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Abstract. In this work, we tried to overcome the typical limitations of phase change
materials (PCMs), namely, leakage and low thermal conductivity. To realize the leakage
proof PCM, a polyrotaxane (PLR) was selected as a support material to encapsulate
Polyethylene glycol (PEG) 1k. Subsequently, different contents of Boron Nitride (BN)
were blended to enhance the thermal conductivity of PLR/PEG matrix. The PCMs created
in this work achieves a high thermal performance with enthalpy values (91.2-123.5 J/g)
and high flexibility and shows a great shape stability and no leakage and shape change
during its phase transition. Due to the action of BN as a multifunctional filler, the PCMs
also experienced an increase of 186.7% to 806.7% in thermal conductivity values, and
enhanced flame retardancy (with decrease of 16.6% for pHRR and 25.5% for THR).

These improvements solve the main problems of organic PCMs thus making PLR-PEG-
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BN based materials a good candidate to be used as thermal energy storage material in
industrial applications. For the exact application cases, it showed obvious Peak Shaving

and Valley Filling for thermoelectric generator and heat regulation for the smart phone.

Keywords: Polyrotaxane; Phase Change Materials; Boron Nitride; Flexible composites;

Energy storage



1. INTRODUCTION

With the development of technologies and the implementation of 5G, the
thermoregulation of devices has become a problem, since they consume more and more
energy and therefore generate more heat that must be dissipated.[1] The use of ecofriendly
materials and the development of green energy management materials has become
necessary to avoid environmental problems in the future, such as pollution and the

depletion of fossil resources and the increase of adverse effects of climate change. [/

Among the thermal energy storage and thermal regulation materials, the phase
change materials (PCM) stand out. These materials can store energy in the form of latent
heat and release the energy when there is a difference in environmental temperature, this
energy exchange occurs when there is a phase change of the material itself.[3] Within the
many applications of PCM are: temperature adaptable greenhouses,[4] solar energy
storage, [5]smartphone thermal regulation,[6] solar thermoelectric generator, [7] and so
on. The main problems of PCMs in general, from their commercialization and production,
are a low thermal conductivity, poor form stability, and PCM work substance leakage
during the phase change that cause failures in the process. [8] Another main problem of
PCMs is the difficulty of obtaining flexible phase change energy storage materials,
because many of the prepared materials are rigid or in powder form, which require

secondary processing for practical applications.[9]

Within these organic PCMs, polyethylene glycol (PEG) based PCMs are widely used as
energy storage materials in the fields of solar energy uses, [10] waste heat recovery, [11]
and electric energy storage.[12] Among the properties of PEG are its large phase

transformation enthalpy, wide transition temperature range, thermal and chemical



stability, ease of chemical modification, good biocompatibility, low vapor pressure, and
non-toxic nature.[13] But like all organic PCMs, they have the same typical drawbacks,
which are low thermal conductivity, and leakage during the phase change from solid to

liquid.

To generate form stable PEG based PCM composites, there are three common ways: the
first is encapsulation of PEG in shell materials.[14] Another way would be the preparation
of polymer/PEG blending composites.[15,16] The third method is the impregnation of
PEG into inorganic materials with porous or layered structures, such as Graphene [17],
Graphene oxide,[18] MXene, [19] Boron nitride, [20] or other carbon based functional
fillers.[21] But these inorganic components mean that the more their content grows, the
less flexible the material becomes, in addition to losing energy retention capacity in the
form of latent heat.[12] Nevertheless, the developed composite PCMs are usually brittle
and possess lower mechanical strength, thus remained unable to meet the flexibility
requirements, which is a key property to utilize PCMs for thermal management of
advanced electronic devices, the human body, and many other applications. Therefore, it
is highly desired to develop PCMs that possess the flexibility to be explored for
widespread application. [22]

In the previous report, the Polyrotaxane (PLR) was prepared with a simple and green
pathway.[9] This new material has good processability and high shape stability, but still
suffers from the disadvantages (low latent heat storage capacity and low thermal
conductivity) of traditional PCMs. In this work the PLR was selected as the support
material for PEG based PCMs. Boron Nitride (BN) attracted great research interest,
especially in polymer nanocomposites. As for PCMs, it has been demonstrated that the
thermal conductivity has been significantly increased by adding BN in different PCMs

(231 241 and for our interest in PEG. Therefore, in this work we will try to increase the



thermal conductivity of PLR/PEG based PCM by adding BN as a filler. BN is a binary
compound with a hexagonal crystalline structure and it has the capability to develop
complex shapes, like 1D single-walled nanotubes or 2D single layer sheets. [25] BN can
be deposited either as a single layer or as a multilayer and, depending on the fabrication
process, different crystalline structures could be developed, like the cubic one with a high
hardness. [26] Among their properties we can note its high thermal conductivity [27] and

a high specific surface area due to its 2D structure.

Our intention in the present paper is to increase the PLR-PEG PCMs thermal
conductivity with the use of BN as a filler. For this we will add different BN contents,
keeping the synthesis process simple and ecofriendly, i.e., only using water as solvent.
Also, another goal to reach in the present paper is maintaining the excellent properties
which already has PLR-PEG (such as high form stability, high flexibility and high phase
transition enthalpy) in order to obtain a material with a high-performance (like the solid-

solid PCM) for uses like solar energy storage, and cooling of electronic devices.

2. RESULTS AND DISCUSSION

2.1 Fabrication and structure characterization

The production of BN-doped polyrotaxane/PEG was fabricated in three steps (Figure 1a).
Firstly, the polyrotaxane was synthesized following the previous work, which performed
excellent shape stability [19] (See SI for specific synthesis steps). Then the previously
dissolved PEG is mixed with the dissolved and previously dispersed BN, and finally
mixed with the polyrotaxane. Then, through freeze-drying and hot pressing, we can obtain
PCM composites with specific shape and size. It is worth pointing out that we choose 300
wt% PEG loading in this paper because it is relatively high in the late heat and maintains
certain mechanical properties, especially the flexibility. As shown in Figure 1b-d, the

sample has excellent plasticity and easily hot pressed to get designed shape. Notably, all
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the samples show good flexibility (Figure 1b, ¢), which is conducive to the application

in wearable devices.
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Figure 1. (a) Chemical structure of polyrotaxne and the three steps for PCM composites
fabrication, (b) bent sample with size of 80 mm X 40 mm % 0.5 mm, (c¢) curled sample
with size of 80 mm X 40 mm % 0.5 mm, (d) remolded sample with size of 40 mm x 40
mm %X 4 mm. Images obtained from the SEM of the PCMs correspond to (¢) PLR-PEG,
(f) PLR-PEG-20 BN, (g) PLR-PEG-40 BN, (h) PLR-PEG-60 BN, (i) XRD curves of the
four PCMs, (j) diagram of melting state of the PCM composites, and (k) diagram of

crystalline state of the material at room temperature.

Scanning electron microscope (SEM) micrographs of fractured surface of PLR-PEG

nanocomposites containing BN are illustrated in Figure 1e-h. As shown in Figure le, the
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surface is relatively rough, which is because the PEG 1k assisted the movability during
sample preparation. With the introduction of BN, we can see that the surface becomes
rougher with a higher content of BN. It is evident that certain BN nanosheets are
embedded in the PCM matrix but this nanosheets are well covered by the matrix, with no
obvious gaps (Figure 1f and g) between BN nanosheets and PLR/PEG matrix, which is
evidence of the good compatibility between the PCM and BN. The energy dispersive
spectrometer (EDS) (Figure S1) of PLR-PEG-60BN can further proved the well

dispersion of BN in the polymeric matrix.

The X-ray diffraction patterns (XRD) were shown in Figure 1i. We could see that all
samples show two intense peaks at 26~19° and 260 ~23°, which are attributed to crystal
reflection (120) planes and concerted (112)/(032) planes of PEG, respectively, confirming
the high degree of crystallinity (as calculated and listed in Table 1) of the structure. In all
samples containing BN nanosheets, a very intense peak appears, which increases in
intensity the higher the percentage of BN in the samples. This peak is observed at
20~27.1°. This peak corresponds to the crystalline (002) plane of BN. 5.3° (001), 11.0°
(002), and 12.5° (110) obtained from the PLR crystal consisting of a-Cyclodextrin and
PEG. [9] Finally, the melting and solid internal molecular structure illustrations are shown
in Figure 1j and 1k. Typically, the BN nanosheets are well dispersed in the collective,
and the cyclodextrin crystal is well maintained within a certain temperature range, which

acts as a physical crosslinking point and to keep the shape stability during phase transition.

Table 1. Differential Scanning Calorimeter (DSC) parameters

Samples Tm,onset Tm, peak  Tsonset Ts, pak A Hm A Hs Supercooling Enthlpy Crystallinity
‘O ‘O ‘O °C) Jig) WJig) 0 Efficiency% (%)
PLR-PEG 23.01 36.59, 34.66 31.30, 146.5 136.6 11.65 117.4 85.2
57.76 25.01



PLR-PEG-  24.02 35.98, 36.28 33.55, 123.5 113.1 12.26 108.8 86.2

20BN 56.54 26.52
PLR-PEG- 2448 36.09, 36.64 34.18, 104.4 99.24 12.16 117.1 85.1
40BN 56.85 26.88
PLR-PEG-  23.62 35.98, 36.77 33.93, 91.16 81.13 13.15 116.9 84.9
60BN 56.79 25.94

2.2 Phase change behaviors

As a premise of the previous work, an important property of this PCM is the shape
stability [19]. We subject square samples (20 mm x 20 mm X 3 mm) to a higher
temperature than PEG 1K and PLR melting temperatures [9]. In this case we will expose
the samples to a temperature of 80°C for 1 h. The results can be seen in Figure 2a, where
we can compare the photos at room temperature compared to those obtained after heat
treatment. It can be clearly observed that there is not any leakage of PEG, and the sample
maintains the initial shape without any obvious deformation, which directly confirmed

the excellent form-stability and antileakage performances.

The heat conductivity tests in the PLR-PEG-BNs were performed using a thermal
constants analyzer (TPS2500 S, Hot Disk) at room temperature with samples higher than
4 mm of thickness. The results were summarized in Figure 2b. The results for PLR-PEG,
PLR-PEG-20 BN, PLR-PEG-40 BN, and PLR-PEG-60 BN are as follows respectively:
0.30+0.01 W/(m'K), 0.86 £0.01 W/(m'K), 1.70 +0.02 W/(m'K) and 2.72+0.01 W/(m'K),
corresponding to an increase of 186.7%, 466.7% and 806.7%, respectively, relative to
that of PLR-PEG. It is worth mentioning that high thermal conductivity is a significant

property considered for the advanced thermal energy storage and heat transfer of PCMs.
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Figure 2. (a) Images of samples before and after heat treatment (80 °C, 1 h), (b) Thermal

conductivity parameters of the samples, (¢c) Graph with data of latent heat (AHw) and

solidification enthalpy (AH;), (d) Plots of DSC parameters of solidification enthalpy (AHs

(J/g)) and solidification temperature Ts, latent heat (AHm) and melting temperature T,

(Tm,2 for PLR and Tm,1 for PEG 1k in the PLR/PEG blend) during the 50 cycles, and (e)

Comparation of AHy, and thermal conductivity with some typical values in recent reports

elsewhere.

Table 2. Comparison with the preparation method and key parameters for the PEG-based

PCMs in the recent literature elsewhere.

No | Supporter materials | Preparation

method

PCM Enthalpy | Laten | Thermal

loadin efficienc t heat | conductivit

g rate | y (%) Jgh |y
(%) (TC,
W/(mK))

TC
enhancemen

t (%)

Reference

S




1 Orange peel- based | Vacuum - 88.0 140.3 0.6390 104.1 [28]
porous carbon maceration
2 Silicon dioxide | Sol-gel 84.8 - 132.5 0.3300 43.5-108.7 [29]
network with | method
aminopropyl  group
and carboxylic multi-
walled carbon
nanotubes
3 Bio-based poly | Solvent free | - - 70.1 0.3800 - [30]
(glycerol-itaconic
acid)
4 3D porous TiO, In situ | 92.0 - 153.3 0.3900 26.0 [31]
encapsulate
5 Calcium ion- | Vacuum - - 154.4 0.6840 181.5 [32]
crosslinked SA/kapok | impregnatio
fiber aerogel n
6 Graphene oxide | Physical 80.2 99.8 131.9 0.5231 51.8-152.5 [33]
nanosheets modified | mixing and
with CoO | melt
nanoparticles impregnatio
n method
7 4’4-diphenylmethane | Two-step - 74.8 106.8 0.3035 1.2 [34]
diisocyanate solvent
8 Hydroxylated carbon | Chemical 91.0 - 127.9 0.6147 119.8 [35]
nanotubes grafting
9 Graphene oxide | Vacuum 96.4 - 148.4 0.6900 181.6 [36]
aerogel impregnatio
n
10 Carbon  fiber/boron | Melt 63.2 59.6 107.9 0.8100 - [37]
nitride-based nested | blending
structure
11 Wood flour /PLA Melt 70.4 - 87.2 - - [38]
blending
12 Hexamethylene Crosslinking | - 733 134.8 - - [39]

diisocyanate  trimer

crosslinked PEG
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13 Porous framework Vacuum 94.2- - 176.2- | 0.9100 387.0% [40]

impregnatio 98.7 185.4
n
14 Carbon aerogel Vacuum 97 - 186.6 - - [41]
impregnatio
n
15 Reduced  graphene | Vacuum - - 1253 0.9199 344.0 [42]
oxide nanosheets | impregnatio

decorated with Ni | n
nanoparticles  nickel

foam skeletons

16 Scaphium Vacuum - 99.35 166.11 | 1.0621 [43]

scaphigerum/graphen | impregnatio

e hybrid aerogel n
17 PLR Physical 2.7800 806.7% This work
blending

The phase change temperature and thermal energy storage properties of the PCM
composites were measured by the DSC. The melting and solidifying DSC curves of the

PLR-PEG BN composites are shown in Figure S2 to SS.

The detailed calorimetric results of the DSC experiments are summarized in Table 1,
including, onset solidifying temperature (Ts, onset), onset melting temperature (Tm, onset),
peak melting temperature (Tm, peak), solidification enthalpy (AHs) and melting enthalpy
(AHm). The melting and solidification enthalpies are reflected in Figure 2c and d. It is
important to say that the melting enthalpy decreased to a certain extent (from 146.5 to
91.2 J/g). Table 1 also included values of for conventional enthalpy efficiency, extent of
supercooling values and crystallinity which we have already described how to do in the
materials and methods section.

As shown in Table 1, there are not significant difference in Tm, onset, Tm, peak, Of the

samples with or without BN, indicating that BN does not promote PEG crystallization
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capacity. This can also be proved in the calculation results of crystallinity. The

crystallinity (¢.%) was calculated by the following equation: [44]

AHy,

0
WPEG+PEOXAH,

@QcpEG+PEOY0 = x 100(%), (1)

where AH,,, represented the measured enthalpy of melting, AHJ, was the melting enthalpy
for a 100 % crystalline material, and wpgo4pgs [%0] Was the fraction of the PEG and PEO
in the sample. The value of AH2, of PEO (or PEG) used in the present paper was 196.4 ]
g1.[45] As a result, the calculated crystallinities are 85.2%, 86.2%, 85.1%, and 84.9% for
sample PLR-PEG, PLR-PEG-20 BN, PLR-PEG-40 BN and PLR-PEG-60 BN,
respectively. Notably, both Ts onset and Ty, peak increased to a certain extent relative to these
of PLR-PEG, indicating BN can perform as a nuclear agent to prompt PEG to crystallize
in advance.

For all samples, we could see the conspicuous endothermic and exothermic peak in the
melting and solidification process, which represent the solid-liquid phase change. The

enthalpy efficiency (E%) of PCMs (PEG) can be determined by equation (4), [46]

AH.

E%= o X 100 (%), 4)

where AH,, is the enthalpy value of the target PCMs. AHp), represents the enthalpy of
PCM substance, namely, PEG, and w [%] is the mass ratio of PEG in the PCMs. High
values are maintained in the enthalpy efficiency, all above 100% (the calculated values
are listed in Table 1), which means that it does not have much heat loss during the cooling
process, indicating that latent heat can be released during the cooling stage and increase
the energy efficiency.

For latent heat thermal energy storage, a cyclic stability is very important because it
translates into the useful life that the PCM will have for that application. To achieve that
propose, PCMs must be thermally stable over a large number of melting and cooling

cycles. Therefore, we submitted one of the samples, PLR-PEG-60 BN, to have 50 DSC

12



cycles.

As we can see in Figure 2d, there is no significant change in any of the enthalpy and
temperature values. This may also be due to the influence of BN due to the interaction
between BN nanosheets and PEG, such as surface tension forces, and capillary forces,
that will confine the mobility of PEG molecules, resulting in the decrease in phase change
temperature.[47] This can occur because the BN can reinforce its function throughout the
cycles ensuring stability. Based on these results it can be concluded that the PLR-PEG-
60 BN composite PCM showed excellent cycling performance. Note that the detailed
phase change parameters are summarized in Table S1.

Table 2 listed the PCM fabrication strategies and key parameters (such as, latent heat,
PCM loading, enthalpy efficiency) from different research groups. The enthalpy and
thermal conductivity of these PCMs are plotted in Figure 2e. As it can be seen, the
properties in this work are outstanding in both enthalpy and thermal conductivity, which
makes them good candidates in the thermal management of advanced devices.

2.3 Heat response

To see the thermal response and phase change behavior, we summit samples of the same
size to a hot plate for heating and then cooling respectively. The IR images collected
during the process can be seen in Figure 3a. The behavior of the PCM can be observed
in the heating process: the sample is absorbing heat until it reaches the melting point with
a structure collapse, then the phase change, and remains thermally stable until the phase
change ends and continues absorbing heat. The mentioned phase change can be seen as a
plateau in the curve (Figure 3b). During the cooling process is the same behavior: it goes
down in temperature until it reaches its solidification temperature range. We can see the
supercooling process (Figure 3c), due to the difference in melting and solidification

temperatures, showing a rebound effect before entering the plateau. The curve shows that

13



the temperature rises at the initial stage of crystallization, which is due to the exothermic
crystallization with heat release to a certain extent, which leads to the sample surface

temperature increase to a certain extent.
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Figure 3. Heat response test: (a) Thermal images of the samples during heating and
cooling process (all the samples have the same size of 20 mm x 20 mm X% 3 mm), (b) the

heating curves, and (c) the cooling curves of the all samples.

The phase change during the heating process occurs between 30-40 °C for PEG 1k and
60-65 °C for PLR and in the cooling process between 40-45 °C. There is an evident

difference in temperature increasing rate between PLR-PEG and BN-containing samples.
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BN-containing samples behave with a relative fast thermal response rate of heating and
cooling than the reference. This observation could confirm that the action of BN increases
the thermal conductivity of the samples (Figure 2b). This property is important for some
applications that require a fast heat response (meaning fast heat charge or discharge) like

to thermal management of electronic devices or solar energy harvesting.

2.4 Microcalorimeter (MCC) testing and thermal stability
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Figure 4. (a) Thermogravimetric Analysis (TGA) curves (in N2 atmosphere), (b) Heat
release rate (HRR) curves of the four samples obtained by MCC, (c) Total heat release
(THR) (KJ/g) data for all the samples, and (d) Peak heat release rate (pHRR) data for all

the samples.

Conversely, thermal stability is a critical parameter for the melt-processing of polymers.
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The curves obtained with the TGA under N> atmosphere are shown in Figure 4a and it
can be noticed that the degradation occurs in two steps, the first one corresponds to the
degradation of the a-CD at ~310 °C. On the other hand, the second degradation occurs at
~380 °C and corresponds to the degradation of the PEG.[48] The residue remaining in
the samples with BN, that is, the percentage of residue in accordance with the
concentration of BN in the PCM, is shown in Table 3. All the TGA results indicated that
the presence of BN does not influence the PLR-PEG thermal stability in a significant
manner.

Table 3. TGA parameters and MCC results

pHRR THR
Sample Tmax1 (°C) Tmax2 (°C) BN content %  Residue %
Wrg)  (kl/g)

PLR-PEG 336.2 389.3 - 3.08 978.2 49.9
PLR-PEG-

311.2 384.2 16.67 18.00 896.1 49.5
20BN
PLR-PEG-

315.1 393.5 28.57 31.18 843.2 383
40BN
PLR-PEG-

316.0 390.9 37.50 39.30 815.4 37.2
60BN

The fire resistance in our samples was investigated using a micro combustion
calorimeter (MCC). This test is used to measure the heat released by materials using
small-scale oxygen consumption calorimetry, which is the main parameter for evaluation
of fire resistance, quantified by the peak heat release rate (pHRR). Another important
parameter is the total heat release (THR), which is the amount of heat released by the
sample during whole ignition process.

As we also saw in the TGA results previously, the PCM degradation here in MCC test
is done in two steps. The first peak that can be seen in Figure 4b belongs to the heat

release due to the degradation of o-CD, while the largest peak corresponds to the
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degradation of PEG and PEO. It is important to mention that all samples showed similar

behavior. Thus, we could observe a HRR decrease in the two degradation peaks the higher
the BN content of the sample.

As shown in Figure 4 c-d, we can see a slight difference between the PLR- PEG

reference and the samples with a content of BN nanosheets: the decrease in both the
pHRR value and the THR value can be clearly seen at larger percentages of BN (a

decrease of 16.6% and 25.5%, respectively). It is worth pointing out that although BN

does not show significant catalytic effect on char formation, its two-dimensional
nanostructure (with its non-flammable nature and good dispersion) can act as a barrier for

heat and mass conduction, thus having a positive effect on fire safety to a certain extent.
2.5 Application cases

2.5.1 Peak Shaving and Valley Filling for thermoelectric generator (TEG)
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Figure 5. (a) PCM (sample PLR-PEG-60 BN) image (with size of 40 mm x 40 mm x 4
mm), (b) TEG (Model: TECI-12706), (c) Heat sink, (d) Structure illustration of the test
devices without PCM, (e) Packed structure illustration of device with PCM, (f)
Temperature difference of the two side of TEG (Thigh and Tiow), and (g) Voltage output of

the two devices with or without PCM.

With the temperature and the heat absorbed by the PCM, the heat response of the
generator can be delayed a little bit. Consequently, it performed as shown in the Figure
5f-g. Fortunately, the output voltage can be maintained at 0.13 V; however, if the sample
is tested without the PCM, this voltage output will be quickly lost when the heat source
is removed. An important advantage of the PCM incorporation is that the voltage output
is continuous and stable. It can be seen from Figure 5f that the peak difference of
temperature we control is almost the same. It is worth mentioning that Thign is the heat
source temperature and TLow is the temperature at the interface between heat sink and
thermoelectric converter. Due to the heat storage effect during PCM heating, the
temperature difference is slightly larger after cooling. Furthermore, the system containing
PCM in Figure Sg has significantly high peak output voltage. We believe that the
important reason for this phenomenon is that during the limited heating cycle the phase
change of PCM will adjust the temperature difference on both sides of the thermoelectric
converter. As a result, in the same heating cycle, the temperature difference is slightly
higher than that of devices without PCM. Therefore, the peak value of the total voltage
output is significantly lower than that of the sample without PCM. When the heat source
is removed, PCM stores a certain amount of heat, which can fully serve as the heat source
to maintain the temperature difference. Thus, maintaining a relatively high voltage output

during cooling will play a significant practical effect of Peak Shaving and Valley Filling.

2.5.2 Smart phone thermal regulation

18



48
: o\\ (o d .
(a) ao B ) (c) ] ( ) 46 Region A
A O 44 ]
2 42 ]
4 g .
@ 240 5 404
o
E‘ss § 38
K
361 [~=— Without PCM E 36+
341 |-e— PLR-PEG-20 BN 341
Ierw L - PLR-PEG-40 BN Without PCM
wfp RegionA [ ocrcceosn 32-

0 500 1000 1500 2000 2500 3000 0 1000 2000 3000 4000 5000
Time (s) Time (s)
42 48
(e) Region B (f) %
40
44 4
2"_’, 384 5‘"’ 42 |
g 2
26| 2409
g S s8]
2 @
=3 a
53¢ £ 36 i
= [—m— without PCM = . —=— Without PCM
0 /' |—e— PLR-PEG-20 BN| 344 F (—e— PLR-PEG-20 BN|
1l i PLR-PEG-40 BN
o PLR-PEG-40 BN
|-v—PLR-PEG-60 BN 321 Region C | o/ oeceosn
30 T T T T T 30 T T T T T
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time (s) Time (s)

Figure 6. (a) Illustration of smart phone, (b) PCM sheet (with thickness of 0.5 mm) with
designed shape according to the size of smart phone, (c) temperature increasing plots of
region A (main heat source), (d) temperature increasing and decreasing of selected

specimens, (€) temperature increasing plots of region B, and (f) temperature increasing

plots of region C.

Figure 6a shows the image of smart phone. Figure 6b depicts the PCM composite sheet
with designed shape according to the smart phone as shown in Figure 6a. We separately
analyzed the temperature changes based on the region A, B and C. In general, the mobile
phone system with PCM sheet has a lower temperature than that of the neat cellphone, as
typically shown in Figure 6¢ and d. Specifically, region A (Figure 6¢) has a temperature
drop of 5.5 °C), and region C has a temperature drop of 6 °C (see Figure 6f). Due to the
high temperature in the A and C areas, the temperature increase is mainly due to the heat
absorption from cellphone. Although the sample PLR-PEG-20 BN has significantly
higher latent heat of phase change than that of PLR-PEG-60 BN, the latter has a much

higher thermal conductivity, so the heat is more easily diffused to the surrounding region
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(such as region B), resulting that region A and C have similar trends, and have similar
temperature change tendency and adjustment ability. In particular, we found that in
Region B, the temperature difference of different sample systems is more obvious (see
Figure6e). Moreover, the samples with high BN content have higher temperature at the
same time. Namely, the temperature change trend is as follows: PLR-PEG-20 BN< PLR-
PEG-40 BN< PLR-PEG-60 BN. Since the temperature in Region B of cellphone is
relatively low, its heat source is not only the one generated by the mobile phone, but also
the heat transfer from Region A and C. A combination of factors results in a sample with

high thermal conductivity having a high temperature at the same time.

3. CONCLUSIONS

The PLR/PEG nanocomposites with various contents of BN nanosheets have been
successfully prepared with the objective of investigating the enhanced thermal
conductivity. Samples of PLR/PEG BN nanocomposites were fabricated using a blending
method with water as the only solvent. The addition of BN nanosheets to PLR/PEG
maintained shape stability in its phase transition. A great thermal performance is
observed, obtaining high latent heat values (91.2-123.5 J/g) and cyclical stability. We can
further see a significant increase in thermal conductivity between 186.7-806.7 %,
compared to PLR-PEG. This increase is linear with the increase in BN content. The
present research shows the improvement in fire resistance properties, lowering the values
of pHRR and THR in a 16.6% and 25.5%, respectively, and heat response, obtaining
faster heating and cooling rates. For the application cases, our results showed obvious
Peak Shaving and Valley Filling effect and heat regulation for the smartphones. To
summarize, the high thermal performance with high enthalpy values, the high thermal
conductivity values, added the excellent form stability so that we obtain in PLR/PEG/

BN, allows its simple synthesis process and green pathway to make an optimal PCM to
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be used as latent heat thermal energy storage material in industrial applications such as

smartphone thermoregulator or thermoelectric generator.
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