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Abstract This paper demonstrated a novel magnetron
sputtering method used for the improvement in thermal
energy storage and retrieval rates of phase change materials
(PCMs). The ten types of ternary fatty acid eutectics (i.e.,
CA-LA-MA, CA-LA-PA, CA-LA-SA, CA-MA-PA,
CA-MA-SA, CA-PA-SA, LA-MA-PA, LA-MA-SA,
LA-PA-SA and MA-PA-SA) were firstly prepared using
five fatty acids such as capric acid (CA), lauric acid (LA),
myristic acid (MA), palmitic acid (PA) and stearic acid
(SA) and then selected as solid-liquid PCMs. Thereafter,
magnetron sputter coating was used to deposit the func-
tional silver (Ag) nanolayers onto the surface of electro-
spun polyacrylonitrile (PAN) nanofibrous mats serving as
supporting skeleton. Finally, a series of composite PCMs
were fabricated by adsorbing the prepared ternary eutectics
into three-dimensional porous network structures of Ag-
coated PAN membranes. The observations by EDX deter-
mined the formation of Ag nanolayers on the PAN nano-
fibers surface after magnetron sputtering. The SEM images
illustrated that the Ag-coated PAN nanofibers appeared to
have larger fiber diameter and rougher surface. Ag-coated
PAN nanofibrous mats could effectively prevent the leak-
age of molten ternary eutectics and help maintain form-
stable structure due to surface tension forces, capillary and
nanoconfinement effects. The DSC results suggested that
the phase change temperatures of the ternary fatty acid
eutectics were obviously lower than those of individual
fatty acids and their binary eutectics. The adsorption rates
of ternary fatty acid eutectics in the composite PCMs were
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determined to be about 89-98 %. The thermal performance
test indicated that the metallic coating of Ag dramatically
improved the thermal energy storage and retrieval rates of
the composite PCMs.
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Introduction

Energy issue is a global problem, which is significantly
influencing and threatening sustainable development and
survival of human beings. Obviously, the development of
renewable energy sources and improvement in efficiency
of energy systems are two solutions to address this prob-
lem. Thermal energy storage and release materials are
attracting increasing attentions. Among these materials,
phase change materials (PCMs) have been widely studied
and successfully applied in a wide range of latent heat
storage systems and temperature control applications such
as solar water heaters, concentrating solar power, building
energy conservation systems, heat storage condensers,
vehicle thermal buffer, Li-ion batteries, heat management
of electronics, agricultural temperature-adaptable green-
houses, homothermal clothing, smart air-conditioning sys-
tems, industrial waste heat recovery systems, medical
applications, telecommunications and microprocessor
equipment due to their desirable characteristics like high
energy storage density, small temperature variation during
phase change processes, lower vapor pressure and volume
change [1-12].

A wide variety of organic PCMs (e.g., paraffins, fatty
acids, fatty acid esters, glycols and alcohols), inorganic
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PCMs (e.g., salt hydrates, metals) and eutectic PCMs (e.g.,
binary or ternary fatty acid eutectics) have been extensively
investigated during recent several decades. Fatty acids are
one of the most efficient solid-liquid PCMs for thermal
energy storage owing to their prominent advantages, e.g.,
outstanding thermal properties, excellent thermal and
chemical stability, high phase change enthalpies, suitable
phase change temperatures, non-toxicity, non-corrosive-
ness, no supercooling and phase segregation, self-nucleat-
ing behavior, recyclable and low cost [13—15]. Moreover,
fatty acids are more sustainable than other PCMs and can
provide an assurance of continuous supply despite the
shortage of fuel sources because they are easily obtained
from common vegetables and animal oils. Although fatty
acids exhibit a host of superior properties, phase transition
temperatures of fatty acids are much higher than temper-
atures of actual climatic requirement. As a result of it, their
applications are significantly limited by this characteristic
drawback. According to the lowest eutectic point theory,
the phase change temperatures of fatty acids could be
regulated to suitable values with their phase change
enthalpies maintaining the high values by adjusting the
composition and mass ratio of fatty acid in their eutectic
mixtures. The previous literatures and our researches have
verified that fatty acid eutectics can be considered as
potential PCMs for the related application of thermal
energy storage and retrieval [13—15].

However, the leakage and poor thermal conductivity of
fatty acid eutectics have seriously hindered their direct
applications in many fields. Therefore, form-stable PCMs
with improved thermal conductivity performances have
been rapidly exploited to solve these problems. Currently,
various polymers and inorganic materials have been
selected as supporting materials to fabricate form-stable
PCMs such as high-density polyethylene [16], high-density
polyethylene—ethylene—vinyl acetate [17], polyaniline [18],
polyamide 6 [19], polyethylene terephthalate [20], titania
[21], activated carbon [22], montmorillonite [23], diatomite
[24], silicon dioxide [25] and expanded perlite [26].
Additionally, thermal conductivity of form-stable PCMs
can be significantly improved by adding some inorganic
materials with desirable thermal conductivity including
graphene nanoplatelets [27] and expanded graphite [28]
into the phase change systems. In spite of these materials,
incorporating into form-stable PCMs can greatly enhance
thermal conductivity of phase change systems during phase
change processes, and they are normally difficult to dis-
perse in the systems resulting in the limitation of additive
amounts.

Magnetron sputter coating is a promising physical vapor
deposition (PVD) technique. It is performed by employing
a high voltage across a low-pressure gas to create plasma,
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which consists of electrons and gas ions in a high energy
state. During sputter coating, energized gas ions strike a
target, composed of the desired coating material, and cause
atoms from the target to be knocked off with high energy to
travel to and bond with the substrate, forming a thin film on
the surface of the substrate [29, 30]. Compared to other
approaches used to improve the thermal conductivity of
PCMs, sputter coating provides a new environmental
friendly technique with such advantages as uniform and
compact deposition, strong bonding between coating of
heat conduction and phase change systems, simple opera-
tion, high productivity, low cost and suitability for indus-
trial production. Therefore, this method can be considered
to deposit very thin functional metallic coatings with high
thermal conductivity on various PCMs or supporting
materials of form-stable PCMs for improving the thermal
conductivity of the PCMs systems.

However, to the best of our knowledge, there have been
no reports about enhancement of thermal energy storage
and release rates of form-stable PCMs by using magnetron
sputter coating technology. Additionally, it was well
known that electrospun polymer nanofibers can be selected
as preferred supporting materials for the preparation of
form-stable PCMs due to the unique characteristics of large
surface-to-volume ratio, flexibility, light weight and porous
network structure with the desired level of openness
[31, 32]. Moreover, the studies on form-stable composite
PCMs with ternary fatty acid eutectics being adsorbed and/
or encapsulated in metal-coated polymer nanofibrous mats
with excellent thermal conductivity through physical
absorption have not been reported.

Therefore, the objective of this study was to adopt the novel
magnetron sputtering method to improve the heat transfer
efficiencies of form-stable composite PCMs. The series of
innovative ternary fatty acid eutectics with suitable phase
change temperatures and high latent heat values including
CA-LA-MA, CA-LA-PA, CA-LA-SA, CA-MA-PA, CA-
MA-SA, CA-PA-SA, LA-MA-PA, LA-MA-SA, LA-PA-
SA and MA-PA-SA, which can be used as lower-temperature
solid-liquid PCMs for application related to thermal energy
storage and release, were first prepared and evaluated.
Thereafter, the Ag-coated polyacrylonitrile (PAN) nanofi-
brous mats with excellent thermal conductivity, high porosity
and three-dimensional network structure were exploited as
supporting materials to adsorb the prepared ternary fatty acid
eutectics by physical absorption method. The surface chemi-
cal structures, morphologies, phase change behaviors, thermal
reliability, heat energy storage and release rates of the
uncoated and Ag-coated ternary fatty acid eutectics/PAN
composite PCMs were systematically investigated by EDX,
FT-IR, SEM, DSC and measurement of melting/freezing
times, respectively.
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Experimental
Materials

The powder of polyacrylonitrile (PAN, M,, = 150,000)
was purchased from Aldrich. The chemicals of capric acid
(CA), lauric acid (LA), myristic acid (MA), palmitic acid
(PA), stearic acid (SA) and N,N-dimethyl formamide
(DMF) were supplied by the Sinopharm Group Chemical
Reagent Co., Ltd. (Shanghai, China). All of the chemicals
were used as received without further purifications.

Electrospinning

The 10 mass% PAN powder was dissolved in DMF solvent,
and magnetic stirring was applied to form homogeneous
solution. The electrospinning setup consisted of a high
voltage power supply, purchased from the Dongwen Co.
(Tianjing, China), and a syringe pump, purchased from the
Medical Instrument Co. (Hangzhou, China), as well as a
nanofiber collector of laboratory-produced roller with
diameter of 25 cm. During electrospinning, the rotating
speed of the roller was fixed at 100 rpm. The voltage applied
and the distance between needle tip and roller collector were
set at 18 kV and 16 cm, respectively. The solution feed rate
was maintained at 0.5 mL h™'. The electrospun PAN
nanofibers were collected as overlaid fibrous membranes and
dried in a vacuum oven at room temperature for 24 h to
remove the residual solvent.

Magnetron sputter coating

A magnetron sputter coating system supplied by Shenyang
Juzhi, Ltd., was used to deposit the Ag nanolayers on the
surface of electrospun PAN nanofibrous mats at room
temperature, as illustrated in Fig. 1. A high-purity Ag target
(99.999 %) was mounted on the cathode, and the PAN
nanofibrous mats were placed on the anode with a side

RF generator

Target
Nanofibers
Plasma membrane
Sample
holder
Gas inlet Vaccum pump

Fig. 1 Schematic diagrams of sputter coating

facing the target. The sputtering pressure was adjusted to
0.5 Pausing the bombardment gas of argon (99.999 %). The
coatings were performed on both sides of sample using radio
frequency (RF) sputter coating with the power of 90 W for
2 h per side. The sample holder with a rotation speed of
100 rpm was introduced to improve the uniformity of the
deposition on electrospun PAN nanofibrous mats.

Preparation of ternary fatty acid eutectics
Calculation of eutectic mass ratios

In this work, the Schrader equation was used to calculate
the theoretical eutectic mass ratios of ternary fatty acid
mixtures [19].

T=1/(1/T; — RInXa/AlHx) (1)

where T (K) is the melting temperature of the mixture
containing compound A, X, is the mole fraction of com-
ponent A in the mixture, A; Ha (J mol™!) and 7} (K) are the
melting enthalpy and melting temperature of compound A,
and R is the gas constant (8.314 J K~ mol™"). It necessary
to account for that 7t (K) used in this paper is the T, (°C)
listed in Tables 1 and 2. It is notable that the Celsius scale
should be transformed into Fahrenheit scale. Moreover, the
experimentally determined eutectic mass ratios of fatty
acid mixtures modestly deviated from the theoretical val-
ues because of the small amounts of impurities in fatty
acids and experimental errors associated with DSC analy-
ses, resulting in the fact that the actual eutectic mass ratios
of ternary fatty acid mixtures need to be determined based
on both calculated and experimental results. Table 3
reveals the experimentally determined eutectic mass ratios
of ternary fatty acid eutectics.

Preparation process of ternary fatty acid eutectics

The ternary fatty acid eutectics were prepared through
melt-blending followed by ultrasonication [19]. Based on
the experimentally determined eutectic mass ratios, the
selected fatty acids were first added into a beaker and then
placed into an oven at 60 °C for 2 h. Thereafter, the beaker
with the molten ternary fatty acid eutectics was put in a
330-W ultrasonic water bath at 60 °C for 2 min, and
finally, the ternary fatty acid eutectics were obtained for the
following studies.

Size stability measurement of Ag-coated fibrous
membranes

In order to verify the size stability of Ag-coated PAN fibrous
membranes in phase change temperature conditions, the Ag-
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Table 1 Peak onset temperature (7,), melting peak temperature (Ty,), freezing peak temperature (7;), melting enthalpy (AH,,)

enthalpy (AH,) of the five fatty acids

and freezing

Fatty acids Melting Freezing
T./°C Tw/°C AH,/kJ kg™ T./°C T./°C AH/KJ kg™!
CA 31.12 32.71 166.7 29.30 29.25 163.1
LA 44.02 44.63 182.3 42.09 41.73 182.4
MA 53.73 56.06 187.3 52.09 51.94 184.9
PA 62.11 64.83 212.1 60.38 59.28 214.6
SA 68.96 70.52 222.8 67.06 66.50 226.7

Table 2 Peak onset temperature (7,), melting peak temperature (Ty,), freezing peak temperature (7.), melting enthalpy (AH,,)
enthalpy (AH,) of the ten binary fatty acid eutectics

and freezing

Binary fatty acid eutectics Eutectic mass ratios Melting Freezing
T./°C Tw/°C AH,/kJ kg™ T./°C T./°C AH/KJ kg™!

CA-LA 66.75/33.25 19.26 22.70 127.2 18.41 16.43 125.2
CA-MA 78.39/21.61 20.08 26.02 155.2 17.07 15.08 145.9
CA-PA 89/11 22.90 28.71 141.4 20.39 19.26 136.1
CA-SA 94.47/5.53 25.71 31.17 156.8 23.61 22.94 147.1
LA-MA 61.27/38.73 33.27 36.75 173.6 33.71 31.88 168.0
LA-PA 77.51/22.49 33.60 36.52 169.6 31.22 30.31 168.3
LA-SA 87.24/12.76 37.98 41.73 181.2 33.717 32.25 166.5
MA-PA 66.92/33.08 45.36 47.39 183.1 43.80 42.20 185.6
MA-SA 77.42/22.58 46.41 48.37 180.6 42.09 41.17 177.3
PA-SA 62.99/37.01 53.69 56.16 204.7 53.45 52.43 204.2

Table 3 Peak onset temperature (7,), melting peak temperature (Ty,), freezing peak temperature (7.), melting enthalpy (AH,,)
enthalpy (AH,) of the ten ternary fatty acid eutectics

and freezing

Ternary fatty acid eutectics Eutectic mass ratios Melting Freezing
T./°C T,/°C AH, /K] kg™ T./°C T./°C AH/KJ kg™!

CA-LA-MA 66.35/20.62/13.03 15.83 18.72 131.4 13.39 11.14 129.7
CA-LA-PA 63.37/31.56/5.07 15.47 20.75 134 15.38 11.95 132.5
CA-LA-SA 65.32/32.54/2.14 17.85 22.80 132.5 16.92 13.10 129.7
CA-MA-PA 71.82/18.86/9.32 17.56 22.31 136.8 15.22 12.83 132.6
CA-MA-SA 72.65/21.17/6.18 18.93 24.04 1459 15.66 13.63 143.1
CA-PA-SA 83.82/10.19/5.99 19.72 25.12 145.7 17.64 15.60 144.5
LA-MA-PA 63.32/24.55/12.13 30.82 33.78 155.7 29.52 27.39 154.1
LA-MA-SA 61.02/30.06/8.92 29.21 32.76 152.9 28.70 26.57 153.8
LA-PA-SA 72.26/20.97/6.77 32.02 36.79 159.0 30.29 28.46 159.5
MA-PA-SA 56.82/28.08/15.1 46.69 49.23 170.3 43.45 40.42 168.7

coated fibrous membranes with sizes of 5 cm x 5 cm were
placed into an oven at 60 °C for 24 h. And then the size and
morphological structure of original and heat-treated Ag-
coated PAN fibrous membranes were measured by ruler and

then characterized by SEM.
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Fabrication of form-stable phase change composite
nanofibrous mats

A series of ternary fatty acid eutectics/PAN and ternary fatty
acid eutectics/PAN/Ag form-stable composite PCMs were
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prepared by physical adsorption. The prepared ternary fatty
acid eutectics were first placed in the beakers. The beakers
were sealed with the plastic wrap and placed into the con-
stant temperature water bath at 60 °C until eutectic mixtures
completely melted. The electrospun PAN nanofibrous mats
were cut into samples with sizes of 5 cm x 5 cm. Subse-
quently, the nanofibrous mats were immersed into molten
ternary fatty acid eutectics for 24 h until saturated absorp-
tion. Thereafter, the nanofibrous mats absorbed with ternary
fatty acid eutectics were hung in an oven at 60 °C for 10 h.
Finally, the samples were cooled down to the room tem-
perature for characterization. The codes of samples were
referred to as CA-LA-MA/PAN/Ag, CA-LA-PA/PAN/
Ag, CA-LA-SA/PAN/Ag, CA-MA-PA/PAN/Ag, CA-
MA-SA/PAN/Ag, CA-PA-SA/PAN/Ag, LA-MA-PA/
PAN/Ag, LA-MA-SA/PAN/Ag, LA-PA-SA/PAN/Ag and
MA-PA-SA/PAN/Ag, respectively.

Characterizations
Energy dispersive X-ray analysis

The electrospun PAN nanofibrous mats before and after
sputter coating of Ag were analyzed by EDX analysis at an
accelerating voltage of 20 kV with accounting time of
100 s.

FTIR spectroscopy

FTIR spectra were measured using a Nicolet iS10 FT-IR
spectrometer over the frequency range of 400-4000 cm ™.

Scanning electron microscopy

The morphological structures of all samples were investi-
gated by a Hitachi SU 1510 SEM. Prior to examination, the
all samples except the Ag-coated PAN nanofibrous mats
were gold sputter-coated under argon atmosphere to render
them electrically conductive.

Atomic force microscopy

A Benyuan CSPM 5000 AFM was employed to image the
morphology of the uncoated and Ag-coated electrospun
PAN nanofibers. Scanning was carried out in tapping mode
AFM, and all samples were scanned at room temperature in
atmosphere.

Differential scanning calorimetry

The DSC analyses were carried out using a DSC-Q200
thermal analyzer. The samples were scanned at 8 °C min "

from —20 to 80 °C. The nitrogen gas flow rate was set at
50 mL min~". And the 100 times DSC thermal cycling test
was also performed to investigate thermal reliability of
CA-LA-MA/PAN/Ag form-stable composite PCMs.

Thermal performance test

In order to study the influence of sputtered Ag nanolayers
on heat storage and retrieval rates of composite PCMs,
thermal performance test was conducted using the experi-
mental setup as our previous work [19, 33]. The all samples
were first cut into pieces and put into sealed glass bottles.
The amounts of tested samples were about 10 g. There-
after, the thermocouple was embedded in the center of the
test bottle to monitor the difference of time between
samples in the same internal temperature. Subsequently,
the test bottles were placed into a constant temperature
water bath at 40 °C for heat storage process. After this
process, the test bottles were rapidly placed in refrigerator
at a constant temperature of —10 °C, where the from-stable
composite PCMs performed process of heat retrieval. The
temperature variations of all samples during heat storage
and retrieval processes were automatically recorded by
computer via data logger with a temperature measuring
accuracy of &2 °C at time intervals of 1 min. The con-
ductivity measurements were repeated three times.

Results and discussion
EDX analysis

In order to confirm that Ag nanoparticles are really pre-
sented on the surface of electrospun PAN nanofibers, SEM-
EDX analysis was utilized to determine the chemical
compositions of the PAN nanofibrous mats before and after
sputter coating of Ag. The EDX spectra of samples are
presented in Fig. 2. It can be seen from Fig. 2a, b that the
PAN nanofibers dominantly consisted of C, O and N ele-
ments before magnetron sputtering, while a large amount
of Ag on the surface of PAN nanofibers after magnetron
sputter was detected and the amount of C, O, and N was
significantly reduced in the EDX spectrum. These results
confirmed the formation of the Ag nanolayers on the sur-
face of PAN nanofibers during sputter coating process.
Moreover, as shown in Fig. 2c, there were a large amount
of C and O elements on the surface of Ag-coated PAN
nanofiber membranes after physical adsorption, demon-
strating that ternary fatty acid eutectics had also been
successfully penetrated into three-dimensional network
structure of Ag-coated PAN supporting membranes.
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FTIR analysis

The FTIR spectroscopy was used to investigating the
chemical compatibility and interaction between ternary
fatty acid eutectics and electrospun PAN nanofiber mem-
branes without and with sputter coating of Ag. Figure 3
reveals the typical FTIR spectra of the CA-LA-MA tern-
ary fatty acid eutectics, electrospun PAN nanofibrous mats
before and after sputter coating of Ag, as well as uncoated
and Ag-coated PAN nanofiber membranes after adsorption
of CA-LA-MA ternary fatty acid eutectics. It can be seen
from Fig. 3a that the characteristic absorption peaks of
CA-LA-MA ternary fatty acid eutectics at around 1707,
1281 and 932 cm™' were ascribed to the stretching vibra-
tions of C=0, C-O and —OH bonds of carboxyl groups,
respectively. The asymmetric and symmetric stretching
vibrations of C—H bond occurring at the wave numbers of
2922 and 2853 cm™! were also clearly observed from the
spectrum, respectively. Moreover, there were two charac-
teristic absorption peaks assigned to the CH, or CHj

deformation vibration and the rocking vibration in (-CH,-),
(n > 4) groups at about 1465 and 721 cm ™" in the spectrum,
respectively. For the FTIR spectrum of electrospun PAN
nanofibrous mats in Fig. 3b, the characteristic absorption
peak at about 2242, 2939 and 1452 cm™~! was contributed to
the stretching vibration of nitrile groups (-C=N) in PAN
molecular chains, as well as the asymmetric and symmetric
bending vibrations of methylene groups (—CH,-), respec-
tively [34]. However, the characteristic absorption peaks
belonging to PAN molecular in the range of 4000-500 cm ™"
could not be observed from Fig. 3c, suggesting that the Ag
nanolayers had been successfully covered on the surface of
electrospun PAN nanofibers during sputter coating process.
These results are coincided with the spectrum of EDX
analysis. As shown in Fig. 3d, the CA-LA-MA/PAN phase
change composite nanofibers obviously exhibited the char-
acteristic absorption peaks of PAN molecular and CA-LA—
MA ternary eutectics such as stretching vibration of nitrile
groups (-C=N) at about 2242 cm ™' for PAN molecular and
the asymmetric and symmetric stretching vibrations of C-H

Fig. 2 EDX spectra of (a)
electrospun a uncoated and
b Ag-coated PAN nanofibrous
membranes as well as ¢ CA— 5
LA-MA/PAN/Ag composite 3 CK 7815 81.02
PCM %‘ N K 17.81 15.84
53 oK 4.04  3.14
= Total 100
1 2 3 4 5 6 7 8 9 10
Energy/KeV
(b)
c:é CK 0.93 7.79
>
,é AgL 99.07 92.21
2 Total 100
=
1 2 3 4 5 6 7 8 9 10
Energy/KeV
(c)
3 CK 91.61 9357
% OK 8.39 6.43
15 Total 100
£
1 2 3 4 5 6 7 8 9 10
Energy/KeV
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Fig. 3 FTIR spectra of (a) CA-LA-MA eutectic, (b) uncoated and
(c) Ag-coated PAN nanofiber membrane, (d) CA-LA-MA/PAN
composite PCM, as well as (¢) CA-LA-MA/PAN/Ag, composite
PCM

bond at about 2924 and 2854 cm™' for CA-LA-MA
eutectics. No new peaks could be observed from the spec-
trum of CA-LA-MA/PAN phase change composite nano-
fibers, which also indicated that there were good chemical
compatibility and no chemical reaction between CA-LA-
MA eutectics and PAN supporting materials during physical
adsorption process. The characteristic absorption peaks in
the FTIR spectra of CA-LA-MA/PAN/Ag phase change
composite nanofiber membranes were similar to those of
CA-LA-MA ternary fatty acid eutectics at the wave num-
bers of about 2921, 2852 and 1706 cm ™" corresponding to
the asymmetric and symmetric stretching vibrations of C-H
groups, as well as the C=0 stretching vibrations as shown in
Fig. 3e. These results suggested that the CA-LA-MA
ternary fatty acid eutectics were successfully adsorbed into
three-dimensional porous network structure of Ag-coated
PAN supporting materials.

SEM analysis

The SEM micrographs reveal that the PAN nanofibers
formed the porous fibrous network structure during elec-
trospinning, as presented in Fig. 4a. And the neat PAN
nanofibers exhibited smooth surfaces, bead-free and
cylindrical morphology structures. In comparison with
Fig. 4a, obvious differences between uncoated and Ag-
coated PAN nanofibers can be observed in Fig. 4b. Surface
roughness and average fiber diameter (AFD) of PAN
nanofibers significantly increased after sputter coating of
Ag. The AFD of uncoated and Ag-coated PAN nanofibers
was about 130 and 622 nm, respectively. Figure 4c shows
the SEM image of the Ag-coated fibrous membranes after

heating treatment at 60 °C in an oven. It can be found that
there was no significant difference about surface structure
and fiber diameter between the original Ag-coated PAN
nanofibrous membranes and the heat-treated one. And the
size of Ag-coated PAN nanofibrous membranes
(5 cm x 5 cm) had also not been affected by the increase
in ambient temperature from 25 to 60 °C, which meant that
Ag-coated PAN nanofibrous membranes have good size
stability during the working temperature range of ternary
fatty acid eutectics because the glass transition temperature
of PAN molecular (about 95 °C) is higher than the phase
change temperature of PCMs. It is noted that the both neat
PAN nanofibrous mats and Ag-coated PAN nanofibrous
mats possessed high surface area-to-volume ratio, three-
dimensional structure with highly porous nanofiber net-
work and size stability, so that they can be acted as suitable
supporting skeleton to adsorb ternary fatty acid eutectics by
physical adsorption. Overall, electrospun PAN nanofibers
with the deposition of Ag nanoparticles showed the rougher
surface, relative larger fiber diameters and the smaller pore
size compared with pristine one.

In order to determine the size of Ag nanoparticles
covered on the nanofiber surface, the morphology structure
of uncoated and Ag-coated electrospun PAN nanofibers
was also characterized by AFM. The typical AFM images
of two samples are presented in Fig. 5. The relatively
smooth surface of uncoated electrospun PAN nanofibers is
clearly observed in Fig. 5a. As shown in Fig. 5b, the
growth of the sputtered Ag grains during the sputter coat-
ing process led to the formation of compact Ag particles
and good coverage of the Ag nanolayer on the electrospun
PAN nanofibers. Moreover, the result from the calculation
of AFM software reveals that the average size of the
sputtered Ag clusters was about 45 nm after the 2 h sputter
coating. It was clear that the AFM images sufficiently
demonstrated the formation of Ag nanoclusters covered on
the PAN nanofiber surface, which was identical to the FE-
SEM observation (Fig. 4).

The representative morphological structures of the
uncoated and Ag-coated electrospun PAN nanofibrous
mats after the adsorption of ternary fatty acid eutectics are
shown in Figs. 6 and 7. It can be clearly found that the
ternary fatty acid eutectics can easily be dispersed and
absorbed into the pores of uncoated and Ag-coated PAN
nanofibers supporting matrices to generate the form-stable
composite PCMs by the capillary and surface tension for-
ces. The unclear interface structures between nanofibers
can also be obviously observed due to the accumulation
and adsorption of ternary fatty acid eutectics on the surface
of nanofibrous mats. There were no significant differences
about morphological structure of from-stable composite
PCMs absorbing different types of ternary fatty acid
eutectics. It is clear that the uncoated and Ag-coated PAN
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Fig. 4 Surface morphology of
electrospun PAN nanofibers in
SEM: a uncoated, b Ag-coated
and ¢ Ag-coated after heat
treatment at 60 °C oven
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Fig. 5 AFM images of electrospun PAN nanofibers: a uncoated and
b Ag-coated

nanofibers could provide the mechanical strength for phase
change system and effectively prevent the leakage of
molten ternary fatty acid eutectics from the three-dimen-
sional porous network structure of supporting matrices
according to the fact that the ternary fatty acid eutectics
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could well be encapsulated into pores of nanofibrous mats
even if the SEM processing temperature exceeded the
melting points of some ternary fatty acid eutectics. The
SEM images indicated that the innovative ternary fatty acid
eutectics/PAN/Ag form-stable phase change composite
nanofibrous mats had been successfully prepared through
magnetron sputter of Ag following by the physical
adsorption. And the metallic-coated electrospun PAN
nanofibrous mats have great potential to act as a new kind
of supporting materials for the preparation of form-stable
composite PCMs.

Thermal energy storage and release properties
of ternary fatty acid eutectics

The DSC curves of individual fatty acids, the prepared
binary and ternary fatty acid eutectics during heating and
cooling processes are shown in Figs. 8-10. The corre-
sponding thermal characteristic data including peak onset
temperature (7;), melting peak temperature (7},), freezing
peak temperature (7,.), melting enthalpy (AH,,) and freez-
ing enthalpy (AH,) are summarized in Tables 1-3.
According to Tables 1-3, there were a significant decrease
in the phase change temperatures of the prepared ternary
fatty acid eutectics in comparison with those of the original
individual fatty acids and the prepared binary fatty acid
eutectics, which suggested that phase change temperatures
of fatty acid eutectics had a gradual reduction trend with
the addition of component in the eutectic mixtures. It can
be found from Figs. 9 and 10 that all prepared fatty acid
eutectics presented only one single endothermic and
exothermic peaks during the DSC analyses, demonstrating
that the binary and ternary fatty acid eutectics were
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Fig. 6 Representative SEM
images of form-stable
composite PCMs without
sputter coating of Ag: a CA—
LA-MA/PAN, b CA-LA-PA/
PAN, ¢ CA-LA-SA/PAN,

d CA-MA-PA/PAN, e CA-
MA-SA/PAN, f CA-PA-SA/
PAN, g LA-MA-PA/PAN,

h LA-MA-SA/PAN, i LA-PA-
SA/PAN, and j MA-PA-SA/
PAN

successfully prepared by melt-blending and ultrasonic
vibration methods. Moreover, it can be seen from Fig. 10
that the types of fatty acid selecting as ingredient to prepare
the ternary fatty acid eutectics had a significant effect on
the phase change temperatures and enthalpies of the
obtained eutectic mixtures. In other word, the ternary fatty
acid eutectics, which were prepared using the individual

fatty acids with the relatively short molecular chain
structure, represented a relatively lower phase change
temperatures and enthalpies. Figure 10 shows that the
prepared different kinds of ternary fatty acid eutectic
exhibited different thermal energy storage properties. The
T, and AH,, of the prepared ternary fatty acid eutectics
ranged from 15.83 to 46.69 °C, and from 131.4 to
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Fig. 7 Representative SEM
images of form-stable
composite PCMs with sputter
coating of Ag: a CA-LA-MA/
PAN/Ag, b CA-LA-PA/PAN/
Ag, ¢ CA-LA-SA/PAN/Ag,

d CA-MA-PA/PAN/Ag, e CA-
MA-SA/PAN/Ag, f CA-PA-
SA/PAN/Ag, g LA-MA-PA/
PAN/Ag, h LA-MA-SA/PAN/
Ag, i LA-PA-SA/PAN/Ag, and
J MA-PA-SA/PAN/Ag

170.3 kJ kg™ ", respectively, indicating that the selectable
phase change temperature range of practical application
was effectively extended. The DSC results also revealed
that preparing fatty acid eutectics was a simple and
effective way to adjust the phase change temperatures of
fatty acids for the lower-temperature thermal storage
applications and buildings energy managements.
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Thermal energy storage and release properties
of composite PCMs

The DSC curves of the prepared series of form-stable com-
posite PCMs consisting of ternary fatty acid eutectics and
electrospun PAN nanofibrous mats before and after sputter
coating of Ag are shown in Figs. 11 and 12. The
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corresponding data of thermal properties are also listed in
Table 4. As presented in Figs. 11 and 12, the different kinds
of ternary fatty acid eutectics/PAN and ternary fatty acid
eutectics/PAN/Ag composite PCMs all showed the single
melting and freezing peaks. Additionally, the different types
of composite PCMs showed different thermal energy storage
and release properties, which were similar to those of cor-
responding ternary fatty acid eutectics. It can be found from
Table 4 that the enthalpies of melting and crystallization of
the ternary fatty acid eutectics/PAN/Ag composite PCMs
were slightly lower than those of ternary fatty acid eutectics/
PAN composite PCMs, which can be attributed to the fact
that the percentage of supporting materials in composite
PCMs slightly increased due to the combination of Ag
nanoparticles, and the adsorbing quantities of Ag-coated
PAN nanofibrous mats to ternary fatty acid eutectics slightly
decreased because pore sizes of nanofibrous mats obviously
declined owing to the augment of average fiber diameter
after sputter coating of Ag. But phase change enthalpies of
ternary fatty acid eutectics/PAN/Ag composite PCMs still
retained the adequate values for thermal energy storage. As
shown in Table 4, there was no significant effect on the phase
change temperatures of the composite PCMs by combining
Ag nanolayers into phase change systems.

Figure 13 shows that the DSC curves of the CA-LA-MA/
PAN/Ag form-stable composite PCMs after 100 times
thermal cycling were similar to that of composite PCMs
without thermal cycling in shape. The intensity of
endothermic and exothermic peaks of the prepared CA-LA—
MA/PAN/Ag composite PCM can be well repeated during
100 times testing processes. In other word, there were no
significant changes in the phase change temperatures and
enthalpies of composite nanofibers after a certain number of
thermal cycles. Based on the DSC analyses, it can be
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Fig. 8 DSC curves of the five fatty acids during melting and freezing
processes
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Fig. 9 DSC curves of the ten binary fatty acid eutectics during
melting and freezing processes
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Fig. 10 DSC curves of the ten ternary fatty acid eutectics during
melting and freezing processes

concluded that the prepared ternary fatty acid eutectics/
PAN/Ag composite PCMs processed excellent thermal
energy storage and release properties, as well as good ther-
mal reliability.

Adsorption rates of uncoated and Ag-coated
electrospun PAN nanofibrous mats

Obviously, it is important to determine the adsorption rates
of the ternary fatty acid eutectics in uncoated and Ag-
coated electrospun PAN nanofibrous mats, which can be
calculated by the following equation:

Adsorption rates = (H/Hy) x 100 %

where Hj is the melting or freezing enthalpy of ternary
fatty acid eutectics (see Table 3), and H is the melting or
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freezing enthalpy of corresponding composite PCMs (see
Table 4). The calculated adsorption rates are summarized
in Table 4. It can be found that the absorption capacities of
the Ag-coated PAN nanofibrous mats to ternary fatty acid
eutectics are slightly lower than those of uncoated PAN
nanofibrous mats. The reasons were same as previous
interpretation. The growth of average fiber diameter, the
decrease in pore sizes of nanofibrous mats, as well as the
increase in mass present of supporting materials in com-
posite PCMs all led to the reduction in absorption rates. In
spite of this, the enthalpy efficiencies of composite PCMs
still can reach about 90 %. Therefore, it was fairly easy to
adsorb ternary fatty acid eutectics into the three-dimen-
sional porous network structures of uncoated and Ag-
coated PAN nanofibrous mats due to high surface-to-vol-
ume ratio, the effects of capillary force and surface tension
of nanofibers membranes.

Thermal energy storage and release rates

Thermal energy storage and release rates are important
thermal properties of form-stable PCMs in practical
application. It is well known that fatty acid eutectics
belonging to organic solid-liquid PCMs suffer from poor
thermal conductivity, which would decline the heat transfer
efficiencies of thermal storage systems. In this paper, the
influence of the Ag nanostructured layers on the thermal
energy storage and release rates of composite PCMs were
also determined. The melting and freezing testing tem-
peratures were recorded between —5 and 35 °C. Figure 14
shows the typical heating and cooling temperature—time
curves of CA-LA-MA/PAN and CA-LA-MA/PAN/Ag
form-stable composite PCMs. It can be seen from Fig. 14
that there was a substantial rise in the heat storage and

8
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CA-MA-PA/PAN
CA-MA-SA/PAN
CA-PA-SA/PAN
- 4 LA-MA-PA/PAN
o LA-MA-SA/PAN
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®
T
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4
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Temperature/°C
Fig. 11 DSC curves of electrospun PAN nanofiber membrane and

the different kinds of ternary fatty acid eutectics/PAN form-stable
composite PCMs
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Fig. 12 DSC curves of Ag-coated PAN nanofiber membrane and the
different kinds of ternary fatty acid eutectics/PAN/Ag form-stable
composite PCMs

release rates of CA-LA-MA/PAN form-stable composite
PCMs due to the combination of Ag nanolayers into phase
change system. It was noteworthy that the corresponding
melting and freezing times were, respectively, reduced
about 31 and 25 % for CA-LA-MA/PU/Ag form-stable
composite PCMs as compared to those of the composite
PCMs without sputter coating of Ag. These decreases in
melting and freezing times confirmed the improvement in
thermal transfer rates of the form-stable composite PCMs
after the introduction of the Ag nanolayers. Additionally,
these results also indicated that the electrospun Ag-coated
PAN nanofibrous mats were appropriate for acting as
supporting materials to improving the thermal energy
storage and release rates of phase change systems, due to
the fact that the continuous thermal conducting network
could be formed because Ag nanoparticles could be uni-
formly deposited onto the surface of electrospun nanofi-
brous mats to create the uniform and compact Ag
nanolayers by sputter coating. These Ag nanolayers could
also be seen as heat conductive bridges, which significantly
contributed to form an efficient percolating path for heat
flow in the ternary fatty acid eutectics/PAN form-stable
composites PCMs, finally resulting in the drop of melting
and freezing times. Additionally, it was clear that the pore
size of PAN nanofibrous membranes significantly decrease
due to the sputter Ag covered on the nanofiber surface,
which led to that the mass of the adsorbed ternary fatty acid
eutectics slightly declined in the same membrane volume.
In other word, ternary fatty acid eutectics can be divided
and dispersed into smaller network cells when Ag-coated
PAN nanofibrous membranes were selected as supporting
materials, which made the ternary fatty acid eutectics have
more contact areas with Ag nanoparticles. The high ther-
mal conductivity of Ag nanoparticles covering on the
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Table 4 Adsorption rates, peak onset temperature (7,), melting peak temperature (T,,), freezing peak temperature (7.), melting enthalpy (AH,,)
and freezing enthalpy (AH,.) of form-stable composite PCMs

Composite PCMs Adsorption rates/% Melting Freezing
T./°C T,,/°C AH,/kJ kg™ T./°C T./°C AH/KJ kg™!
CA-LA-MA/PAN 97.11 16.06 19.11 127.6 13.04 11.33 125.9
CA-LA-MA/PAN/Ag 93.68 16.20 19.87 123.1 14.29 11.63 121.5
CA-LA-PA/PAN 93.88 16.10 21.71 125.8 15.29 10.94 121.1
CA-LA-PA/PAN/Ag 91.79 15.87 21.39 123.0 16.09 12.39 120.4
CA-LA-SA/PAN 95.77 16.84 21.76 126.9 16.94 13.90 125.5
CA-LA-SA/PAN/Ag 92.15 17.56 24.00 122.1 16.48 10.04 119.8
CA-MA-PA/PAN 96.93 17.66 21.66 132.6 14.77 13.13 130.5
CA-MA-PA/PAN/Ag 95.47 17.49 22.29 130.6 15.76 13.76 128.1
CA-MA-SA/PAN 95.27 18.49 24.35 139.0 15.43 12.94 135.1
CA-MA-SA/PAN/Ag 89.44 18.32 23.85 130.5 15.65 13.74 130.9
CA-PA-SA/PAN 95.12 19.10 24.06 138.6 17.50 17.17 137.4
CA-PA-SA/PAN/Ag 93.00 18.77 25.61 1355 17.52 15.49 1353
LA-MA-PA/PAN 98.07 30.64 34.39 152.7 29.50 26 151.8
LA-MA-PA/PAN/Ag 96.34 30.34 35.36 150.0 29.20 25.56 149.3
LA-MA-SA/PAN 97.06 28.97 33.48 148.4 28.44 25.76 148.6
LA-MA-SA/PAN/Ag 94.90 28.74 33.26 145.1 28.70 26.14 145.2
LA-PA-SA/PAN 96.79 32.33 36.36 153.9 29.48 28.39 152.4
LA-PA-SA/PU/Ag 95.53 31.97 35.98 151.9 29.25 27.67 150.5
MA-PA-SA/PU 97.77 43.10 46.21 166.5 41.63 38.24 166.0
MA-PA-SA/PU/Ag 96.30 44.06 47.09 164.0 43.38 42.07 164.8
4 most of the pores in electrospun nanofibrous membranes
Endo ?2}2; were interconnected, resulting in that it would be easily
88 10 saturated with melted ternary fatty acid eutectics. There-
2 gggiggg fore, the decrease in pore size of Ag-coated nanofibrous
. Qroode membranes also played a key role in improving the heat
2 Qe 43 transfer rates of the composite phase change system. It was
E 0 ot also concluded that the magnetron sputtering technology
= e can be used as an effective method to improve the thermal
L Sﬁ:Z 15 energy storage and retrieval rates of the composite PCMs.
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Temperature/°C In the present work, a series of ternary fatty acid eutectics

Fig. 13 Typical DSC cycle curves of CA-LA-MA/PAN/Ag form-
stable composite PCM

nanofibers surface allowed heat transfer throughout com-
posite PCMs rapidly. The ternary fatty acid eutectics dis-
persing outer side of each network cells (i.e., each pore) of
Ag-coated PAN nanofibrous membranes melt first. And
then the heat can be more quickly transferred from outer
side of each pore to inside of ternary fatty acid eutectics
due to the smaller pore size. It is worth to point out that the

acting as solid-liquid PCMs were successfully prepared
according to the lowest eutectic point theory. Subse-
quently, the Ag-coated PAN nanofibrous mats with excel-
lent thermal conductivity were also fabricated and selected
as the supporting skeleton to absorb the prepared ternary
fatty acid eutectics through effects of capillary, physical
surface tension forces and nanoconfinement. The EDX
results confirmed the successful deposition of Ag
nanolayers on the surface of electrospun PAN nanofibers.
The observations by SEM and AFM revealed that the
surface of PAN nanofibers exhibited roughness structure

@ Springer
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Fig. 14 Representative heat storage and release curves of CA-LA—
MA/PAN and CA-LA-MA/PAN/Ag form-stable composite PCMs:
a heat storage and b heat release

after magnetron sputtering of Ag. The average size of the
sputtered Ag clusters was about 45 nm. The prepared
ternary fatty acid eutectics/PAN/Ag form-stable composite
PCMs possessed desired morphological structure, which
effectively solved the leakage problem of eutectics. The
DSC curves suggested that phase change temperatures of
fatty acids could be effectively adjusted to the values of
actual climatic requirements by preparing the ternary fatty
acid eutectics. The maximum melting enthalpies of the
ternary fatty acid eutectics/PAN/Ag form-stable composite
PCMs amounted to 164.8 kJ kg~' and the phase change
temperature can be tailored in the range of —0.95 to
53.15 °C, which were suitable for the applications of
lower-temperature thermal energy storage and retrieval.
The melting and freezing times of ternary fatty acid
eutectics/PAN/Ag form-stable composite PCMs signifi-
cantly decreased about 31 and 25 % due to the introduction
of functional Ag nanolayers. It was concluded that mag-
netron sputter is a simple and effective way to improve
thermal energy storage and release rates of phase change
systems.
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