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Abstract Series of n-octadecane/expanded graphite com-

posite phase-change materials (PCMs) with different mass

ratio were prepared using n-octadecane as PCMs, expanded

graphite as multi-porous supporting matrix through vac-

uum impregnation method. Microstructure, crystallization

properties, energy storage behavior, thermal cycling prop-

erty and intelligent temperature-control performance of the

composite PCMs were investigated. Results show that the

composite PCMs have a good energy storage property. The

melting enthalpy and crystallization enthalpy can reach

164.85 and 176.51 J g-1, respectively. Furthermore, the

good thermal conductivity of expanded graphite reduces

the super-cooling degree of n-octadecane and endows the

composite PCMs with fast thermal response rate and

excellent thermal cycling stability. As a result, the phase-

change temperatures and phase-change enthalpy almost

have no change after 50 thermal-cooling cycles. The test of

intelligent temperature-control performance shows that the

electronic radiator filled with the composite PCMs pos-

sesses a high intelligent temperature-control performance,

and its temperature can sustain in the range of 22–27.5 �C

for about 6120 s. These results indicate that the prepared

composite PCMs possess good comprehensive property

and can be widely used in energy storage and thermal

management systems.
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Introduction

Nowadays, the limited reserves of fossil fuels make the

effective utilization of energy a general concern. Phase-

change materials (PCMs) which are capacity of storing and

releasing thermal energy during phase-change procedure

provide an elegant and feasible solution to improve energy

utilization in many sectors [1–3]. Furthermore, the applica-

tion of PCMs for energy storage not only can reduce the

mismatch between energy supply and demand, but also plays

an important role in conserving energy and thermal man-

agement [2, 4, 5]. Recently, using PCMs has attracted

increasing interests in thermal energy storage, as it can

provide high energy storage density within small tempera-

ture intervals. Therefore, PCMs for thermal energy storage

have been extensively employed in a wide of applications

including usage of solar energy, energy-efficient building

and thermal management of electronic devices.

Currently, during the different groups of PCMs, it is

reported that paraffins, which are a kind of promising solid–

liquid organic PCMs, possess high latent heat storage

capacity over a narrow temperature range, non-toxicity, no

super-cooling and precipitation phenomenon, high chemical

and thermal stability and ecologically harmless [6]. Among

various paraffin PCMs, n-octadecane has always been

viewed as the most valuable one in practical applications due
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to its suitable phase-change temperature (28.2 �C) and high

latent heat storage capacity (245 J g-1). In addition, n-oc-

tadecane possesses desirable characteristics including good

chemical and thermal stability, less expensive, low vapor

pressure, non-corrosiveness, low vapor pressure. However,

the ubiquitous defects of seepage of the melting PCM during

phase-change procedure and low thermal conductivity

[0.35 W m-1 K-1 (s) and 0.149 W m-1 K-1 (l)] are the

main factors that restrict its widely practical applications in

thermal energy storage [7, 8].

In order to address these problems, researchers have

focused on improving the shape-stabilization and thermal

conductivity of n-octadecane as PCM. Encapsulation

techniques provide opportunities to prevent leakage of the

melting PCM. Moreover, encapsulation techniques can

improve the thermal conductivity of PCMs with high heat

transfer area, reduce reactivity with the outside environ-

ment and control volume changes during phase transition

[2, 9]. Consequently, researchers focus on the preparation

of shape-stabilized PCMs which contain solid–liquid PCM

and supporting material by means of encapsulation

[10–12]. At present, expanded graphite has attracted con-

siderable attention to prepare form-stable composite PCMs

due to its reticulated multi-porous structure. In addition,

expanded graphite has good adsorption properties, high

temperature resistance, high oxidation resistance, high

corrosion resistance and great thermal conductivity

[13, 14]. As a result, a large number of scholars have done

much research about composite PCMs by using expanded

graphite as a supporting material. However, thermal energy

storage density and thermal repeatability of the composite

PCMs still need to be improved [15, 16]. Besides, the

thermal management effect of the composite PCMs is

rarely investigated. Therefore, it is still important to ame-

liorate the thermal conductivity, thermal properties and

practical application effect of the composite PCMs.

Hence, in the present study, series of n-octadecane/ex-

panded graphite composite PCMs with different mass

ratios were prepared using n-octadecane as PCM and

expanded graphite as multi-porous supporting matrix

through vacuum impregnation method. At the same time,

this study also investigates the microstructure, thermal

properties and intelligent temperature-control performance

of the obtained composite PCMs.

Experimental

Materials

Flake graphite with an average particle size of 200 meshes

and expansion ratio of 200 mL g-1 was purchased from

Qingdao Graphite Co. Ltd. (Qingdao, China). n-

Octadecane with a purity of 90% was obtained from

Tianjin Alfa Aesar Co. (Tianjin, China).

Preparation of n-octadecane/expanded graphite

composite PCMs

The n-octadecane/expanded graphite composite PCMs

were prepared in two steps. First, flake graphite was put

into a muffle furnace at 900 �C for 60 s forming vermicular

expanded graphite. Next, n-octadecane/expanded graphite

composite PCMs were prepared using a vacuum impreg-

nation method. n-Octadecane was placed in a beaker and

heated to melt at 50 �C in a vacuum drying oven. Then,

some expanded graphite was added in the beaker and well

mixed with melting n-octadecane by stirring. After that, the

mixture was heated in a vacuum drying oven at 50 �C for

2 h. At last, series of n-octadecane/expanded graphite

composite PCMs with different mass ratios were prepared.

The mass ratios of n-octadecane/expanded graphite are 6:4,

7:3, 8:2, 9:1, and the corresponding sample is marked as

PCM1, PCM2, PCM3, PCM4, respectively.

Characterization

Fourier transform-infrared spectroscopy (FT-IR) spectra

were recorded on an Equinox 55 FT-IR spectrometer

(Bruker, Germany) using KBr pellet in the wave number

range of 4000–400 cm-1. The crystalline structures of

expanded graphite and the composite PCMs were investi-

gated by X-ray diffraction (XRD, Bruker-D8 Advance,

Germany), operating at 40 kV and 40 mA with a 2h
scanning range of 20�–80� in a step of 0.02�. Scanning

electron microscopy (SEM) images of the composite PCMs

were obtained from a JSM-6360LV microscope, operating

at an accelerating voltage of 20 kV. The samples were

coated with gold–palladium alloy prior to SEM analysis.

The microstructures of expanded graphite and the com-

posite PCM were detected by transmission electron

microscopy (TEM, Hitachi JEM-1200EX, JEOL Ltd.,

Japan) operating at an acceleration voltage of 120 kV. The

sample was dispersed in ethanol, and some pieces were

collected on carbon-coated 300-mesh copper grids for the

TEM observation. The melting and crystallization behav-

iors of the composite PCMs were measured by differential

scanning calorimeter (DSC, Setaram, Sensys), and the test

was carried out from -30 to 60 �C with a heating rate of

5 �C min-1 in nitrogen atmosphere. The masses of the

composites were about 5–10 mg. The temperature scale

was calibrated using high purity indium, tin and lead. In

most cases, the transition temperatures were reproducible

to within 0.5 �C. Thermal cycling stability of the com-

posite PCMs was carried out consecutively up to 50
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thermal cycles using the DSC calorimeter. Thermal sta-

bility of the prepared composite PCMs after thermal

cycling test was characterized via thermogravimetric

analysis (TG, TA-SDT Q600, American) from room tem-

perature to 600 �C at a heating rate of 10 �C min-1 under

nitrogen atmosphere with a flowing rate of 100 mL min-1.

The intelligent temperature-control performance of the

composite PCMs was investigated by using multi-channels

data acquisition equipment (Shenzhen Kai-LiDi Technol-

ogy CO. LTD.). The measurement was taken by using an

electronic radiator which is a tank radiator made of alu-

minum. First, the channels of the radiator were fully filled

with the prepared composite PCMs. Then, a thermocouple

was inserted into the middle position of the channel in the

radiator. And the thermocouple was connected with the

multi-channels data acquisition equipment. At last, the

electronic radiator was irradiated with a 275 W infrared

lamp and the corresponding temperature changes were

collected by the data acquisition equipment.

Results and discussion

Chemical structure of the composite PCMs

Chemical structures of the composite PCMs synthesized

with different n-octadecane/expanded graphite mass ratios

were characterized by FT-IR spectroscopy. The resulting

spectra are illustrated in Fig. 1. The FT-IR spectrum of

expanded graphite shows the characteristic absorption

peaks at 1645 and 3450 cm-1, corresponding to the

stretching vibrations of C=O and –OH, respectively. All

the n-octadecane/expanded graphite composite PCMs also

exhibit characteristic peaks at the same positions as those

observed from FT-IR spectrum of expanded graphite. At

the same time, the composite PCMs exhibit characteristic

absorption peaks at 2800 and 2900 cm-1 caused by typical

asymmetric and symmetric stretching vibration of –CH3.

The absorption peaks at approximately 1454 cm-1 belong

to the bending deformation of –CH3 and –CH2–, whereas

the peak at 717 cm-1 is due to the in-plane rocking

vibration of –CH3 [17]. These absorption peaks attach to

the characteristic peaks of n-octadecane. It indicates that

the composite PCMs were successfully prepared by using

n-octadecane as PCM and expanded graphite as supporting

material. It is clear that there was no strong chemical

interaction between n-octadecane and expanded graphite,

and the composite PCMs were physical mixtures. These

results imply that the n-octadecane was successfully filled

into the porous structure of expanded graphite, and thus,

seepage of the molten n-octadecane from the porous

structure was prevented.

Morphologies of the composite PCMs

The SEM images of expanded graphite and the n-octade-

cane/expanded graphite composite PCMs with different

ratios are presented in Fig. 2. As shown in Fig. 2a,

expanded graphite consists of overlapped graphite flakes

and has a multilayered structure, forming abundant crevice-

like and net-like pores. Owing to this porous structure, n-

octadecane can be adsorbed and filled into expanded gra-

phite. It can be seen from Fig. 2b–e that n-octadecane was

well mixed into expanded graphite matrix and adsorbed

into the porous structure and surface of expanded graphite

by capillary forces and surface tension between n-octade-

cane and expanded graphite. Besides, as the content of n-

octadecane in the composites increases, the surface of

expanded graphite becomes smooth and compact. How-

ever, as the mass ratio of n-octadecane/expanded graphite

increases to 9:1, a large amount of n-octadecane is found

on the surface of expanded graphite (seen from Fig. 2e),

which will lead to the leakage of molten n-octadecane

during phase-change procedure. While the mass ratio of n-

octadecane/expanded graphite is 8:2, the sample shows a

quite compact structure as observed from Fig. 2d. It indi-

cates that the porous structure of expanded graphite was

adequately filled and wrapped by 80 mass% n-octadecane

which is enough to homogeneously occupy the pores and

surface of expanded graphite resulting in the smooth sur-

face. And expanded graphite can keep them from leakage

during phase-change procedure. Once the content of n-

octadecane increases, there will be redundant n-octadecane

accumulating on the surface of the composites. This result

suggests that 8:2 may be the optimum ratio to prepare the

n-octadecane/expanded graphite composite PCMs with

good thermal properties.
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Fig. 1 FT-IR spectra of the composite PCMs with different n-

octadecane/expanded graphite mass ratios
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Furthermore, in order to further investigated the

microstructure of the composite PCMs, TEM photographs

of expanded graphite and the composite PCM with 8:2 n-

octadecane/expanded graphite mass ratio were carried out

and are shown in Fig. 3. As represented in Fig. 3a, the

prepared expanded graphite has flat and semitransparent

slices with some wrinkles and folds. It can be observed

from Fig. 3b that the composite PCM exhibits a non-

transparent structure which suggests that n-octadecane was

successfully filled into the porous structure of expanded

graphite by capillary forces and surface tension between n-

octadecane and expanded graphite. These results are con-

sistent with those obtained from the SEM images and FT-

IR spectrum.

Crystallization properties of the composite PCMs

XRD patterns are used to reveal the crystallization prop-

erties of the prepared expanded graphite and composite

PCMs, which are shown in Fig. 4. It is obviously found

that the XRD pattern of the expanded graphite has one

strong diffraction peak centered at 26.2� due to the feature

peak (002) of graphite, and this peak also appears in the

patterns of all composite PCMs. In addition, the peaks

appearing at 11.7�, 19.5�, 19.9�, 22.4�, 23.7�, 24.8�, 34.8�,
39.7� and 44.5� of the composite PCMs are caused by the

crystalline structure of n-octadecane. Besides, the intensity

of these peaks enhances with the increase in n-octade-

cane/expanded graphite mass ratio. These results indicated

that the crystal structure of n-octadecane in the composite

PCMs is not changed implying that n-octadecane was

absorbed into the porous structure of expanded graphite by

physical interaction without chemical reaction.

Thermal properties of the composite PCMs

The phase-change behaviors of the n-octadecane/expanded

graphite composite PCMs were investigated by DSC.

Figure 5 presents the heating and cooling curves of the

composite PCMs, where the upward peak indicates the

endothermic process while the downward corresponds to

the exothermic one. The melting and crystallization

Fig. 2 SEM images of a the synthesized expanded graphite; and the composite PCMs: b PCM1, c PCM2, d PCM3, e PCM4
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parameters of all the samples obtained from DSC analysis

are listed in Table 1. As seen from Fig. 5, a single and

well-resolved endothermic peak can be significantly

observed for all the samples on the DSC heating and

cooling curves. Besides, area of the corresponding peak

enlarges with the increase in n-octadecane/expanded gra-

phite mass ratio. These results show that the porous

structure of expanded graphite has no effect on the phase-

change behavior of the interior n-octadecane, and all the n-

octadecane/expanded graphite composite PCMs possess

high phase-change energy storage property.

Moreover, as shown in Table 1, it is evident that the

mass ratio of n-octadecane has a significant influence on

the thermal properties of the composite PCMs. Obviously,

the melting temperature of the samples decreases with the

increase in expanded graphite content. It indicates that the

good thermal conductivity of the expanded graphite

Fig. 3 TEM images of a the

synthesized expanded graphite

and b PCM3
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Fig. 4 XRD patterns of the prepared expanded graphite and
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accelerates the melting behavior of n-octadecane. The

same result can also be seen in the freezing process. The

crystallization temperature of the samples increases with

the increase in expanded graphite content. These results

mean that n-octadecane was homogeneously dispersed in

the porous structure of expanded graphite and expanded

graphite looks like a three dimensional thermal conductive

network for the interior n-octadecane. Hence, the interior

n-octadecane can respond quickly to the temperature

variations resulting in the decrease in melting temperature

and the increase in crystal temperature. Furthermore, the

good thermal response rate of the composite PCMs also

reduces the super-cooling degree of n-octadecane and may

endow the composite PCMs with excellent thermal cycling

stability. These results further confirm that n-octadecane

was effectively absorbed into the porous structure of

expanded graphite which also entrust the interior n-oc-

tadecane with good comprehensive properties.

In addition, all the obtained composite PCMs possess

high latent heat which increases with the increase in n-

octadecane content. As the sample with 80 mass% n-oc-

tadecane, its melting enthalpy and crystallization enthalpy

are 164.85 and 176.51 J g-1, respectively. And the latent

heat of the sample incorporated with 90 mass% n-octade-

cane is the highest among all the samples. Nevertheless, we

have learnt from the SEM results that there is excessive n-

octadecane attaching to the surface of the sample which

may lead to the leakage of molten n-octadecane during

phase-change procedure. In summary, all the results

demonstrate the composite PCMs incorporated with 80

mass% n-octadecane possess good comprehensive property

which can be widely used in energy storage and thermal

management systems.

Thermal cycling stability of the composite PCMs

Thermal cycling test was performed to determine the

thermal reliability and endurance property of the composite

PCMs. They were evaluated in terms of variations in

phase-change temperatures and latent heat values after 50

thermal cycles. From the above results, we can determine

that the n-octadecane/expanded graphite composite PCM

with the mass ratio of 8:2 possesses good phase-change

behavior. Therefore, the thermal cycling test was

conducted on this sample. The obtained DSC curves and

the corresponding latent heat from DSC analysis of the

sample for 50 thermal cycles are presented in Fig. 6a, b,

respectively. It can be clearly seen that the phase-change

temperatures and the latent heats of the composite PCM

almost remain the same, which prove that the composite

PCM possesses excellent thermal cycling stability. More-

over, the FT-IR spectra and TG curves of the sample before

and after 50 thermal cycles are shown in Fig. 6c, d,

respectively. From Fig. 6(c), no characteristic peak disap-

pears or has a location shift and no new characteristic peak

emerges after 50 thermal cycles, which further illustrate

that the composite PCM possesses commendable thermal

reliability. Moreover, as shown in Fig. 6d, it can be clearly

observed that the TG curves of the sample almost keep no

significant change for 50 DSC thermal cycles. It also

indicates that the composite PCMs possess good thermal

cycling stability. Therefore, the prepared n-octade-

cane/expanded graphite composite PCMs not only have an

excellent phase-change behavior but also possess good

thermal cycling stability, meaning that they have a great

potential in applications of energy storage and thermal

management.

Intelligent temperature-control properties

of the composite PCMs

Figure 7 presents the intelligent temperature-control per-

formance results of the composite PCMs. It is significant

that the temperature rising rate of the electronic radiator is

faster than that of the electronic radiator filled with PCMs

in the whole heating period. And the temperature of the

electronic radiator increases with the extension of radiation

time. However, the temperature of the electronic radiator

filled with PCMs is just increasing at the initial heating

stage. Then, its temperature begins to increase slowly at

around 22 �C and it needs 6120 s to increase to 27.5 �C;

hence, there is an approximately constant temperature

platform in the temperature variation curve in Fig. 7. This

result implies that the composite PCMs filled in the elec-

tronic radiator absorb the radiant heat of the infrared lamp

because of their phase change during the heating process.

Consequently, the temperature of the electronic radiator

filled with PCMs is controlled in the range of 22–27.5 �C

Table 1 Thermal properties of the composite PCMs with different n-octadecane/expanded graphite mass ratios

Sample code Melting temperature/ �C Melting enthalpy/J g-1 Crystallization temperature/ �C Crystallization enthalpy/J g-1

PCM1 31.562 127.052 18.133 -144.263

PCM2 31.864 147.236 18.161 -154.253

PCM3 32.650 164.854 17.412 -176.512

PCM4 32.337 176.358 16.394 -191.307
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for about 6120 s. Meanwhile, it takes only 1020 s for the

electronic radiator without composite PCMs increasing

from 22 to 27.5 �C. These results indicate that the elec-

tronic radiator filled with PCMs has an excellent intelligent

temperature-control property which further shows that the

composite PCMs prepared in this study has a broad

application prospect in fields of thermal energy storage and

thermal management.

Conclusions

Series of n-octadecane/expanded graphite composite PCMs

with different mass ratios were prepared through vacuum

impregnation method. FT-IR spectra confirm that there was

no strong chemical interaction between n-octadecane and

expanded graphite, and n-octadecane was successfully
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filled into the porous structure of expanded graphite. The

morphology investigation suggests that the optimum mass

ratio of n-octadecane/the expanded graphite is 8:2 to pre-

pare composite PCMs. Furthermore, this sample has a

much better phase-change properties, and its melting

enthalpy and crystallization enthalpy can reach 164.85 and

176.51 J g-1, respectively. Moreover, the composite

material has excellent thermal cycling stability and its

phase-change enthalpy almost has no change after 50 times

of DSC heating and cooling. In addition, the composite

PCMs possess high intelligent temperature-control perfor-

mance, which can control the temperature of an electronic

radiator sustaining in the range of 22–27.5 �C for about

6120 s. All these results demonstrate that the obtained

composite PCMs incorporated with 80 mass% n-octade-

cane possess good comprehensive property which can be

widely used in energy storage and thermal management

systems.
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