PAN/GO phase
change composite nanofibers slightly shifted to the higher
temperature, which was, respectively, about 5, 8, and 10 °C
increment for the MES/PAN/GO3, MES/PAN/GOS5, and
MES/PAN/GO10 in contrast to that of MES/PAN com-
posite nanofibers (see Table 2). This result could be con-
tributed to the fact that the mobility of the MES molecular
chains at the interfaces of PAN and GO could be sup-
pressed by the stronger interfacial interactions owing to
increasing incorporation of the GO. And the GO embed-
ding in the composite nanofibers possibly also created a
physical protective shield to delaying the thermal decom-
position of MES. Moreover, Table 2 presents that the
charred residue amount at 800 °C also significantly
increased with the increase of the GO content compared
with that of the MES/PAN composite nanofibers, sug-
gesting that the introduction of GO into phase change
composite nanofibers remarkably enhanced the formation
of char at the high temperature by creating the thermal
physical protective barrier, leading to the reduction of the
thermal mass loss. The TG results showed that the
remarkable improvement of the thermal stability for elec-
trospun PAN-based phase change composite nanofibers
could be effectively achieved by loading GO into
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Table 2 The characteristic temperatures and charred residue amount
of the MES powder, GO, electrospun PAN nanofibers, and phase
change composite nanofibers

Samples T.5 mass%/°C  Tmax1/°C  Tmax2/°C  Charred
residue/
mass%

GO 92.31 91.31 248.66 55.95

PAN 333.29 - 350.34 27.29

MES/PAN 195.99 246.70 348.77 10.30

MES/PAN/GO3 200.31 242.40 356.11 15.27

MES/PAN/GO5 203.31 248.62 370.33 17.66

MES/PAN/GO10  205.67 233.89 363.64 19.61

MES powder 180.82 263.55 - 0.03

composite nanofibers as a result of the reinforced interfa-
cial interactions and the thermal physical protective barrier
effect.

Thermal energy storage and release performance

Thermal energy storage and release performance of form-
stable phase change composite nanofibers is one of the
particularly important characteristics that could obviously
affect the heat transfer in thermal storage applications. In
order to improve the thermal conductivity of electrospun
MES/PAN phase change composite nanofibers, the GO was
added to the composite nanofibers with different mass
fraction. The effect of GO additive on thermal energy
storage and release rates of the electrospun MES/PAN
phase change composite nanofibers was investigated, and
the typical heating and cooling temperature curves of the

neat MES powders, MES/PAN, and MES/PAN/GO com-
posite nanofibers with different GO contents are, respec-
tively, shown in Fig. 10a, b. Figure 10 reveals that the
electrospun MES/PAN phase change composite nanofibers
with GO additive had higher heating and cooling rates than
those of the MES/PAN phase change composite nanofibers.
In addition, the heat storage and release rates of the MES/
PAN/GO phase change composite nanofibers remarkably
increased with the increase of GO contents during phase
change processes. The melting time was determined from
the heating curve as the time from the same initial tem-
perature at about 15 °C to the melting peak temperature of
the samples at approximately 41 °C. Similarly, the interval
time between the same initial temperature (about 55 °C)
and the freezing peak temperature of the samples (about
29 °C) was defined as the freezing time from the cooling
curve. As seen from Fig. 10a, when the temperature rises
from 15 to 41 °C, it takes about 6.8, 3.8, and 2.8 min for
the MES/PAN, MES/PAN/GOS5, and MES/PAN/GO10
phase change composite nanofibers, respectively. Appar-
ently, the melting times of the electrospun MES/PAN/GO
phase change composite nanofibers with 5 and 10 mass%
GO contents were, respectively, decreased by 44 and 59 %
in comparison with that of the MES/PAN phase change
composite nanofibers without GO loading. Moreover, it
could be found from Fig. 10b that the freezing times of the
MES/PAN, MES/PAN/GOS, and MES/PAN/GO10 phase
change composite nanofibers were determined as 7.5, 4.3,
and 2.7 min, suggesting the corresponding freezing times
were, respectively, reduced about 43 and 64 % as com-
pared to that of MES/PAN. These results suggested that the
heat transfer rate and/or convection of MES in MES/PAN/
GO phase change composite nanofibers were significantly
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Fig. 10 Heat storage and release curves of electrospun MES/PAN,
MES/PAN/GOS, and MES/PAN/GO10 phase change composite
nanofibers: a heat storage and b heat release

enhanced by introducing GO due to the excellent thermal
conductivity ability of GO and the formation of continuous
heat conducting network as a result of the homogeneous
dispersion., In other words, the GO nanosheets acting as
heat conductive bridges could remarkably contributed to
form an efficient percolating path for heat flow in the
electrospun MES/PAN/GO phase change composites
nanofibers, leading to the decrease in melting and freezing
times of the MES/PAN/GO composite nanofibers.

Conclusions

In this work, an innovative type of electrospun MES/PAN
phase change composite nanofibers with different GO
loading was prepared by electrospinning. The FT-IR results
revealed that there was an excellent compatibility between
MES molecular and PAN/GO supporting matrices and the
strengthened interfacial interactions could effectively pre-
vent the leakage of melted MES from the PAN/GO

@ Springer

supporting skeleton. The observations by FE-SEM indi-
cated that the GO nanosheets could be well dispersed and
wrapped in electrospun MES/PAN/GO phase change
composite nanofibers, which presented coarse and rough
morphological structures with an average diameter of about
200 nm. In addition, the results also suggested that adding
GO nanosheets have beneficial effect on mechanical
properties, thermal stability, and thermal energy storage
and release performances of the electrospun PAN-based
phase change composite nanofibers. The DSC analysis
indicated that the electrospun phase change composite
nanofibers had reversible phase change behaviors and
could effectively control heat storage and release of MES
in the supporting matrix. Moreover, Results of the DSC
thermal cycling suggested that the electrospun MES/PAN/
GO phase change composite nanofibers exhibit excellent
cyclic reliability performances after undergoing the highly
reversible phase transformation of 50 times. The significant
enhancement of thermal energy storage and release rates
was also confirmed by comparing the melting/freezing
times of electrospun MES/PAN/GO and MES/PAN phase
change composite nanofibers. The present research pro-
vides a novel PAN-based form-stabled composite PCMs
with the excellent thermal and mechanical properties for
the applications related to storage and retrieval of thermal
energy such as energy efficient buildings, thermo-regulat-
ing fibers, thermal protection, etc.
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