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Abstract. In recent decades, phase change materials (PCMs) have received much 12 

attention in thermal regulation of electronic devices. But the main limitation for the use 13 

of organic PCMs are the low thermal conductivity and leakage during the phase change 14 

process. This work will try to improve these limitations, to increase thermal conductivity 15 

of the leakage proof PCM formed by a polyrotaxane that serves as a support material to 16 

encapsulate PEG 6k. For this purpose, different contents of graphene nanoplatelets (GNP) 17 

would be blended. To facilitate its post-industrial production and to meet ecological 18 

standards, the synthesis of this PCM is simple and only use water as a solvent. The PCMs 19 

can be thermal processed conveniently by hot press. Furthermore, the PCMs created in 20 

this work achieves a high thermal performance with high enthalpy values (132.9 -142.9 21 

J/g), due to the action of GNPs as thermal conductive fillers, also experiencing an increase 22 

of 60%-257% in thermal conductivity values the higher the GNP content, and also shows 23 
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a great shape stability and no leakage during its phase change. These improvements solve 24 

the main problems of organic PCMs thus making PLR-PEG-GNP based materials a good 25 

candidate to be used as thermal energy storage material in industrial applications as 26 

thermoregulator of solid-state disks or realizing the “shaving peaks and filling valleys” 27 

effect for thermoelectric generator. 28 
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 33 

1. INTRODUCTION 34 

In recent decades, with the advancement of the development of technologies and the 35 

implementation of 5G, the thermoregulation of devices has become a problem, since they 36 

consume more and more energy and therefore generate more heat that must be dissipated 37 

if we want the useful life of the devices to be long-lasting, these problems have already 38 

been seen in laptops, smartphones, new photovoltaic solar cells, cameras, means of 39 

transport and in many others.1 The use of ecofriendly materials and the development of 40 

green energy management materials has become necessary to avoid environmental 41 

problems in the future, such as pollution and the depletion of fossil resources and the 42 

increase of adverse effects of climate change. 2 43 

Among the thermal energy storage materials, the phase change materials (PCM) 44 

stand out. These materials can store energy in the form of latent heat and release the 45 

energy when there is a difference in environmental temperature, this energy exchange 46 

occurs when there is a phase change of the material itself.3 This occurs in an endothermic 47 

process, when the temperature of surroundings increases it absorbs energy in a fusion 48 

process with collapse of the solid crystalline structure. While when the temperature drops, 49 

it proceeds to the crystallization process and the energy is released back to the 50 

surroundings.4 Within the many applications of PCM are: temperature adaptable 51 

greenhouses,5 solar energy storage, 6 cooling of electronic circuitry,7 building 52 

applications, and textile industry, 8 and so on. The main problems of PCMs in general 53 

from their commercialization and production are a low thermal conductivity, poor form 54 

stability, supercooling, PCM leakage during the phase change that cause failures in the 55 

process. 9 Another main problem of PCMs is the difficulty of obtaining flexible PCMs, 56 

because many of the prepared materials are rigid or in powder form, which require further 57 
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processing for practical applications.10 In the fields of energy storage and electronic 58 

devices are developing to flexible, lightweight, and wearable, so it is required the 59 

materials have proper mechanical strength and flexibility. 60 

  Within these organic PCMs, polyethylene glycol (PEG) based PCMs are widely used in 61 

the fields of solar energy harvesting, 11 waste heat energy recovery, 12 and electric energy 62 

storage.13 Among the properties of PEG are its large phase transformation enthalpy, wide 63 

transition temperature, chemical stability, ease of chemical modification, low vapor 64 

pressure, low cost, and non-corrosive nature.14 But like all organic PCMs, they have the 65 

same typical drawbacks, which are low thermal conductivity, and leakage during the 66 

phase change from solid to liquid. 67 

  To generate form stable PEG based PCM composites, there are three common ways: the 68 

first is encapsulation of PEG in shell materials.15 The problem with this technique using 69 

PEG as core material is that the highly hydrophilic nature of PEG makes its encapsulation 70 

a challenge. Another way would be the preparation of polymer/PEG blending composites, 71 

the best known with cellulose diacetate, agarose, chitosan, and various sugars such as 72 

glucose, fructose, and lactose.16-17 In these polymers the intermolecular hydrogen bonding 73 

between PEG and hard segment plays an important role towards preventing liquid 74 

separation. The most notorious problems of these two methods are their low thermal 75 

conductivity, their low latent heat capacities, their incongruent melting and freezing, and 76 

complex manufacturing processing. The third method is the impregnation of PEG into 77 

inorganic materials with porous or layered structures, such as Graphene 18, Graphene 78 

oxide,19 MXene, 20 Boron nitride, 21 or other carbon based functional fillers.22 But these 79 

inorganic components mean that the more their content grows, the less flexible the 80 
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material becomes, in addition to losing energy retention capacity in the form of latent 81 

heat.13 82 

In the previous report, the Polyrotaxane (PLR) was prepared with simple and green 83 

pathway.10 The form stability at temperatures above the melting temperature of PEO was 84 

significantly increased with the addition of α-CD. This new material has good 85 

processability and high shape stability, but still suffers from the disadvantages of 86 

traditional PCMs (a still low latent heat storage capacity and low thermal conductivity). 87 

In this work the PLR was selected as the support materials for PEG based PCMs, this 88 

election was decided since the molecular main chain of PLR is almost the same as PEG, 89 

that structural similarity ensures the compatibility between PLR and PEG. Furthermore, 90 

PLR itself is also a PCM with excellent performance, especially the form stability, that 91 

can solve the problems associated with PEG, such as its instability and leakage during 92 

phase change. This way solves the most significant problems of the organic PCMs, but 93 

the drawback of low thermal conductivity still remains to be solved. 94 

  GNPs attracted wide interest, especially in polymer nanocomposites, since their 95 

discovery in 2004.23 As for PCMs, it has been demonstrated that the thermal conductivity 96 

has been significantly increased by adding a small amount of GNP content in different 97 

PCMs such as palmitic acid 24 or in 1-octadecanol 25 and for our interest in PEG. 26 98 

Therefore, in this work we will try to increase the thermal conductivity of PLR/PEG based 99 

PCM by adding Graphene nanoplatelets (GNPs) as a filler. GNPs consists of a two-100 

dimensional lattice of carbon atoms arranged in a honeycomb structure materials with 101 

single or multilayers graphite plane.27 Between their properties we can noted the high 102 

thermal conductivity (5000 W/(m K), high specific surface area due to its 2D structure, 103 

and excellent Young’s modulus, and tensile strength this latter property reported for a 104 

single-layer graphene, which nominates this material as the strongest available material.28 105 
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Also, GNPs appear as an excellent alternative to pristine graphene due to their low cost 106 

and the possibility of production on a large scale.29 Our intention is to increase the PLR-107 

PEG PCMs thermal conductivity with the use of GNP as a filler, for this we will add 108 

different GNP content, keeping the synthesis process simple and ecofriendly, only using 109 

water as solvent. Also maintaining the excellent properties which already has PLR-PEG 110 

such as high form stability and high phase transition enthalpy in order to obtain a material 111 

with a high-performance as solid-solid PCM for uses like solar energy storage, and 112 

cooling of electronic devices. 113 

2. RESULTS AND DISCUSSION 114 

2.1 Fabrication and structure characterization 115 

We choose PLR-50% with high cyclodextrin content as the support materials (See SI for 116 

specific synthesis steps), because based on our previous work, the PLR-50% performed 117 

excellent shape stability. Following previous work, we opted for a simple, ecofriendly 118 

synthesis process using water as the only solvent. The production of graphene-doped 119 

polyrotaxane was fabricated in three steps. First the polyrotaxane was synthesized 120 

following the previous work [19]. Then the previously dissolved PEG is mixed with the 121 

dissolved and previously sonified GNP, and finally mixed with the polyrotaxane, as 122 

shown in Figure 1a. Then, through freeze-drying and hot pressing, we can obtain PCM 123 

composites with specific shape and size. It is worth pointing out that we choose 150 wt% 124 

PEG loading in this paper because it is relatively high in the late heat and maintains 125 

certain mechanical properties. When the filling amount is 200 wt% or more, the sample 126 

is very easy to brittle fracture (Table S1). As shown in Figure 1b-d, the sample has 127 

excellent plasticity and easily to be hot pressed to get designed shape. And when the 128 

thickness of the sample is 1 mm or less, it shows good bending toughness (Figure 1d). 129 
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 130 

Figure 1. (a) Chemical structure of polyrotaxne and the three steps for PCM composites 131 

fabrication (namely, blending with PEG and GNP, freeze drying to remove the water, and 132 

hot press to obtain the samples with designed shapes), (b) sample with size of 50 mm ×50 133 

mm ×2 mm, (c) sample with size of 100 mm × 50 mm ×5 mm, (d) sample with size of 134 

50 mm ×20 mm ×1 mm, Images obtained from the SEM of the PCMs correspond to (e) 135 

PLR-PEG, (f) PLR-PEG-3GNP, (g) PLR-PEG-5GNP, (h) PLR-PEG-10GNP, (i) XRD 136 

curves of the four PCMs, (j) illustration of melting state of the PCM composites, and (k) 137 

diagram of crystalline state of the material at room temperature. 138 

SEM micrographs of fractured surface of PLR-PEG nanocomposites containing GNPs 139 

are illustrated in Figure 1e-h. As shown in Figure 1e, the surface is relatively smooth, 140 

and we can observe a compact structure. With the introduce of GNP, we can see that the 141 
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surface becomes rougher with a higher content of GNPs. This roughness can be attributed 142 

to the well dispersion of GNPs in the PCM matrix, at least we can see it clearly in Figure 143 

1f-h correspond to the percentages of 3 wt% and 5 wt% of GNPs. It is evident that certain 144 

GNP nanosheets are embedded in the PCM matrix but this nanosheets are well covered 145 

by the matrix, with no any obvious gaps (Figure 1f and g) between GNPs and matrix, 146 

which is evidence of the good compatibility between the PCM and GNP. We assigned 147 

this is an important reason why GNP can increase the crystallinity, which will be 148 

discussed in the following section. 149 

As shown in Figure 1h, the surfaces are shown with a multitude of folds that are 150 

stacked layer by layer which may provide a lattice structure through which phonons can 151 

travel efficiently and enhance heat transfer, giving rise to a higher thermal conductivity, 152 

which will be discussed in section 2.2. 153 

  The X-ray diffractions (XRD) were shown in Figure 1i.  We could see that all samples 154 

show two intense peaks at 2𝜃∼19° and 2𝜃∼23°, which are attributed to crystal reflection 155 

planes (120) and concerted (112)/(032) planes of PEG, respectively, confirming the high 156 

degree of crystallinity of the structure. Furthermore, in the PCM reference pattern we 157 

observe two clear peaks at 2θ =5.4° (001) and 12.8° (110). 30 The latter (110) is also seen 158 

in the other samples but with less intensity. These peaks are obtained from the dried PLR 159 

crystal consisting of α-CD and PEO, this α-CD crystal can be maintained in a certain 160 

temperature range. Finally, in all samples containing GNPs, a very intense peak appears, 161 

which increases in intensity the higher the percentage of GNP in the samples. This peak 162 

is observed more or less at 2θ∼26.4°.31 This peak corresponds to the crystallinity plane 163 

(002) of the GNPs. Finally, the melting and solid internal molecular structure illustrations 164 

are shown in Figure 1j and 1k. Typically, the GNPs are dispersed in the collective, and 165 
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the cyclodextrin crystal is well maintained within a certain temperature range, which acts 166 

as a physical crosslinking point. 167 

2.2 Phase change behaviors 168 

As a premise of the previous work, an important property of this PCM is the shape 169 

stability, which was already achieved thanks to the formalization of the polyrotaxane[19]. 170 

This property, which is partly due to good encapsulation ability, is also important for 171 

industrial application, especially when used in the thermal management of electronic 172 

devices, because PCM leakage not only reduces the thermal management efficiency, but 173 

also carries a risk to the operation of the equipment.18 Therefore, we subject square 174 

samples of our PCM (20 mmx 20 mmx 3 mm) to a higher temperature than PEG 6K and 175 

PEO melting temperature [9]. In this case we will expose the samples to a temperature of 176 

80°C for 1 h. The results can be seen in Figure 2a, where we can compare the photos at 177 

room temperature compared to those obtained after heat treatment. It can be clearly 178 

observed that there is no any leakage of PEG, and also maintains the initial shape without 179 

any obvious deformation, which directly confirmed the form stable and antileakage 180 

performances. 181 

The heat conductivity in the PLR-PEG-GNPs were performed by using a thermal 182 

constants analyzer (TPS2500 S, Hot Disk) at room temperature with samples higher than 183 

4 mm of thickness. The results were summarized in Figure 2b. The results for PLR-PEG, 184 

PLR-PEG-3GNP, PLR-PEG-5GNP and PLR-PEG-10GNP are as follows respectively: 185 

0.30±0.05 W/(m∙K), 0.48 ±0.07 W/(m∙K), 0.78 ±0.05 W/(m∙K) and 1.07 ±0.01 W/(m∙K), 186 

corresponding to an increase of 60%, 160% and 257% respectively. High thermal 187 

conductivity is a significant property considered for the advanced thermal energy storage 188 

and heat transfer of PCMs. It is worth noting the synthesis processes are simple and green-189 
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pathway, only in 3 steps and only using water as a solvent, which can ease the production 190 

cost to a certain extent from a commercial point of view. 191 

 192 

Figure 2. (a) Images of samples before and after heat treatment, (b) Thermal conductivity 193 

parameters of the samples, (c) graph with data of latent heat (∆𝐻m (J/g)) and melting 194 

temperature Ts (ºC), (d) graph with data of solidification enthalpy (∆𝐻s (J/g)) and 195 

solidification temperature Ts (ºC), (e) DSC curves during 100 cycles, (f) Plot of DSC 196 

parameters of solidification enthalpy (∆𝐻s (J/g)) and solidification temperature Ts (ºC), 197 

latent heat (∆𝐻m (J/g)) and melting temperature Ts (ºC) during the 100 cycles and (g) 198 

Comparation of ∆𝐻m and thermal conductivity with some typical values in recent report 199 

elsewhere. 200 

 201 



 

11 
 

Table 1. Comparison with the fabrication method, key parameters for the PEG based 202 

PCMs in the recent reports elsewhere. 203 

No

. 

Supporter 

materials 

Preparation 

method 

PCM 

loadin

g rate 

(%) 

Enthalp

y 

efficienc

y (%) 

Laten

t heat 

(J g-1) 

Thermal 

conductivit

y 

(W/(m∙K)) 

Reference

s 

1 Poly (Glycerol-

Itaconic acid) 

Melting 

copolymerizatio

n 

72.7 67.9 86.9 - 32 

2 Vanadium 

dioxide 

Vacuum 

impregnation 

63.9 - 104.3 - 33 

3 Graphene oxide 

and hexagonal 

boron nitride 

Grafted 

polymerization  

- 81.1 149.4 - 34 

4 Toluene 

diisocyanate  

Esterification  89.4 - 141.0 - 35 

5 Melamine foam  Vacuum 

impregnation 

68.5 56.3 148.9 - 36 

6 Lamellar 

anhydrous 

calcium sulfate  

Vacuum 

impregnation 

- 93.0 93.5 - 37 

7 Orange peel- 

based porous 

carbon 

Vacuum 

maceration 

- 88.0 140.3 0.6390 38 

8 Silicon dioxide 

network with 

aminopropyl 

group and 

carboxylic 

Sol-gel method 84.8 - 132.5 0.3300 39 
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multi-walled 

carbon 

nanotubes 

9 Bio-based poly 

(glycerol-

itaconic acid) 

Solvent free - - 70.1 0.3800 40 

10 Compounding 

polyethylene 

glycol and 

graphene oxide  

Ultrasound-

assisted physical 

blending 

95.0 - 87.4 - 41 

11 3D porous TiO2 In situ 

encapsulate 

92.0 - 153.3 0.3900 42 

12 Calcium ion-

crosslinked 

SA/kapok fiber 

aerogel 

Vacuum 

impregnation 

- - 154.4 0.6840 43 

13 Graphene oxide 

nanosheets 

modified with 

CoO 

nanoparticles 

Physical mixing 

and melt 

impregnation 

method 

80.2 99.8 131.9 0.5231 44 

14 Hydroxy-

terminated 

poly(dimethyl 

siloxane) 

Condensation 

polymerization 

99.0 63.9 124.5 - 45 

15 Poly (butylene 

terephthalate) 

Melting blend 91.0 83 136.8 - 46 

16 Biomass porous 

potatoes 

Vacuum 

impregnation 

82.1 77.7 139.8

8 

- 47 
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17 Cellulose 

nanofibers and 

carbon 

nanotubes 

Crosslinking 

blending 

90.0 99.25 158.3  - 48 

18 4’4-

diphenylmethan

e diisocyanate 

Two-step 

solvent 

- 74.8 106.8 0.3035 49 

19 Hydroxylated 

carbon 

nanotubes 

Chemical 

grafting 

91.0 - 127.9 0.6147 50 

20 Graphene oxide 

aerogel 

Vacuum 

impregnation 

96.4 - 148.4 0.6900 51 

21 Carbon 

fiber/boron 

nitride-based 

nested structure 

Melt blending 63.2 59.6 107.9 0.8100 52 

22 Expanded 

vermiculite 

Physical 

impregnation 

74.9 - 139.2 - 53 

23 Hydroxyapatite 

and dickite 

Direct 

impregnation 

74.7 - 153.5 - 54 

24 PLR Physical 

blending 

60.0 115.4 147.2 0.78 This work 

 204 

The phase change temperature and thermal energy storage properties of the PCM 205 

composites were measured by the DSC. The melting and solidifying DSC curves of the 206 

PLR-PEG GNP composites are shown in Figure S1 to S4. 207 

The detailed calorimetric results of the DSC experiments are listed in Table S2, 208 

including, end solidifying temperature (Ts onset), start melting temperature (Tm onset), peak 209 
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melting temperature (Tm, peak) and endothermic/exothermic enthalpy (∆Hm/∆Hs). The 210 

melting and solidification enthalpies are reflected in the graphs in Figure 2c and d. 211 

Notably, the melting enthalpy increased from 132.9 to 142.9 J/g. It also included values 212 

of for calculated enthalpy, Enthalpy efficiency, extent of supercooling values and 213 

crystallinity which we have already described how to do in the materials and methods 214 

section.  215 

As shown in Table S2, Tm of the sample increases after adding GNP, indicating that 216 

GNP can promote PEG crystallization. This can also be proved in the calculation results 217 

of crystallinity. The crystallinity (𝜑𝑐%) were calculated based on the second heating by 218 

the following equation: 55 219 

𝜑𝑐,𝑃𝐸𝐺+𝑃𝐸𝑂% =
∆𝐻𝑚

𝜔𝑃𝐸𝐺+𝑃𝐸𝑂∆𝐻𝑚
0 × 100%                                                (1) 220 

where, ∆𝐻𝑚 was the measured enthalpy of melting, ∆𝐻𝑚
0  was the melting enthalpy for a 221 

100 % crystalline material and 𝜔𝑖,𝑃𝐸𝑂+𝑃𝐸𝐺  [%] was the fraction of the PEG and PEO in 222 

the sample. The ∆𝐻𝑚
0  of PEO (or PEG) was 196.4 J g-1.56 As a result, the calculated 223 

crystallinity are 78.1%, 85.7%, 88.1%, and 85.9% for sample PLR-PEG, PLR-PEG-224 

3GNP, PLR-PEG-5GNP and PLR-PEG-10GNP, respectively. 225 

This occured because the GNPs can act as a nucleating agent, accelerating the 226 

nucleation of the PEG/PEO chains. This phenomenon can confirm the good dispersion in 227 

these samples to a certain extent, since the efficiency of a nucleating agent in the 228 

crystallization of a polymer depends very much on the dispersion of the agent in the 229 

polymer matrix. The more dispersed it is, the better it can interact with the polymer matrix 230 

chains.57 231 

The extent of supercooling (∆T, oC) was calculated by equation (2) 58: 232 

∆𝑇 = 𝑇𝑚,𝑜𝑛𝑠𝑒𝑡 − 𝑇𝑠,𝑜𝑛𝑠𝑒𝑡                                                          (2) 233 

where, 𝑇𝑚,𝑜𝑛𝑠𝑒𝑡 [oC] is onset temperature of melting and 𝑇𝑠,𝑜𝑛𝑠𝑒𝑡[oC] is onset temperature 234 
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of crystallization. Based on equation (2), ∆T of the PCMs encapsulating PEG 6k are all 235 

calculated to be 9.2~11.3 oC, as listed in Table S2. The enthalpy efficiency (EE) of PCMs 236 

(PEG) can be determined by equation (4), 60 237 

𝐸𝐸 % =
∆𝐻𝑚

𝜔∆𝐻𝑃𝐶𝑀
× 100 %                                                   (4) 238 

where, ∆𝐻𝑚 [J g-1] is the enthalpy value of the target PCMs. ∆𝐻𝑃𝐶𝑀 [J g-1] represents the 239 

enthalpy of PCM substance, namely, PEG, and 𝜔 [%] is the mass ratio of PEG in the 240 

PCMs. Good values are maintained in the enthalpy efficiency, all above 100 % (The 241 

calculated values are listed in Table S2), which means that it does not have much heat 242 

loss during the cooling process, indicating that latent heat can be released during the 243 

cooling stage and increase the energy efficiency. 244 

The extent of supercooling has no significant change, remaining around 10ºC. 245 

Although in the 3% and 5 % GNPs samples a slight increase is seen and this phenomenon 246 

may be because the GNPs influence the nucleation of the PEG/ PEO chains, making the 247 

degree of crystallinity also increase as we can see in the values of Table S2. 248 

The large exposed surface area of GNPs can offer an improvement in nucleation during 249 

polymer crystallization. But first it is necessary to achieve a good GNP dispersion in the 250 

polymers. When with the low GNP, the GNP particles exhibit a strong nucleating effect 251 

and act as heterogeneous nucleation sites at the interfaces of the polymer with the GNP, 252 

but if this concentration increases, the presence of abundant GNP particles significantly 253 

hinders the diffusion of the polymer chains towards the growing crystallites, therefore, 254 

the crystallinity is reduced a little bit. That way when GNP reach 10 wt. % in our samples 255 

this effect is not so clear anymore, due to the graphene agglomerations in the structure, 256 

and at this time, the impurity effect of graphene has been revealed. 257 

For latent heat thermal energy storage, a cyclic stability is very important because it 258 

translates into the useful life that the PCM will have for that application. To achieve that 259 
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propose, PCMs must be thermally stable over a large number of melting and cooling 260 

cycles. Therefore, we submitted one of the samples, PLR-PEG-10 GNP, to have 100 DSC 261 

cycles. 262 

As we can see in Figure 2e and f, there is no significant change in any of the enthalpy 263 

and temperature values. This may also be due to the influence of GNPs due to the 264 

interactions between GNPs and PEG, such as surface tension forces, and capillary forces, 265 

will confine the flowability of PEG molecules, resulting in the decrease in phase change 266 

(melting) temperature.61 This can occur because the GNP can reinforce its function 267 

throughout the cycles ensuring stability. Based on these results it can be concluded that 268 

the PLR-PEG-10GNP composite PCM showed excellent cycling performance (Figure 269 

2g). Some other detailed method and key PCM parameters are summarized in Table 1. 270 

 271 

2.3 Heat response 272 

To see the thermal response and phase change behavior, we summit samples of the same 273 

size to a hot plate for heating and then cooling respectively. The IR images collected 274 

during the process can be seen in Figure 3a. The behavior of the PCM can be observed 275 

in the heating process, the sample is absorbing heat until it reaches the melting point with 276 

structure collapse, the phase change, and remains thermally stable until the phase change 277 

ends and continue absorbing heat, this phase change can be seen as a plateau in the curve 278 

(as shown in the red region in Figure 3b). The cooling process is the same, it goes down 279 

in temperature until it reaches its solidification temperature range, but here we can see 280 

the supercooling process (Region A, Figure 3c), due to the difference in melting and 281 

solidification temperatures it makes a rebound effect before entering the plateau. In 282 

addition, region A appears in the cooling process, which is also known as Ts,onset. The 283 

curve shows that the temperature rises at the initial stage of crystallization, which is due 284 
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to the exothermic crystallization with heat release to a certain extent, which leads to the 285 

sample surface temperature increase. 286 

 287 

 288 

Figure 3. Heat response test: (a) Thermal images of the samples during heating and 289 

cooling process (sample size: 20 mm×20 mm×3 mm), (b) the heating plots, and (c) the 290 

cooling curves of the all samples. 291 

 292 

The phase change during the heating process occurs between 60-70ºC and in the cooling 293 

process between 55-50 ºC. There is an evident difference in temperature increasing rate 294 

between PLR-PEG and GNP-containing samples. GNP containing samples behave the 295 

relative fast thermal response rate of heating and cooling than the reference. The action 296 

of GNP increases the thermal conductivity of the samples (As described in section 2.2). 297 
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This property is important for some applications that require a fast heat response (meaning 298 

fast charge or discharge of heat) like to thermal management of electronic devices or solar 299 

energy harvesting. 300 

2.4 MCC testing and thermal stability 301 

 302 

Figure 4. (a) TGA curves (N2), (b) HRR curves of the four samples obtained by MCC, 303 

(c) Peak heat release (pHRR) data for all the samples, and (d) Total heat release (THR) 304 

data for all the samples. 305 

 306 

Conversely thermal stability is a critical parameter for the melt-processing of polymers. 307 

The curves obtained with the TGA under N2 atmosphere can be seen in Figure 4a, it can 308 

be noticed that the degradation occurs in two steps, the first one corresponding to 309 

approximately 9 wt %. of mass lose and it corresponds to the degradation of the α-CD at 310 
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~310 °C. The second degradation occurs at ~350 °C and corresponds to the degradation 311 

of the PEO or PEG.62 We could see that more than 90 wt% of the samples are degraded, 312 

the residue remaining in the samples with GNP, a percentage of residue in accordance 313 

with the concentration of GNP in the PCM as it shown in Table 2. All the TGA results 314 

indicated that the introduce of Graphene doesn´t influence the PLR-PEG thermal stability 315 

significantly. 316 

Table 2. TGA parameters and MCC results 317 

Sample T5% (oC) Tmax1 

(oC) 

Tmax2 

(oC) 

Re.% pHRR 

(W/g) 

THR 

(kJ/g) 

PLR-PEG 303.1 315.1 357.1 2.0 961 ±25 50.7±0.8 

PLR-PEG-

3GNP 

306.6 315.6 356.6 3.6 

920±10 45.6±3.8 

PLR-PEG-

5GNP 

304.9 316.2 356.8 5.7 

875±9 44.1±0.5 

PLR-PEG-

10GNP 

304.3 314.4 355.9 8.8 

842±14 42.1±2.4 

 318 

It is reported that GNPs can improve flame retardancy in polymer nanocomposites with 319 

promising results.63 The fire resistance in our samples was investigated using a micro 320 

combustion calorimeter (MCC). This test is used to measure the heat released by materials 321 

using small-scale oxygen consumption calorimetry, which is the main parameter for 322 

evaluation of fire resistance, such as the peak heat release rate (pHRR, W/g) and the total 323 

heat release (THR, KJ/g), which is the amount of heat released by the sample during 324 

whole ignition process. 325 

As we also saw in the TGA results previously, the PCM degradation here in MCC test 326 
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is done in two steps. The first peak that can be seen in Figure 4b belongs to the heat 327 

release due to the degradation of α-CD, while the largest peak corresponds to the 328 

degradation of PEG and PEO. All samples show the similar behavior. Thus, we could 329 

observe a HRR decrease in the two degradation peaks the higher the GNP content of the 330 

sample. 331 

As shown in Figure 4 b-d, we can see a slight difference between the PLR- PEG 332 

reference and the samples with a content of GNPs, the decrease in the PHRR value and 333 

the total HR can be clearly seen the larger the percentage of GNPs, these decreases are 334 

4.3-12.4% and 10.1-17.0% respectively. The great thermal conductivity that GNP possess 335 

makes a better distribute heat mixed with the formation of protective char layer formed 336 

by the GNPs which indicate a decrease in released heat due to the improved flame 337 

retardancy effect of GNPs in PLR-PEG matrix. It is worth pointing out that although GNP 338 

does not show significant catalytic effect on char formation, its two-dimensional 339 

nanostructure and good dispersion can act as a barrier for heat and mass conduction, thus 340 

having a positive effect on fire safety to a certain extent. 341 

2.5 Application cases 342 

2.5.1 Peak Shaving and Valley Filling for TEG 343 
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 344 

Figure 5. (a) PCM (sample PLR-PEG-5GNP) image (with size of 50 mm×50 mm×2 mm, 345 

weight of 1.54 g), (b) TEG (Model: TECI-12706), (c) Heat sink, (d) schematic diagram 346 

of test device, (e) structure illustration of the test devices without PCM, (f) Packed 347 

structure illustration of device with PCM, (g) temperature difference of the two side of 348 

TEG (Thigh and Tlow), and (h) Voltage output of the two devices with or without PCM. 349 

With the temperature and heat absorb by the PCM, the heat response of the generator 350 

can be delayed a little bit. Consequently, it performed as shown in the Figure 5g-h. 351 

Fortunately, the output voltage can maintain 0.2 V while the sample without the PCM 352 

will lose the output rapidly when removing the heat source. Advantage of PCM 353 

incorporation make the output continuously and stably. It can be seen from Figure 5g 354 

that the peak difference of temperature we control is almost the same. Thigh is the heat 355 
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source temperature, and TLow is the temperature at the interface between heat sink and 356 

thermoelectric converter. Due to the heat storage effect during PCM heating, the 357 

temperature difference is slightly larger after cooling. The system containing PCM in 358 

Figure 5h has significantly high peak output voltage. We believe that the important 359 

reason for this phenomenon is that during the limited heating cycle, the phase change of 360 

PCM will adjust the temperature difference on both sides of the thermoelectric converter. 361 

As a result, in the same heating cycle, the temperature difference is slightly lower than 362 

that of devices without PCM. Therefore, the peak value of the total voltage output is 363 

significantly lower than that of the sample without PCM. When the heat source is 364 

removed, PCM stores a certain amount of heat, which can fully serve as the heat source 365 

to maintain the temperature difference. Thus maintaining a relatively high voltage output 366 

during cooling, playing a significant practical effect of Peak Shaving and Valley Filling. 367 

2.5.2 Solid state disc thermal regulation 368 
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 369 

Figure 6. (a) Application form, and test diagram of the PCM for SSD thermal regulation, 370 

and illustration of the device stack structure, (b) IR images of the devices during heating, 371 

(c) the heating curves of the PP that without PCM, with sample PLR-PEG, and with PLR-372 

PEG-10 GNP, and (d) heating curves of PCM layer with or without GNPs. 373 

PCMs are usually used to regulate the temperature of solid-state disk (SSD). A schematic 374 

structure was designed (the protecting sheet (Polypropylene (PP) with 2 mm in thickness, 375 

PCM (70 mm×22 mm×1 mm in thickness, which is the same as the size of commercial 376 

product) as shown in Figure 6a. The IR images during heating was recorded and shown 377 

in Figure 6b. The corresponding plots were shown in Figure 6c and d. As it can be seen, 378 
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the endothermic and exothermic state of the device can form a relatively stable 379 

equilibrium temperature at last. During the whole heating cycle, sample with PCM in this 380 

study showed significantly better temperature control state than both the reference 381 

sample. Specifically, the temperature of the PP protecting part with PCM was 382 

significantly lower than that of blank sample. The temperature difference gradually 383 

appears and maintain between 4-7 oC for long period. The difference is due to the high 384 

enthalpy effect of both PLR-PEG and PLR-PEG-10GNP phase transition, which plays a 385 

role in temperature control for a certain period. We then found that PLR-PEG-10GNP 386 

sample has more excellent temperature control effect than PLR-PEG. We believe that this 387 

is due to the high thermal conductivity of PLR-PEG-10GNP. This will ensure efficient 388 

heat absorption and heat transfer, so as to give full play to the thermal management effect. 389 

3. CONCLUSIONS 390 

The PLR/PEG nanocomposites with various contents of GNPs were successfully 391 

prepared. Samples of PLR/PEG GNPs nanocomposites were fabricated using a blending 392 

method with water as the only solvent. The addition of GNPs to PLR / PEG maintained 393 

shape stability in its phase transition. Due to the good dispersion of GNP in the matrix in 394 

the concentrations 3 wt.% and 5 wt.% of GNPs we could see that it acts as a nucleating 395 

agent, slightly increasing the crystallinity and therefore the enthalpy values. A great 396 

thermal performance is observed, obtaining high latent heat values (132.9-142.9 J/g) and 397 

cyclical stability. We can further see a significant increase between 60-257 % compared 398 

to PLR-PEG in thermal conductivity, this increase is linear with the increase in GNP 399 

contents. It shows the improvement in fire resistance properties, lowering the values of 400 

pHRR and THR in a 4.3-12.4% and 10.1-17.0% respectively, and heat response, 401 

obtaining faster heating and cooling rates. For the application cases, it showed obvious 402 

Peak Shaving and Valley Filling and heat regulation for the SSD. To summarize, the high 403 
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thermal performance with high enthalpy values, the high thermal conductivity values, 404 

added the great form stability so that we obtain in PLR / PEG GNP, thus its simple 405 

synthesis process and green pathway to enhance the fire safety, make an optimal PCM to 406 

be used as an in latent heat thermal energy storage material in industrial applications such 407 

as device thermoregulator or thermoelectric generator. 408 
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