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Simple in situ synthesis of SiC nanofibers on
graphite felt as a scaffold for improving
performance of paraffin-based composite phase
change materials
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A paraffin phase change material absorbed in a composite material of silicon carbide nanofibers and
graphite fibers was prepared by vacuum impregnation to solve problems of current organic phase
change materials, such as the low thermal response rate, low thermal conductivity, and high vulnerability
to leakage. A composite material containing a phase change material as the scaffold combined with
silicon carbide nanofibers is prepared by a simple vapor—solid reaction using industrially produced
porous graphite felt as the raw material. The thermal conductivity of the composite phase change
material is increased to 1.29 W m~! K= by thermal strengthening of the supporting scaffold. Compared
with the thermal conductivity of pure paraffin of 0.25 W m~ K™, not only is the thermal response rate
improved, but the composite phase change material also exhibits chemical stability, shape stability, and
stable thermal properties. The phase change enthalpies of the melting and freezing processes are 180.5
and 176.4 J g7, respectively. In addition, the use of low-cost graphite felt and the simple synthetic
process of the composite phase change material facilitates large-scale production. Moreover, the
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1. Introduction

With the growth of population and industrial consumption, the
consumption of energy is exploding." Moreover, traditional
fossil energy still occupies a dominant position in the energy
structure, causing severe environmental pollution and limiting
the development of society.> One way to solve these urgent
problems is using phase change materials (PCMs) to store clean
solar energy.>* Organic PCMs have the characteristics of low-
temperature fluctuation, good chemical stability, and high-
energy storage density during energy storage and release,’
resulting in broad applications and research in the fields of
solar power generation,® industrial waste heat recovery,”® and
energy conservation of buildings.’

PCMs can be divided into solid-solid, solid-liquid, liquid-
gas, solid-gas, and other energy storage materials according to
their type of phase change. Among these energy storage mate-
rials, solid-liquid PCMs are widely studied and applied because
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of their small volume change, stability, and high enthalpy upon
phase transition.'® Paraffin (PA), as a commonly used solid-
liquid organic PCM, provides many advantages,'* such as low
cost, no toxicity and corrosion, chemical stability, high latent
heat, and a suitable melting point. However, the organic PCMs
have some drawbacks such as: low thermal conductivity and
easy leakage during the phase transition process, which limit
their practical application."”” Nevertheless, as a promising
approach to improve the performance of PA, PCMs have
received tremendous research attention.

Composite phase change materials (CPCMs) consist of PCMs
and support scaffolds can solve the above-mentioned problems
well. It is well known that liquid PCMs can be effectively
encapsulated due to the interfacial interaction between porous
structures and PCMs. Therefore, various materials with porous
structures have been investigated and developed as scaffold
substrates for PCMs."” Among these support scaffolds, typical
natural mineral scaffolds, such as: diatomaceous earth-
based**'® and biomass-derived porous carbon materials,'”*® are
available. Although CPCMs prepared using these materials as
support scaffold are characterized by low cost, extensive raw
material resources, and easy availability, they present disad-
vantages in terms of their thermal properties. However, in
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addition to the listed advantages, good thermal conductivity is
the key to achieve effective heat transfer rates for CPCMs."**' To
solve the problem of low thermal conductivity of the scaffold,
researchers employed metallic foams with high thermal
conductivity, such as metallic copper foams,'>'”**?* or intro-
duced fillers with high thermal conductivity, such as expanded
graphite,”® graphene,” and one-dimensional nanofibers,**3°
into the scaffold, thus greatly enhancing the heat transfer
capability of CPCMs. However, these metal scaffold and fillers
with high thermal conductivity require more time and cost in
fabrication process and cost control, which severely limits the
practical application of CPCMs."*?* Considering the above-
mentioned problems, the simple, efficient, and low-cost prep-
aration of CPCMs with high-energy storage density, excellent
thermal conductivity, and chemical stability is the focus of the
current research.

In this study, based on the aforementioned issues and
researches that the introduction of silicon carbide nanofibers
(SiCNFs) can effectively improves the structural defects of the
original graphite felt (GF) scaffold.*** Industrial GF was chosen
as the precursor, which has now achieved mass production and
PA can be effectively adsorbed on the porous structure of GF.
Furthermore, SiCNFs were introduced into GF by a simple
synthesis method as scaffold for enhancing thermal perfor-
mance. The composite phase change material (CPCM) prepared
in this study exhibited good thermal conductivity (1.29 W m™"
K1), which enabled the PCM to proceed with rapid energy
transfer. In addition, the CPCM still has high enthalpy (the
phase change enthalpies of the melting and freezing process
were 180.5 and 176.4 ] g™, respectively) after multiple thermal
cycles, possessing stable thermal property and enabling long-
term use at operating temperatures. It is worth noting that
the composites prepared in this study using a simple prepara-
tion process and low cost, which have good photo-thermal
conversion efficiency and the advantage of sample size design,
have potential in the field of solar energy applications and
construction. Simultaneously, this method provides an effective
way to prepare high-performance and defined CPCMs for
practical applications.

2. Materials and methods
2.1 Materials

GF produced by high-temperature carbonization was selected as
the raw material. Silicon powder with 99.99% purity was used in
the preparation process, PA with a melting point in the range of
52-54 °C was used as the PCM, and anhydrous ethanol with
99.99% purity was used for washing.

2.2 Preparation of scaffold loaded with SiCNFs

Porous GF was used as the precursor and also as the carbon
source, and pre-grinding silicon powder was used as the silicon
source. For the whole preparation process, no catalysts were
used. GF was firstly ultrasonically cleaned with anhydrous
ethanol. Before the synthesis process, the chamber of the
vacuum tube furnace was purged with argon gas and then

© 2022 The Author(s). Published by the Royal Society of Chemistry
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evacuated. Subsequently, the reaction process was completely
performed under high-temperature conditions. Furthermore,
the experimental temperature program was divided into three
stages. In the first reaction step, the temperature was increased
from room temperature to 1000 °C at a heating rate of
10 °C min ™. In the second step, the temperature was increased
to a target temperature of 1450 °C at a heating rate of
5 °C min~'. In the last reaction step, the temperature was
maintained at 1450 °C for 3 h followed by natural cooling to
room temperature. Finally, the reaction was completed, a scaf-
fold (named as S1) loaded with a large quantity of nanofibers
was synthesized (the schematic diagram of the experimental
setup of the synthesis process is shown in Fig. 1).

2.3 Preparation of CPCM

First, GF and S1 were placed into a beaker together with solid
PA, and the beaker was put into a vacuum drying oven and
evacuated, followed by vacuum impregnation at a temperature
of 80 °C for 3 h. At last, the beaker was removed and the excess
PA on the surface was repeatedly removed with filter paper,
resulting in PA/GF and PA/S1 composites of the control group,
named as PA@GF and PA@S1, respectively.

2.4 Characterization

The surface morphologies and chemical composition of the
precursor GF and the prepared composites were observed by
scanning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDS). Moreover, the chemical compatibility
of the materials was studied by X-ray diffraction (XRD) and
Fourier transform infrared absorption spectroscopy (FT-IR).
The thermal properties of PA and the CPCMs were investi-
gated by differential scanning calorimetry (DSC), and PA and
the CPCMs were heated from 0 to 100 °C at a heating rate of
5 °C min ', followed by cooling to 0 °C to complete a tempera-
ture cycle. The thermal stabilities of PA and the CPCMs were
measured by thermo-gravimetric analysis (TG) under a protec-
tive atmosphere of nitrogen flow, and the temperature was
increased from 0 °C to the target temperature of 600 °C at
a heating rate of 10 °C min~'. Moreover, the thermal conduc-
tivity coefficients and thermal transfer rates of the samples were
measured using a thermal conductivity tester and an infrared
camera, respectively.

Tube furnace Vacuum state

Temperature field ﬂ ﬂ ﬂ

\ ¥ 1

' Silicon steam'

Silicon powder

GF

Fig. 1 Schematic diagram of the experimental setup of the synthesis
process.
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Fig. 2 Digital photograph of GF (a) and S1 (b).

3. Results and discussion

3.1 Preparation and characterization of the supporting
scaffold

Fig. 2(a) shows a digital photograph of the raw material GF,
revealing industrially produced fine graphite fibers (GFs)
comparable with fabric on a macroscopic level. As shown in
Fig. 2(b), the felt was coated with white fluff after the vapor—
solid reaction,*®**** which was supposed to be SiCNFs.
Moreover, the specific microscopic composition of the GF
and S1 was observed by SEM. Before the vapor-solid reaction,
the GF was composed of fine graphite fiber (~8 um) woven into
nets (Fig. 3). Both on the surface (Fig. 3(a) and (b)) and in the
bulk (Fig. 3(c)), the fibers overlapped each other forming
a three-dimensional porous structure, which can store PCMs. In
particular, the large inherent void contained in the GF (yellow
circle in Fig. 3(b)). It has been reported®****>*¢ that the heat
transfer process of PCMs depends heavily on the phonon
transfer, and all kinds of interactions may affect the heat
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transfer rate. According to the phonon transfer parameters, it is
necessary to form a nanomaterial structure with continuous
thermal conductivity in the scaffold of the PCM to improve the
thermal conductivity of the CPCM. Therefore, in this work, the
large voids contained in pristine GF were most likely to be the
dominant thermal resistance in this heat transfer process. This
assumption has been verified in the following.

The images in Fig. 3(d)—(f) clearly showed that the fibers
covered the surface of the GF and filled the GF inside.
Compared with pristine GF, after surface treatment, the SEM
images of the S1 surface and the bulk S1 showed that the large
voids of GF were uniformly filled with nanofibers. In addition,
the fibers were much more tenuous than the GFs, and the GFs
were almost unaffected by the microstructure.

In this study, no catalysts were used during the scaffold
preparing process, and reaction conditions were vacuum. Thus,
the SiCNFs should be growth through a vapor-solid (V-S)
mechanism. The formation mechanism of SiCNFs has been
proposed in the previous reported.>’** Combined mechanism
with experimental results, the V-S formation process could be
discussed by Fig. 4. As shown in Fig. 4(a), the EDS analysis of
SiCNFs has proved the elements contained in the products are
only C, Si and O. In addition, the XRD pattern in Fig. 4(b) also
proved the reaction products are SiCNFs. In this system, shown
in Fig. 4(c) and (b), the primary sources of oxygen are the
oxidation layer of the silica powder, the oxidation of the silicon
powder may be introduced during the grinding process, the
weighing process, and the residual of air inside the porous GF.
So, oxygen will directly reaction with the GF to form CO vapor
when the temperature gradually rose.

Fig. 3 SEM images of the carbon support; (a and b) and (d and e) are the surface images of GF and S1, respectively; (c) and (f) are the bulk images

of GF and S1, respectively.
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Fig. 4 SEM and EDS patterns of the SiCNFs (a); XRD pattern of S1 (b); SEM and EDS patterns of GF (c), SEM and EDS patterns silicon powder (d),

respectively.

2C) + Ong) = 2CO0, (1)

During the process, SiO vapor comes from the reaction of
silicon with its natural oxide silica at high temperatures
according to the reaction (2).

Si(s) + Si02(s) d 2Si0(g) (2)

According to the reaction (3) and (4), the SiCNFs growth
through a vapor-solid (V-S) mechanism.

SiO(g) + ZC(S) - SiC(S) + CO(g) (3)
SiO(g) + 3C0(g) - SiC(S) + 2C02(g) (4)

It is noteworthy that the carbon dioxide produced in the
process of the reaction (5), in which the CO vapor is again
reduced by the carbon source to obtain CO, gas. Therefore,
based on these reactions above, large quantities SiCNFs were
generated in GF.

3.2 Preparation and characterization of CPCM

Compared with an empty scaffold, the SEM images of PA@S1 in
Fig. 5 clearly showed abundant nanofibers as well as incorpo-
rated PA. The incorporation of PA was performed by vacuum

© 2022 The Author(s). Published by the Royal Society of Chemistry

impregnation. Moreover, the morphologies of the CPCM was
observed from different angles, confirming that PA was
uniformly distributed in S1. The surface images of PA@S1 in
Fig. 5(a) and (b) revealed that the large voids and SiCNFs on the
surface of the scaffold were completely wrapped by PA. In
addition, the CPCM has a similar cross-linked network, which
provides efficient heat transfer channels and helps CPCM to
maintain shape stability.*****¢ SEM images of the internal
structure of PA@S1 are shown in Fig. 5(c) and (d), revealing
a porous structure between the scaffold and the growing SiCNFs
filled with PA. The SiCNFs were completely encapsulated in PA
due to fibers with strong surface tension and capillary force.** As
shown in the circled places in Fig. 5(b) and (d), the obtained
SiCNFs are significantly different from the GFs scale, which has
shown protruding point on the surface. In addition, SiCNFs
with excellent heat transfer properties are utilized as scaffold
filler, enabling the formation of a complete network structure
with thermal conductivity between the scaffold and the PCM
due to interfacial interaction. As a result, the thermal resistance
of the voids in the CPCM was reduced, which significantly
improved the thermal response of the CPCM.

3.3 Thermal properties of CPCM

Thermal stability and thermal cycling are highly important
parameters for practical applications of CPCMs. The weight loss
was analyzed by thermogravimetry to evaluate the thermal
stability of PA and PA@S1, as shown in Fig. 6(a). Compared with

RSC Adv, 2022, 12, 878-887 | 881
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Fig. 5 SEM images of the surface (a and b) and the bulk (c and d) of PA@SL.
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Fig. 6 TG curves (a) and DSC analysis (b) of PA and PA@S1.

PA@S1, the pure PA residual solid content approached zero at
approximately 340 °C, and the weight loss rate was higher.
Furthermore, the amount of pre-synthesized CPCM decreased
over multiple thermal cycles of PA@S1, and this weight loss was
completed at approximately 380 °C. Moreover, the rate of weight
loss of PA@S1 was lower than that of pure PA. Comprehensive
analysis demonstrated improved thermal stabilities of the
CPCM.*** In addition to this, the CPCM experienced a mass
loss of up to 83.91%, which was mainly attributed to PA.
Therefore, this mass loss is in good agreement with the actual
loadings that were previously calculated.

Apart from stabilization, DSC was performed to evaluate the
thermal properties of the prepared PA@S1 and PA, and the
results are shown in Fig. 6(b). Moreover, the phase change
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parameters of the CPCM and PA are summarized in Table 1 (the
data are presented as the average of three values). The curves of
pure PA and PA@S1 in Fig. 6(b) exhibit two pairs of phase
change peaks: The pair of peaks near the low-temperature
region was attributed to the solid-solid phase transition,
while the pair of peaks near the higher temperature region was
ascribed to the solid-liquid phase transition.**** Moreover,
compared with PA, the phase transitions of the prepared PA@S1
occurred at a lower temperature due to their higher conduc-
tivity. The DSC data of PA@S1 and PA are shown in Table 1.
Owing to the higher thermal conductivity of PA@S1, the energy
is both stored and released faster, and this acceleration is
proportional to the phase transition rate. Table 1 shows that the
onset melting temperature and the onset solidification

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summarized DSC parameters of the PA@S1 and PA
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Melting process

Solidification process

Samples Cycle times Timo (°C) Time (°C) Tmp (°C) AH, (g™ Tso (°C) Tse (°C) T (°C) AH,(Jg ™"
PA 5 20.1 51.2 32.3 214.4 28.1 57.3 55.8 210.6
PA@S1 5 18.8 51.2 45.0 199.1 26.3 58.2 55.8 194.3
PA@S1 120 18.2 51.0 43.9 180.5 26.1 58.9 56.3 176.4
Table 2 The comparison of the thermal properties between PA@S1 and previous reported CPCM

Thermal conductivity
CPCM AH, (g ) AH,;(Jg ) Wm 'K Ref.
Paraffin/carbon foam 174.3 151.4 0.339 18
Stearic acid/silicon carbide nanofiber 155.9 155.8 0.432 33
Paraffin/polyaniline@cobalt 170.56 — 0.233 35
Paraffin/expanded graphite/polypropylene 110.24 113.79 0.35 43
Paraffin@8Si0,/PUpgg/BN 112.23 — 0.675 45
Paraffin/sepiolite 60.12 57.09 — 46
Paraffin/Ti;C,T, Mxene@Gelatin — — 0.919 48
Polyethylene glycol/carbon foam — — 0.68 47
Paraffin/single-wall carbon nanotubes — — 0.710 49
PA@S1 180.5 176.4 1.29 This work

temperature of the PA@S1 were lower than those of pure PA,
and similar results have been reported in literature.** Moreover,
the thermal reliability of CPCM was investigated by a couple of
thermal cycling tests. Furthermore, no visible transformation
was observed in the DSC curves of PA@S1 after 120 thermal
cycles, demonstrating good recyclability and suitability for
repeated use. In addition, the enthalpy of PA@S1 was lower
than that of pure PA due to the introduction of the scaffold.*
However, the thermal properties of the CPCM in this study were
high compared with other reported values.'®**3>%% The
comparison of the thermal properties between PA@S1 and
previous reported CPCM are summarized in Table 2.

(a)
e "
S PA@S1, 5 cycles
2’ J
‘%
= { Jl
e
=
PA@S1, 120 cycles
n 1 1 1 1 i 1 " | "
10 20 30 40 50 60 70 80

20 [degree]

3.4 Chemical stability analysis

Furthermore, X-ray diffraction (XRD) and Fourier transform
infrared absorption spectroscopy (FT-IR) analysis confirmed the
successful synthesis of PA and PA@S1. The diffraction patterns
of PA and PA@S1 are shown in Fig. 7(a). The diffraction pattern
of PA exhibited two characteristic peaks located at 21.5° and
24.1°, which indicated that PA was crystallized. The character-
istic peak at 26° was identified as the main peak of graphite. S1
is mainly composed of graphite, and the other peaks located at
36°, 60°, and 72° were identified as the characteristic peaks of
SiC.>*#*3% Therefore, these results confirmed the above SEM
results. Moreover, to evaluate if PA was uniformly embedded in
S1, the XRD patterns of PA@S1 were recorded before and after

(b)
PA

s ‘Y\\f/ PA@S1, 5 cycleﬂ\/
3

g

=

5

E PA@S1, 120 cycles

g

£

=

L 1 n 1 L 1 L 1 P 1 L 1 N
1200 1500 1800 2100 2400 2700 3000 3300

Wavenumber [em™]

Fig. 7 XRD patterns (a) and FT-IR spectra (b) of PA and PA@S1 before/after cycles.
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120 cycles. After 120 cycles, no new peaks have appeared, and
the PA@S1 pattern was similar to that of pure PA, only showing
the characteristic peaks of PA at 21.5° and 24.1°.**** Therefore,
this analysis demonstrated that PA was only physically adsorbed
on S1.

In addition to XRD, PA and PA@S1 were characterized by FT-
IR analysis, as shown in Fig. 7(b). The FT-IR spectrum of PA
exhibited two absorption bands at 1378 and 1464 cm ™', which
were assigned to the in-plane bending vibration of C-H. In
addition, it exhibited absorption bands at 2847 and 2916 cm ™ *,
which corresponded to asymmetric and symmetric stretching
vibrations of aliphatic C-H, respectively.*>*® PA@S1 spectra
were recorded before and after multiple cycles and only
exhibited the characteristic absorption bands of PA at 1378,
1464, 2847, and 2916 cm '. In conclusion, the diffraction
analysis is in accordance with the XRD results. Accordingly, it is
concluded that no chemical reaction occurred between S1 and
PA. Moreover, the results also indicated that the prepared
CPCM was chemically stable.

3.5 Thermal conductivity

Apart from the thermal performance, the thermal conductivity
of the CPCM (PA@GF or PA@S1) is also considered vitally
important for the investigation of the energy storage and release
performance. The thermal conductivity values of all samples are
shown in Fig. 8(a), revealing that all CPCMs exhibited signifi-
cantly improved thermal conductivities compared with PA.
Furthermore, although single GFs have been demonstrated to
have an ultra-high thermal conductivity of 372.4 W m~" K™ ',*
the thermal conductivity of PA@GF using pristine GF as a scaf-
fold was significantly lower than that of CPCM obtained after
infiltration with S1. Considering the assumptions previously
made in the SEM section, this may be due to the large voids
inside the GF with randomly arranged fibers, which are a major
obstacle****** in the heat transfer process and reduce the
thermal conductivity of the composite. Notably, the scaffold
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loaded with SiCNFs further verified our previous assumptions
that the thermal conductivity of PA@S1 (1.29 W m ™' K™') was
improved by 5.16 times compared with that of pure PA (0.25 W
m~" K') due to the reduced thermal resistance in the heat
transfer process. The thermal conductivity of PA@S1 is rela-
tively high compared with those of reported CPCMs. 84354951

The thermal conductivity affects the efficiency of energy
storage and the release of the CPCM. Therefore, the heat
transfer sensitivity of the CPCM was observed through an
infrared camera (Fig. 8(b)). Compared with PA@GF, the
temperature change of PA@S1 was faster and more significant.
Furthermore, the images showed that, during the melting and
solidification processes, the color change of the PA@S1 was
more dramatic, showing a significant effect of thermal
conductivity on the heat transfer rate.

3.6 Photo-thermal energy conversion

Furthermore, the thermal energy storage of PA and CPCM can
be observed by photo-thermal conversion. Fig. 9 shows the

80
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Fig. 9 Temperature—time plots of PA and the CPCM under simulated
solar radiation (P = 400 W cm™2).
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Fig. 8 Thermal conductivity of PA and the CPCM (a) and thermal images were obtained by the infrared camera during heating and cooling

processes of the CPCM (b).
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Fig. 10 Shape stability analysis and leakage test of PA and PA@S1 (a and b) and the shape design of the CPCM (c).

temperature-time curves of PA and the CPCM under the same
conditions. The results were showed that the temperature-time
curve of PA did not display a plateau. However, the tempera-
ture-time curve of CPCM present the plateau due to the phase
change of PA. Furthermore, compared with PA@GF, the scaffold
and SiCNFs of PA@S1 can better absorb solar radiation, fol-
lowed by the energy conversion and storage. Therefore, thermal
energy storage and release can be achieved during the PCMs
changed from a solid state to a liquid state (or liquid to solid). In
addition, the temperature-time curve of CPCM showed two
plateaus during the phase change.”® Upon solar radiation,
CPCM absorbed solar energy in the PCMs melting process.
When removed the radiation source, CPCM showed the PCMs
cooling process. With these characteristics, PCMs have the great
potential for energy storage materials.** Moreover, the photo-
thermal conversion efficiency 7 (ref. 40) can be calculated by
eqn (6), where m is the mass of the sample, AH is the phase
change enthalpy of the sample obtained by DSC, A is the area of
the sample irradiated by light, P is the power of the light source
(W em?), and ¢ is the time from the beginning to the end of the
phase change process.

mAH
APt

"]:

(6)

In addition to the aforementioned features, under the solar
radiation, the photo-thermal conversion efficiency of CPCM
containing with PA@GF and PA@S1 were calculated to be
70.50% and 83.72%, respectively. In this study, a scaffold with
abundant SiCNFs of a network was devised with black appear-
ance to provide a conductive pathway for heat transfer. The
PA@S1 as a promising candidate was prepared for solar or
thermal energy storages applications® with wide application
prospects.

3.7 Leakage experiments and shape design of CPCM

Reducing leakage during cycling of organic PCMs is important
for their practical application in production. Fig. 10(a) and (b)
shows optical photographs of the here designed leakage test.
These photographs show that PA was completely melted, and
the filter paper was covered by liquid PA after heating at 80 °C
for 1 h. Furthermore, PA@S1 maintained its shape after
continuous heating. Moreover, no significant percolation of

© 2022 The Author(s). Published by the Royal Society of Chemistry

liquid PA from the surface was observed. This indicates that the
PA@S1 can maintain its shape in this working temperature
range and does not collapse after multiple thermal cycles,
providing the requirements for multiple reuses in practical
applications.

In addition to micro-structurally devised scaffolds, the scaf-
fold has a flexible shape design (Fig. 10(c)). In this regard,
samples were flexible in the design of shapes with different
dimensions during utilization. Thus, the easy design based on
the shape feature of the here prepared PA@S1 presented an
advantage for application in the construction field.*®* Conse-
quently, the prepared PA@S1 have overcome the shape and size
limitations in production applications.

4. Conclusions

The SiC nanofibers/graphite felt/paraffin composite phase
change material with high-energy storage density (180.5 and
176.4 ] g 1), excellent thermal conductivity (1.29 W m ™' K1),
good shape stability and chemical stability was prepared by
a low-cost and short process. In addition, the material exhibits
the advantages of high photo-thermal conversion efficiency
(83.72%) and outstanding flexibility in the sample appearance
design. These characteristics are great advantages for solar
energy storage and buildings, promising a wide range of prac-
tical applications in the future.
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