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The existing thermoelectric materials are greatly affected by the temperature environment, which can provide better power output
in a stable temperature environment by using composite phase change material with enhanced heat conduction. The graphene is
dispersed in the liquid mannitol to make the nanomixed material. Test results show that the thermal conductivity of mannitol
increased from 0.7Wm-1 K-1 to 2.07Wm-1 K-1, 179.73% times as much. The effective thermal conductivity of mannitol can be
increased to 8.4236Wm-1 K-1 by using a graphite foam with a porosity of 0.9. After adding 1wt.% and 5wt.% graphene
particles, the effective thermal conductivity increased to 8.73Wm-1 K-1 and 9.63Wm-1 K-1, respectively. The simulation results
in a large heat source environment show that mannitol with improved thermal conductivity can ensure the stable operation of
the thermoelectric material in the optimal temperature environment for 120 s, and the open-circuit voltage is maintained at
about 6.5 V in that time.

1. Introduction

Phase change materials (PCMs) control the temperature of
the surrounding environment by absorbing or releasing its
latent heat in the process of phase change [1]. They are
applied and studied in aerospace, electronic equipment, solar
power generation, and other fields [2, 3]. However, most
PCMs have the disadvantage of low thermal conductivity,
such as paraffin [4] and salt [5]. The low heat transfer rate
has a great impact on the heat transfer process, so it is very
important to improve the thermal conductivity of PCMs.
The common methods to enhance heat transfer are using
fin structure [6], using capsule structure [7, 8], using porous
medium structure [9, 10], and adding high thermal conduc-
tivity material [11, 12]. Two or more methods can be used
to further improve the thermal conductivity, such as mixing
paraffin wax with expanded graphite and then adding the
nanomixed material to the aluminum foam [13, 14]. Zhao
et al. added fins to a two-dimensional heat exchange tube
model and studies the influence of fin position. Their results
show that adding fins can reduce the melting time by 12%,
but the influence of fin position is small, and the fin position

can be adjusted to reduce other design difficulties [15]. Do
et al. designed a capsule structure of phase change material
which could improve the efficiency of energy absorption or
release by 41%, but the capsule was easy to be damaged
[16]. Chunhui et al. developed a phase change material ther-
mal storage unit made by aluminum foam and nitrogen.
Their test result shows that the maximum temperature differ-
ence between the up and bottom of the thermal storage unit
is less than 0.5K, much lower than the case without alumi-
num foam [17]. Marcos et al. used graphene nanoplatelets
to enhance the thermal conductivity and the nanoenhanced
phase change materials could reach 23% for 0.50%
fGnP/PEG 400 nanofluid, while ensuring small changes in
other thermal properties [18].

Thermoelectric material is a kind of clean energy, which
can directly generate electric energy through temperature
gradient. Temperature directly affects the performance of
thermoelectric conversion, such as the maximum tempera-
ture range, temperature difference between two sides of ther-
moelectric material, and temperature distribution between
multistage materials [19, 20]. PCMs can provide a stable
power generation environment for thermoelectric materials
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[21, 22]. The research of this kind of power generation struc-
ture has appeared, such as high-temperature power genera-
tion on aircraft, power supply of underwater glider [23],
and airborne sensor [24, 25]. PCMs can be used on the hot
side of thermoelectric power generation (TEG) to reduce
the temperature change [26], and it is necessary to improve
the thermal conductivity of PCMs [27, 28].

The commercial TEG-126T200 is purchased in our labo-
ratory. Considering the maximum temperature that the TEG
can bear is about 200°C, mannitol with a melting point of
167°C is selected as PCMs. This paper is aimed at further
improving the thermal conductivity of graphite foam
composites by using graphene nanomaterials because using
graphite foam has a certain limit. Experiments and simula-
tion are both used in this paper.

2. Experimental Section

2.1. Preparation of Materials. In order to compare and
observe the effect of graphene, several groups of experimental
materials were prepared, and the preparation process is
shown in Figure 1. The nanomaterials of the specified quality
are filled into the liquid mannitol. The mixed liquid with
good dispersity is obtained by using a magnetic stirrer and
ultrasonic wave for 3 hours. Part of the mixed liquid is
selected to stand in the vacuum drying oven until it is cooled
to room temperature to obtain nanomixed materials. As seen
in Figure 2(a), graphite foams with porosity of 0.9 are cut into
about 40 ∗ 40 ∗ 20mm3 of size and mixed with the last part
of the mixed liquid, and then the final composite PCMs were
prepared by the same cooling method. In Figure 2(b), we can
see the obvious graphene lamellar structure. The in-plane
thermal conductivity of graphene is very high, but the ther-
mal conductivity between different layers is low. The size of
this lamellar structure is the reference for the following
modeling.

In Figure 2(c), the skeleton of graphite foam can be
observed. It can be seen that the interface between graphite
foams and mannitol is clear and filled with fullness. The
mannitol is completely coated on the graphite skeleton,
which indicates that the nanomodified mannitol can meet
the requirements of filled carbon foams. Figure 2(d) is the
dispersion of graphite foam in mannitol. In the photos, we
can see the obvious graphene lamellar structure. The gra-
phene overlaps with each other in mannitol, thus forming a
connected heat transfer channel, which will help to improve
the thermal conductivity of the composite material.

2.2. Test Data of Nanomaterials. Figure 3 shows the test
results of the above materials after repeated melting. It can
be seen that both pure mannitol and graphene-mannitol
are stable, and the DSC curve has not changed significantly
after 50 times of repeated heating, indicating that the mate-
rial can be reused in practice. On the other hand, due to the
addition of graphene, the thermal conductivity of mannitol
has been improved, and the maximum heat flow peak value
can be obviously reduced in the figure. The reduction of the
maximum heat flow peak value in Figure 3 is a direct reflec-
tion of the improvement of the thermal conductivity of the

composite. Because in the same heating process, the larger
thermal conductivity can make the heat transfer to the whole
sample quickly, so the maximum peak value decreases and
the transverse area becomes wider obviously.
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Figure 1: Schematic diagram of the composite material preparation
process.
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Figure 2: Image of graphite foam, graphene, and composite
materials.
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Figure 3: Comparison of the effects of heating cycles.
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Figure 4 shows the test results of composite materials
with different mass fractions. It can be seen that the DSC
curve trend of the composite is basically the same as that of
the pure phase change material, and there is no other heat
absorption or exothermic peak. This indicates that graphene
and graphite foams are only a simple physical combination
with mannitol. However, because of the existence of gra-
phene, the latent heat of phase transition of the composite
is lower than that of pure mannitol, which can be seen from
Tables 1 and 2.

Graphene is a kind of lamellar structure with a thickness
of only 0.4-8 nm and a radial direction of up to 2-3μm.
Because of the great difference between the radial direction
and the thickness direction, it is easy to form a local or even
global heat conduction path when dispersed in phase change
materials, so as to improve the thermal conductivity. Figure 5

shows the test results of thermal conductivity. It can be seen
that the thermal conductivity of mannitol can be increased
from 0.74Wm-1K-1 to 8.42Wm-1K-1 by using graphite foam.
On the other hand, graphene can further enhance the ther-
mal conductivity. When the graphite foam is not used, the
thermal conductivity of mannitol can be increased to
2.07Wm-1K-1, and it can be increased to 9.63Wm-1K-1 after
using graphite foam. Therefore, it is feasible to use graphene
to further improve the thermal conductivity when the
graphite foam reaches its limit.

Table 1: DSC test data of graphene-mannitol sample.

Ratio
Liquidus
point (°C)

Liquidus heat
(kJkg-1)

Solidus
point (°C)

Solidus heat
(kJkg-1)

0 wt.% 165.3 307.4 118.4 266.8

0.5 wt.% 164.6 305.8 121.6 259.6

1 wt.% 165.8 304.6 120.8 256.8

2 wt.% 166.6 299.0 119.5 254.3

5 wt.% 165.0 288.3 120.6 252.2

Table 2: DSC test data of graphene-mannitol-foam sample.

Ratio
Liquidus
point (°C)

Liquidus heat
(kJkg-1)

Solidus
point (°C)

Solidus heat
(kJkg-1)

0 wt.% 169.4 254.1 119.8 217.7

0.5 wt.% 168.2 255.2 122.7 221.5

1 wt.% 166.4 250.9 123.0 217.9

2 wt.% 167.6 245.7 120.8 228.5

5 wt.% 166.7 235.5 120.1 203.0
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Figure 5: Test data of thermal conductivity.
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Figure 6: Schematic diagram of simulation model of composite
material.
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Figure 4: DSC curve of graphene-mannitol sample (a) and graphene-mannitol-foams (b).
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3. Simulation and Discussion

3.1. Simulation of Heat Transfer Process at Different Scales.
The addition of graphene with different mass fraction in
the phase change material will lead to the change of the effec-
tive thermal conductivity of the composite. The thermal con-
ductivity of graphene can be studied by molecular dynamic
simulation [29]. In order to directly observe the influence
of graphene material on the heat transfer process, this paper
conducts simulation calculation at different scales, and the
setting of the calculation model is shown in Figure 6. The
thermal conductivities of mannitol, graphene, and graphite
foam were set at 0.74Wm-1K-1, 1500Wm-1K-1, and
418.18Wm-1K-1, respectively.

Firstly, the graphene is analyzed. On the left side of
Figure 7(a) is an idealized graphene distribution model,
whose distribution pattern is regular, but it is more compli-
cated in practice just like the model on the right side. Graph-
ite foam is a thin layer structure. There may be physical
contact between multiple graphene layers, but no crossover
occurs. As shown in Figure 7(b), the distribution model of
graphene is established in the two-dimensional XY coordi-
nate system. The coordinates of the center point and the tilt
angle of each graphene sheet are generated by using the ran-
dom function in MATLAB software, and the basic require-
ments of no crossover in the modeling are met by trimming
operation. The initial thickness of graphene is set as 4 nm,
and the initial length is 2μm. The operation of drawing
repeatedly until the scale requirements are met. After calcula-
tion, it can be considered that the mass fraction of graphene
in the model is twice of the volume fraction, that is to say,

every 1wt.% of graphene is equal to about 0.5% of the total
volume. By setting a constant temperature difference at the
upper and lower ends of the two-dimensional model, the
effective thermal conductivity of the composite can be calcu-
lated by the Fourier heat transfer formula. The modeling
results are shown in Figure 8.

The thermal conductivity can be calculated in FLUENT.
It can be seen from Figure 9 that graphene sheets form a ther-
mal path, and the effective thermal conductivity increases
with the increase of graphene sheet content, which is consis-
tent with the trend of experimental results. Obviously, along
the heat transfer direction of graphene, the temperature gra-
dient is small, and with the increase of heat transfer channel,
the thermal conductivity is higher. As seen in Figure 10, the
thermal conductivity of 1wt.% and 5wt.% is 1.21Wm-1K-1

and 2.22Wm-1K-1, respectively, which are 17.5% and 12.1%
higher than the experimental results. The main reason is that
the interface thermal resistance is not considered in the sim-
ulation calculation. Therefore, it can be concluded that if the
interface thermal resistance between graphene and PCMs
can be reduced, the thermal conductivity of the PCMs can
be further improved.

(a)
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4
𝜇m

(b)

Figure 7: Schematic diagram of graphene lamellar model.
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Figure 8: Modeling results of graphene with different mass fraction.

Figure 9: Calculation results of temperature at different volume
fraction.
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Figure 10: Comparison of thermal conductivity between
calculation and experimental results.
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In order to observe the effect of graphene on heat transfer
from the scale of graphite foam, a more accurate result can be
obtained by using the model close to the actual foam struc-
ture in calculation [30]. Considering the cost problem, in this
paper, the modeling method is to use a circle in CAD soft-
ware to simulate the distribution of phase change materials,
as shown in Figure 11. It is too difficult to model the graphite
foam and graphene according to the actual size. Therefore,
graphene and mannitol are regarded as a new material, and

their parameters are set according to the ratio. The heat flow
condition is 100 kWm-2. The size of the model is 2 ∗ 1mm2,
with the largest pore diameter of graphite foam is 400μm,
and the mass fraction of graphene is 5wt.%.

It can be seen from Figure 12(a) that the temperature
control ability of mannitol is strengthened after the addition
of graphene material. On the one hand, the temperature con-
trol temperature range is more stable. Graphene composite
can maintain the temperature near the melting point, and
its maximum temperature is very close to the 440 k melting
point. The maximum temperature of complete melting is
only about 9.6K higher than the melting point. When using
pure mannitol, the highest temperature is around 460 k,
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Figure 11: Modeling process of graphite foam.
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Figure 12: Calculation results of different materials.
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Figure 13: Comparison between pure mannitol (a) and composite
material (b).
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Figure 14: Simulation model of composite material and TEG.
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which is about 20K higher than the melting point. On the
other hand, the increase of thermal conductivity makes the
heat transfer in the whole structure quickly. It can be seen
from Figure 13 that the temperature gradient of pure material
on the heat transfer path is large, but after adding graphene,
the temperature gradient decreases and the temperature dis-
tribution is more uniform. Therefore, in Figure 12(b), the
composite material starts to melt later and reaches the state
of complete melting earlier.

3.2. Simulation of Temperature Control and Power
Generation Structure. It is feasible to use phase change mate-
rials to control the temperature of thermoelectric materials.
Graphene composite phase change materials with a porosity
of 0.9 and a mass fraction of 5wt.% are calculated in this
paper. The calculation model is shown in Figure 14. In the
calculation, the heat source is 100 kWm-2 and the convection
heat transfer coefficient at the cold end is 1500Wm-2K-1, and
the environmental temperature is 300K. In order to simplify
the calculation process, TEG is regarded as an entity for cal-
culation, and its parameter setting can refer to the data [28]
in the literature, as shown in Table 3.

The calculation results are shown in Figure 15. It can be
seen that the composite material can provide a very suitable
power generation environment for thermoelectric materials.
When the phase change material is not used, the temperature
at the hot end of TEG is over 473.15K too early, the temper-
ature difference between the two ends of thermoelectric
materials is very large, resulting in high electricity. But as
mentioned before, the maximum temperature that TEG can
withstand is about 200°C, thus this case may cause damage

to the thermoelectric material. However, when the pure
phase change material is used, due to the low thermal con-
ductivity, the heat is not transferred to the hot end of TEG
in time, and the electric energy generated is too small.

Obviously, mannitol with improved thermal conductivity
is the best solution. In this case, the thermoelectric material
can rapidly heat up to obtain a large temperature difference
and maintain the temperature stable between 440-450K for
120 s, and the open-circuit voltage generated by TEG is also
stable at about 6.5V.

4. Conclusions

In this paper, high thermal conductivity composite phase
change materials were prepared by graphene nanomaterials,
graphite foam, and phase change materials. On the basis of
graphite foam, the thermal conductivity of mannitol can be
increased from 0.74Wm-1K-1 to 9.65Wm-1K-1 by using gra-
phene nanomaterials. Through the simulation calculation,
under the heat source of 100 kWm-2, using mannitol com-
posite material can maintain a stable temperature difference
of 120 s. During this period of time, the thermoelectric mate-
rial can generate an open circuit voltage of 6.5V and will not
be damaged by high temperature. It can be concluded that it
is feasible to use the PCMs strengthened by the graphene
nanomaterial as the thermal control structure of TEG in
high-temperature environment.

Data Availability

All data included in this study are available upon request by
contact with the corresponding author.
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Figure 15: (a) Temperature curve of TEG hot side and (b) liquid fraction curve.

Table 3: Material parameters.

Material Density (kgm-3) Specific heat (kJkg-1 K-1) Thermal conductivity (Wm-1 K-1) Latent heat (kJkg-1) Melting point (K)

Mannitol 1.521 2000 0.74 316.4 167.59

TEG 7740 152 1.5 / /
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