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Abstract:

The development of thermal conductive and porous supporting scaffolds is believed to
solve the problems of poor shape-stability and low thermal conductivity of solid-liquid
transition-type phase change materials (PCMs), which are promisingly used for solar thermal
energy storage and management. In this paper, textile-structured carbon scaffolds with flexible
shape and high porosity are produced by the direct carbonization of cotton cloth. The carbon
textile with versatilely changeable shape can be employed as good conductive and supporting
scaffolds for PCMs, and paraftin PCM is evaluated. The composite PCMs exhibit good shape-
stability and enhanced thermal transfer properties. The composites can present anisotropically
improved thermal conductivity by aligning the carbon sheets in their main yarn direction. The
thermal conductivity of the composite with a carbon weight ratio of 16.5wt% is increased to
0.99 W K'!' m"! from the main yarn direction and 0.68 W K' m' from the through sheet
direction, which is greatly higher than the value of paraffin (0.25 W k! m! ), and the composite
show heat capacity of 170 J g!. With the facile production of flexible and shapeable carbon
supporting scaffold, the high thermal storage capability, good shape-stability and high heat
transfer property, the composite PCM has great potential applications in solar thermal energy

storage.

Keywords: phase change material; solar thermal energy storage; carbon; heat transfer; thermal

management



1. Introduction

Accompanying with the growing serious environmental problems and energy crisis, the
efficient use of renewable energies, such as solar energy and wind energy, and the industrial
waste heat recovery have gained increasing attentions. However, solar energy and the industrial
waste heat are discontinuous and vary with period of generation. Several energy storage
techniques, such as batteries and thermal energy storage (TES), have been proposed to alleviate
the mismatch between peaks of energy supply and demand. TES with the use of latent heat
phase change material (PCM) is especially promising, in which thermal energy is reserved or
released during the melting or solidifying phase transition process of a PCM. [1-3] So far, the
organic solid-liquid PCMs, such as fatty acids [4], polyethylene glycol [5, 6], erythritol[7], and
paraffin wax (PW) [8], have been widely studied because of their high energy storage density,
constant phase transition, good thermal stability and low supercooling degree. In spite of the
great potential in improving the efficiency of thermal energy use, practical applications of
organic PCMs have been hindered by their low thermal conductivity and the leakage problem in
the molten state.

To enhance the thermal conductivity of organic PCMs, high thermal conductive powdery
fillers, such as metals, expanded graphite, carbon nanotube, carbon fibers, graphene and ceramic
powders are added to form phase change composites (PCCs). [9-14] However, the resulting
PCCs only show moderate thermal conductivities because of the difficulty in forming three-
dimensional (3D) continuous thermal conductive network, especially when low contents of
fillers are added. Moreover, the distribution of the dispersed fillers is unstable in the PCCs when
solid-liquid phase transition occurs. For simultaneously increasing the thermal conductivity and
avoiding the leakage of liquified PCMs, the use of preconstructed porous supporting
frameworks, which are consisted of highly thermal conductive materials, is a good strategy to
fabricate form-stable PCCs with enhanced thermal conductivity. Until now, metal foams,
graphene aerogels, BN foams, carbon foams, and carbon nanotube (CNT) sponges have been
used employed for enhancing the performance of PCCs.[15-21] Although metal foams can
greatly enhance the thermal conductivity, the use of metal foams inevitably increase the weight
of PCCs, leading to low thermal storage density per unit mass. The low-weight carbon-based
porous frameworks such as CNT sponges and graphene aerogels are promising supporting
scaffolds to form high-performance PCCs; [15, 17, 19] however, the inherent shortcomings,
including tedious preparation, low yield, high-cost and difficulty in controlling the structure,
have obstructed their wide applications in thermal energy storage. Therefore, it still remains a

challenge to directly prepare porous 3D carbon supporting scaffold by a facile and low-cost



strategy.

Cotton is a kind of soft and fluffy natural fiber that comes from the seedpod of the cotton
plant. Cotton has been used to make a lot of textile products that are soft and breathable. The
use of cotton for fabric is known to date to prehistoric times. Thanks to development of cotton
textile, human's life and civilization has been greatly improved. The cotton fiber is almost pure
cellulose, which is a kind of polysaccharide with a formula of (CsHi0Os)a. The cotton fiber is
hollow in the center. The pyrolysis of cotton fiber balls induced the formation of carbon fiber
aerogels, which are consisted of hollow carbon fibers. These carbon fiber aerogels are useful
absorbent for organic pollutants, which utilize the multiscale porous features. [22, 23] The
hollow tubular structure of a single pyrolyzed cotton fiber inspires us that it can be a good
supporting material for stabilizing organic PCM. Additionally, a textiled carbonized cotton
fabric can further offer a multiscale and hierarchical porous structure for absorbing PCM,
including the hollow tubular space, the spaces between the fibers and the spaces between the
yarns. Therefore, in this study, we employ the carbonized cotton fabric as the supporting and
thermal conductive scaffold for organic PCM. The carbonized cotton fabric has the
characteristics of multiscale porous structure, good flexibility and diverse shapeability,
illustrating that the cotton textile-derived carbon fabric is an ideal scaffold for fabricating PCCs
with expected shape-stability and enhanced thermal conductivity. The new PCCs may have a
wide application for thermal energy storage and management, especially for solar thermal

energy storage.

2. Experimental
2.1 Raw materials and chemicals

A 100% cotton T-shirt with a typical rib stitch was purchased from GUNZE LIMITED
(YVO0215N). PW was provided by Kishida Chemical Co., Ltd.

2.2 Preparation of carbon textile and PCCs

Firstly, a piece of a 100% cotton T-shirt was used as the raw material. The cotton cloth was
pyrolyzed and carbonized under Ar flow at 2400 °C. In this manner, the flexible carbon textile
(carbon cloth) was directly obtained, as shown in Figure 1a.

The carbon cloth was rolled to a cylinder, which was used for the vacuum impregnation of
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PW by heating at 100 °C. After cooling to room temperature, the PCC was prepared.

In order to evaluate the effect of density of carbon scaffold on the thermal conductivity of the
PCC, a series of carbon scaffolds with different densities were prepared, as shown in Figure 1b.
Different sheets (30 or 42) of carbon cloth were pressed in a module to make the same thickness
of 13 mm. Subsequently, the pressed carbon scaffolds were vacuum impregnated with PW. Two
PCCs were fabricated, which were named as C30@PW and C42@PW, respectively. The PCCs
were cut and shaped to 10 mm disks for thermal conductivity measurement. The measurement
was conducted from the main yarn direction and the through sheets direction, as shown in

Figure 1b.
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Figure 1. Schematic diagram for (a) the preparation of carbon cloth by the direct
carbonization of cotton cloth and (b) the preparation of PCCs for thermal conductivity

measurement.

2.3 Characterization

The X-ray diffraction (XRD) patterns of the samples was performed on an X-ray
diffractometer (Rigaku Miniflex with a Cu-Ka radiation). The micro morphology of cotton
textile, carbon textile and PCCs was observed by a scanning electron microscope (SEM, ZEISS,
Sigma-500). The microstructure of the carbonized cotton textile was also analyzed by
transmission electron microscopy (TEM, JEM-2010F). The thermal gravimetric (TG,
NETZSCH STA 2500 Regulus) analysis under air flow was carried out on the PCCs and carbon

cloth. The thermal conductivity of the samples was measured using a thermal conductivity



analyzer. The Fourier transform infrared (FT/IR) spectra of the samples were obtained using a
FT/IR 660Plus spectrometer. The rate of thermal response of the PCCs was recorded by an
infrared camera. The phase change temperature and latent heat of the samples was obtained by a
differential scanning calorimeter (DSC) at a heating/cooling rate of 10 °C min! from 0 to
100 °C. The form stabilized performance of the PCCs in comparison with PW was examined by

heating the samples to 80 °C for a certain duration.

3. Results and discussion
3.1 Preparation and characterization of carbon textile and PCCs

A 100% cotton T-shirt was pyrolyzed and carbonized under Ar atmosphere to obtain the
carbon textile directly. Figure 2a presents the photograph of the cotton T-shirt. The cotton T-
shirt has a typical rib stitch textile structure, and the yarns have a higher density in the vertical
direction, denoted as main yarn direction in this study. Figure 2b shows the SEM image of the
pristine cotton cloth. The cotton fibers are twisted to form yarns, and the yarns are weaved to
form the cotton textile. A close observation of a single cotton fiber in Figure 2¢ indicates that
the fiber is hollow in the center. After carbonization, the cotton textile turns black, as shown in
Figure la. Additionally, the carbonized cotton T-shirt also presents good flexibility. It can be
twisted or rolled to form a diverse structure, making it a good scaffold for absorbing organic
PCMs. Figures 2d and e show the SEM images of the carbonized cloth. A well textiled carbon
cloth similar to the original cotton cloth is obtained, in which the hollow carbon fibers are
twisted to form yarns and the yarns are weaved to form the carbon cloth. In this way, the carbon
textile contains a multiscale and hierarchical porous structure including the hollow tubular
holes, the spaces between the carbon fibers and the spaces between the yarns. The hierarchical
porous structure is useful for absorbing and storing organic PCM. The carbon fibers are well
crystallized at a carbonization temperature of 2400 °C as-evidenced by the high resolution TEM
in Figure 2f, which presents many fringes of graphite (002) planes. The XRD pattern of the
carbonized sample is shown in Figure 3, presenting two distinct peaks corresponding to carbon

(002) and (100) planes, respectively.



Figure 2. Morphology and microstructure observation. (a) the optical picture of the original
cotton cloth from a T-shirt; (b, c) SEM images of the original cotton cloth; (d, e) SEM images
of the carbonized cloth 2400 °C; (f) the high-resolution TEM image of the carbonized sample
at 2400 °C.
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Figure 3. XRD pattern of the carbonized cotton cloth at 2400 °C.

PCCs were prepared by vacuum impregnation method. The melted PW was very easily to be
infiltrated into the spaces and pores of the carbon cloth scaffolds with the assistance of heating
under vacuum condition. Figure 4 presents the SEM images of the PCCs. It is observed that PW

is filled in the porous spaces and holes of the carbon cloth and hollow fibers.



Figure 4. SEM images of the paraffin/carbon composites.
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Figure 5. TG curves for the PCC samples obtained under air flow in comparison with the

carbon cloth and PW.

TG measurement under air flow was carried out to determine the PW impregnation weight
ratio in the PCCs. Figure 5 shows the TG curves of the PCCs, PW and carbon cloth. The carbon
cloth is combusted from around 670 to 850 °C, while the combustion of PW is started from
around 200 °C and finished at 350 °C. As for the PCCs, two weight decreases in the temperature
ranges of 200~350 and 670~850 °C are observed, which correspond to the combustion of PW
and carbon support, respectively. Based on these weight changes, the PW contents are
determined to be 87.4% and 83.5% for C30@PW and C42@PW, respectively. These weight
ratios are similar to those as-calculated from the weight change of carbon cloth scaffold before

and after impregnating PCM.

3.2 Thermal conductivity and heat transfer properties of PCCs
The thermal conductivity of organic PCMs is very low and the value for PW is 0.25 W k! m-
!. The low thermal conductivity of organic PCMs could reduce the rate of heat absorption and

release, therefore, their practical application of organic PCMs is quite restrained. Carbon



materials are good thermal conductive fillers for increasing the thermal conductivity.
Additionally, a well-structured 3D network of the thermal conductive filler is surely effective to
enhance the thermal conductivity. The thermal conductivity was measured, and the results are
summarized in Figure 6a. With the introduction of the carbon supporting scaffolds, the thermal
conductivity is greatly increased as compared with PW. The thermal conductivity from the
through sheet direction are 0.41 and 0.68 W K-! m™! for samples C30@PW and C42@PW, while
the values from the main yarn direction are 0.63 and 0.99 W K!' m’!, respectively. With the
increase of the density of carbon framework, the thermal conductivity is much more increased,
indicating that the carbon network is acting as the thermal conducting pathway. In addition, the
PCCs also present anisotropic thermal conductivity. The thermal conductivity in the main yarn
direction is much higher than (about 1.5 times) in the through sheet direction. This is because of
that from the main yarn direction the yarns consisting of twisted carbon fibers offer continuous
thermal conducting path along the carbon yarns, however in the through sheet direction, the
thermal conduction is somewhat disturbed by the interface gaps between the carbon sheets.

In order to directly observe the thermal absorption and dissipation rates of the PCCs from
both the main yarn direction and the through sheet direction, the transient temperature responses
of the PCCs during heating and cooling processes were recorded by using an infrared camera.
Figures 6b and c¢ present the temperature distribution images during heating and cooling,
respectively. For the heating process, two PCC blocks were put on a pre-heated ceramic plate at
80 °C and the temperature images were taken at different heating durations. For the cooling
process, two blocks were firstly heated at 80 °C for the same duration, which were then quickly
transferred to a cool ceramic plate at room temperature for obtaining the thermal response
images during cooling. Obviously from these images, the PCC block observed from the main
yarn direction shows faster thermal responses than that observed from the through sheet
direction. This further confirms the conclusion that the PCC has a higher thermal conductivity

from the main yarn direction than from the through sheet direction.
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Figure 6. The thermal conduction properties. (a) Thermal conductivity of the PCCs in
comparison with PW. (b, c) Thermal images of the C42@PW during heating and cooling,



respectively, in which the thermal images observed from the main yarn direction and the

through sheet direction are compared.

Figure 7. Leakage test of the PCC and PW. The photographs for the samples heated at 80 °C
to different durations are shown in (a-e); the picture for the PCC solidified and melted for 10

cycles (f).

3.3 Leakage-proof properties of the PCCs.

Leakage-proof is an important property of PCCs for TES. The leakage test was conducted
by comparing the PCC and PW which were heated at above the melting point of paraffin. Figure
7 shows the photographs of the samples heated at 80 °C for different durations. Two solid blocks
are observed in their initial stages in Figure 7a. After several minutes of heating, PW begin to
melt and strain the container, as shown in Figure 7b. After 20 minutes of heating as shown in
Figure 7c, the liquified paraffin for PW sample spread out the container and no solid paraffin
can be observed. However, there is no change for composite PW@Carbon cloth during the
heating. Even after 30 minutes of heating, although paraffin should be completely melted, there
is no leakage of liquid paraffin from the black composite block, as shown in Figure 7d and e.
The composite PCM can also keep its original shape without obvious leakage after repeated
solidification and melting, as shown in Figure 7f. In conclusion, the liquified paraffin can be
well confined in the porous supporting framework. This must be caused by the capillary and

surface tension forces of the porous framework to the liquid paraffin. [17, 19]



3.4 Thermal physical properties of the PCCs and PW

The thermal properties including phase transition temperatures and latent heat capacities of
the samples were measured by DSC analysis. The measurement was carried out at 5 °C min™! for
both the heating and cooling processes. Every sample was cycled to 100 cycles. Figures 8a and
¢ show the DSC curves for the PCCs and PW at different cycles. The DSC curves in the 100
cycles can almost overlap for PW and PCCs. This indicates the good cycling stability of the
phase changes of the PW and PCCs. There are two peaks of phase changes during both the
melting and solidification processes for all samples. These two peaks represent the typical solid-
solid and solid-liquid phase transitions of paraffin. It is also observed that the melting curves of
the PCCs shift to higher temperature side and the solidification curves shift to lower
temperature side, as compared with PW. This is caused by the confinement effect of the porous
supporting framework.[16, 24] The comparison of the detailed phase change temperatures,
including the onset/peak melting and solidification temperatures, and phase change enthalpies
of the samples are summarized in Table 1. PW has melting/solidification enthalpies of
217.7/215.4 J g!, while these values are decreased to be 182.8/179.6 J g! and 173.9/170.5 ] g'!
for samples C30@PW and C42@PW, respectively. The reduced enthalpies for the PCCs
compared with PW are caused by the addition of carbon supporting scaffolds. The samples also
show good stability of enthalpies upon melting-solidification cycling. Figure 8d presents the
typical enthalpies changes upon cycling. During the 100 cycles of melting and solidification, the
enthalpies are almost kept constant. Besides the above good phase change stability of the

paraffin PCMs, these samples also present good structure stability upon cycling.
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Figure 8. Thermal physical properties of the PCCs and PW. (a, b, c) DSC curves of the
melting and cooling processes; (d) the typical enthalpies changes upon cycling using sample

C30@PW; sample C42@PW shows the same tendency.

Table 1. Data for the thermal properties from DSC of the PCCs and PW.

Melting process Solidification process
Samples Cycle
times Tmo Tme Tmp AH.. (J o7! Tso Tise Tsp AH. (J o1
0 o co AU 46y e o UL
5 25.5 66.0 57.8 217.7 25.0 58.4 50.5 2154
PW
100 25.5 66.0 57.8 217.7 25.0 58.4 50.5 2153
5 27.4 76.0 62.0 182.8 21.5 57.8 45.2 179.6
C30@PW
100 27.4 75.7 62.4 180.3 22.0 57.8 45.6 179.3
5 27.6 77.0 63.1 173.9 21.0 57.8 45.2 170.5
C42@PW
100 27.6 76.1 63.1 173.7 21.0 58.0 45.7 169.4

Tno, Tmer, Tip, AH, are the onset point, end point, peak temperature and phase change enthalpy during the melting
process, while Ty, Tse, Tsp, AH are the onset point, end point, peak temperature and phase change enthalpy during
the solidification process, respectively.




3.5 Chemical stability test

The chemical stability of PW and PCCs were also confirmed by XRD and FT-IR analysis of
the samples before and after cycling. Figure 9 shows the XRD patterns and FT/IR spectra of PW
and the composite before/after cycling. The peaks for both XRD and FT-IR spectra are identical
for all samples corresponding to the characteristic peaks of PW, illustrating the good chemical
structure stability of paraffin upon repeated melting/solidification. It is noted that the peaks of
carbon cloth are very weak since the carbon cloth are covered by PW in the composite. From
the above results, the good chemical structure stability and good phase change stability of
paraffin-based samples upon cycling can consolidate their usage for long-term TES through

repeated thermal storage/release.
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Figure 9. XRD patterns (a) and FT-IR spectra (b) of the PW and composite C42@PW before
and after cycling test.

4. Conclusions

In summary, composite PCM using paraffin and textiled carbon supporting scaffold has
been fabricated for thermal energy storage application. The highly thermal conductive and
porous carbon scaffold with flexible shape was produced by the direct carbonization of cotton
cloth. The porous supporting framework could help prevent paraffin from leakage by confining
the liquid PCM within the hierarchical pore structure and enhance the heat transfer property by
the 3D high thermally conductive network. The composite can present anisotropically improved
thermal conductivity by aligning the carbon sheets in their main yarn direction. The thermal
conductivity of the composite with a carbon weight ratio of 16.5wt% is increased to 0.99 W K!

m! from the main yarn direction and 0.68 W K! m™! from the through sheet direction, which are



greatly higher than the value of paraffin (0.25 W k! m!), and the composite also shows a high
heat capacity of 170 J g!. The anisotropic thermal conductive property can reinforce the
application of designing anisotropic heat transfer systems that could be needed, for example, in
thermal dissipation of electronic devices. Combining the advantages, such as facile production
of flexible and shapeable carbon supporting scaffold, high thermal storage capability, good
shape-stability, high thermal conductivity and anisotropic thermal transfer property, the

composite PCM can show advanced applications in solar thermal energy storage.
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