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ABSTRACT: As a kind of essential hydrated salt phase change energy storage
materials, mirabilite with high energy storage density and mild phase-transition
temperature has excellent application potential in the problems of solar time and space
mismatch. However, there are some disadvantages such as supercooling, substantial
phase stratification and leakage problem, limiting its further applications. In this work,
for the preparation of shaped mirabilite phase change materials (MPCMs), graphene
(GO), sodium carboxymethyl cellulose (CMC), and carbon nanofibers (CNFs) were used
as starting materials to prepare lightweight CMC/rGO/CNFs carbon aerogel (CGCA) as
support with stable shape, high specific surface area, and well-arranged hierarchically
porous structure. The results show that CGCA has regular layered plentiful pores and
stable foam structure, and the pore and sheet interspersed structure in CGCA stabilizes
PCMs via capillary force and surface tension. The hydrophilic aerogels supported
MPCMs decrease mirabilite leaking and reduce supercooling to around 0.7-1 °C. The
latent heats of melting and crystallization of CGCA-supported mirabilite phase change
materials (CGCA-PCMs) are 157.1 and 114.8 J-g~1, respectively. Furthermore, after 1500
solid-liquid cycles, there is no leakage, and the retention rate of crystallization latent
heat is 45.32%, exhibiting remarkable thermal cycling stability.

KEYWORDS: carbon aerogel; mirabilite; phase change material; supercooling;
thermal cycling stability
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1 Introduction

With the development of society and industry, human
beings have a rising requirement for new energies [1].
Solar energy, as we all know, has become one of the most
abundant and promising renewable energy sources. In
order to achieve the lofty goals of carbon peaking and
carbon neutrality, solar energy must be made full use by
new energy storage technologies to support the growth of
new energy sectors [2-3].

Shaped phase change materials (PCMs) for solar energy
storage have always been focused on keeping the shape of
raw materials before and after phase shift [4]. Solid-liquid
and solid—solid shaped phase change energy storage
solutions are common among the thermal energy storage
[5-8]. Typically, solid-liquid PCMs are
involved in salt hydrates [9], molten salts [10], etc.

materials

Because of their abundant reserves, high energy storage
density, and optimum phase transition temperature,
mirabilite (Na;SO4-10H,O) phase change materials
(MPCMs) have been widely used in greenhouses and
other disciplines [11-12]. However, their thermal storage
performance is affected by the problems of supercooling,
serious phase stratification, and susceptible to leakage and
corrosion, resulting in a short service life and limiting
their applications [13—17]. In particular, a lot of attempts
have been taken to remedy these problems through adding
thickeners, nucleating agents, and other methods [18-20].
Usually, borax [12,21-22] was commonly used as a
nucleating agent to minimize supercooling to less than
2 °C, and sodium carboxymethyl cellulose (CMC) [23]
was used to successfully suppress phase stratification.
More recently, nanomaterials such as nano-graphite [24],
[25], [26], metal

nanocellulose nano-graphene

nanoparticles [27] and others have been successfully
applied to hydrated salt phase change materials. But the
common limitations of these methods are that nano-
materials cannot achieve anti-leakage and anti-corrosion.
As a result, specialized packaging methods, like the
microcapsule method [28], greatly improved leak-proof
performance and thermal conductivity. For instance,
Zhang et al. [29] effectively developed a silica-coated
phase change material of Na,SO4 for thermal energy
storage. The melting and solidification temperatures of the
microcapsule material were 33.6 and 6.0 °C, and the
corresponding latent heats were 125.6 and 74.0 kJ-kg ™!,
respectively; Xi et al. [30] used konjac glucomannan
(KGM) as the supporting material to prepare super
hydrophilic reduced graphene oxide (rGO) aerogel by
hydrothermal reaction and freeze-drying, and then
prepared sodium acetate trihydrate/KGM modified
graphene oxide aerogel (SAT/KrGO) composite PCMs,
which had stable thermal cycling and thermal storage
capacity. Obviously, the carbon support with porous, high
specific surface area and stable structure can not only
prevent the leakage of phase change materials, but also
serve as a heat conduction enhancer to improve the heat
conduction performance, which has practical applications
in solar thermal energy conversion and storage [31-35].

Cellulose carbon aerogels were employed to
encapsulate the MPCMs because of their low density,
large specific surface area, and high porosity [30,36-39].
Sodium CMC is a kind of cellulose ether derivative,
which is widely used as stabilizer, thickener, and food
additive in food applications [40]. Particularly, the
—COONa in CH,COONa of the chair molecular structure
is a hydrophilic group and has a larger space volume than
the original —CH,, which is more hydrophilic than
cellulose. However, the aerogel made by CMC is too
weak to be utilized in practice [41].

Accordingly, carbon materials are combined into CMC-
derived aerogels to boost their mechanical strength. For
example, Huang et al. [42] developed CS-GO/CMC
composite aerogel spheres with multi-scale hierarchically
porous structure that had high performance in removing
organic dyes and heavy metal ions from water and could
be utilized for wastewater treatment; Xu et al. [43]
successfully prepared carboxymethyl cellulose/graphene
composite aerogel (CMC/GA) with acceptable adsorption
capacity using a one-step hydrothermal process based on
graphite oxide (GO) and a suitable proportion of
inexpensive CMC. One elegant example comes from
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Jiang et al. [44], who created a lamellar structure by
combining  directed pre-oxidation, and
with CMC and
hydroxypropyl methyl cellulose (HPMC) as carbon

freezing,
carbonization water-soluble
sources and GO as structure-oriented material, the carbon
aerogels with excellent mechanical and pressure sensing
properties, which have promising applications in wearable
electrical systems.

With inspiration from the above researches, a new
challenge for mirabilite PCMs is to develop stable shaped-
structure carbon support with high adsorption capacity to
package phase change materials while balancing quick
heat transmission, high thermal energy storage stability,
and extended service life.

Compared to metal framework, the GO surface
possesses more OH, COOH, and CO groups [45], as well
as superior interaction force and high adsorption capacity
for PCMs, which further resists leakage. At the same time,
GO has a high thermal conductivity (5000 W-m™1-K™1)
and specific surface area (2600 m2-g~!) as a conventional
two-dimensional (2D) sheet structure and is cross-linked
with CMC to produce a variety of porous structure.
Furthermore, in addition to create hydrophilic carbon
aerogels with increasing specific surface area based on
GO, a tiny quantity of carbon nanofibers (CNFs) served as
structural support and guidance were used to regulate the
porous structure and decrease the volume shrinkage rate
of the scaffolds. As a support of MPCMs, carbon skeleton
will enhance the leak-proof performance of liquid
mirabilite and make it have a longer cycle life, which has
a driving effect on the further development of the
application of MPCMs.

Herein, the CMC/rGO/CNFs carbon aerogels with
lightweight, hydrophilic and stable shape were prepared
by directional freeze-drying and low-temperature
carbonization with CMC as raw material, using GO as
layered structure guide material and CNFs as structural
support material. The shaped mirabilite PCMs composites
were prepared by vacuum impregnating molten MPCMs.
And the microstructure, chemical composition, stability,
thermal conductivity, solid-liquid cycle thermal stability,
and anti-leakage feature of the composite PCMs were then
investigated. The stable composites based on ordered
porous lamellae carbon aerogels have high heat storage,
heat release properties and cycle life, and it is hoped that
this study will contribute to a deeper understanding of
new ideas for high-efficiency solar phase change energy
storage.

2 Experimental
2.1 Materials

Graphene (purity > 99.5 wt.%), sodium CMC
([CgH{105Na],, purity: CP, viscosity: 800—1200 mPa),
carbon nanofibers (purity > 99.5 wt.%, 50-200nm in
diameter, 1-10 pm in longitudinal length), mirabilite
(NayS04-10H,0, purity: AR), crystalline sodium
carbonate (Na,CO3-10H,0, purity: AR), sodium chloride
(NaCl, purity: AR), and borax (Na;B4O7-10H,0, purity:
AR) were used as raw materials. All reagents were
purchased from Aladdin Industrial Co., Ltd. Deionized
water was self-made in our laboratory.

2.2 Preparation of CMC/rGO/CNFs carbon aerogels

The preparation procedure for CMC/rGO/CNFs carbon
aerogels (CGCA) is shown in Fig. 1(a). The GO was first
prepared by Hummers’ method [45]. 0.025g GO,
0.00875 g CNF, and 0.2 g CMC were dissolved in 10 mL
deionized water, and ultrasonically oscillated for 30 min
to obtain CMC/GO/CNFs hydrogels. Then, freezing-dry
was taken for more than 36 h to remove moisture. Finally,
the obtained CMC/GO/CNFs hydrogels were carbonized
in the tube furnace, and the carbonization process was
divided into three stages in argon atmosphere. In the first
stage, the samples were heated from 20 to 300 °C with
heating rate of 5°C-min"!; in the second stage, the
temperature was raised from 300 to 400 °C with heating
rate of 0.5 °C-min~! and held for 1 h; in the third stage,
the temperature was raised from 400 to 550 °C with
heating rate of 5°C-min~! and held for 1h. Using the
same procedure, other samples of 0, 0.0025, and 0.0125 g
CNFs were prepared as the control groups, particularly
recorded as CGCA-0, CGCA-1, and CGCA-2,
respectively.

2.3 Preparation of CMC/rGO/CNFs carbon aerogels
mirabilite PCMs

The preparation procedure for CMC/rGO/CNFs carbon
aerogels mirabilite composite phase change materials
(CGCA-PCMs) is shown in Fig. 1(b). The mirabilite
composite phase change materials were prepared by the
matrix of NaySO4-10H,0:Na,CO5-10H,0 = 9:1 (mass
fraction) [22]. 0.4 g sodium chloride and 0.4 g borax were
added into 10 g mirabilite composite phase change
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Fig. 1 Schematic diagrams of (a) CMC/rGO/CNFs carbon aerogels preparation and (b) CGCA-PCMs.

materials with heating at 45 °C and stirred to melt into the
Whereafter,
carbon

liquid mirabilite composites. the above-
prepared CMC/rGO/CNFs aerogels

immersed in the PCMs at 45 °C and subjected to vacuum

WeEre

immersion treatment for 10 h to prepare CGCA-PCMs,
and the other control samples are CGCA-PCMs-0,
CGCA-PCMs-1, and CGCA-PCMs-2.

2.4 Evaluation of pore performance evaluation

First of all, the volume shrinkage rate of the samples was
estimated by comparison with the samples of CGA
without carbonization. Then the average diameter and the
average height of the samples were measured with vernier
caliper to calculate the volume of the samples, and the
average mass of the samples at 25 °C was measured by
the analytical balance. Subsequently, the true density
meter (AccuPyc I 1340) was used to measure the density
of the samples. Finally, the porosity P of the samples with
different mass fractions of CNFs added was calculated
according to Eq. (1):

- (1—ﬂ)x100% )
VPs

where, m is the mass of the sample, v is the apparent

volume of the sample, and ps is the true density of the

sample. The specific surface area and porosity were tested

by the nitrogen adsorption—desorption technique at

0.1 MPa (ASAP 2020C+HD88).

2.5 Characterization

A contact angle meter (Data physics OCA 20) was used to
test the contact angle of the CGCA aerogels to prove their

hydrophilicity. The morphology and detailed microstruc-
ture were characterized by scanning electron microscopy
(SEM; JSM-6610LV). The chemical
investigated by the Fourier transform infrared spectro-
scopy (FTIR; Spectrum BXII). Furthermore, the elemental
analysis was done by X-ray photoelectron spectroscopy

structure was

(XPS; Escalabx). The micro confocal Raman spectrometer
(LabRAM Odyssey) was used to describe the interior
structure. The thermal property was evaluated by the
differential scanning calorimetry (DSC; STA449F3-
DSC200F3) in nitrogen atmosphere with heating/cooling
rate of 3 °C-min~!. The thermal stability was characte-
rized by thermal gravimetric analysis (TGA; STA449 F3-
STA449 F3) with heating rate of 2°C'min"! in air
atmosphere. The thermal conductivity was measured by
the Hot Disk thermal constant analyzer (TPS 2200) three
times. Thermal cycling stability was tested by putting the
samples in a water bath equipped with a thermostat. Set
the automatic cycle program temperature as: heating to
45 °C (above the melting temperature), heating time of
30 min, heating power of 1500 W, and then cooling to
5 °C (below the crystallization temperature), cooling time
of 30 min, cooling power of 1500 W, and the automatic
cycle program was set to 100, 500, and 1500 cycles.

3 Results and discussion

3.1 Nitrogen sorption, pore analysis and leak-proof
performance of CGCA

The porosity evaluations of different samples are shown
in Table 1. It can be seen that the structure of Sample
CGCA-2 with CNFs exceeding 35 wt.% GO 1is unstable
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Table 1 Average porosities of CGCA samples with different mass fractions of CNFs

Sample  Average diameter/cm  Average height/cm  Average volume/cm®  Average mass/g  p¢/(g'em™3)  Volume shrinkage rate/%  Porosity/%
CGCA-0 0.1214 1.5678 0.0182 0.0170 1.37 >80 31.8
CGCA-1 0.1656 2.7314 0.0588 0.0196 1.65 >60 79.8
CGCA 0.3333 3.3000 0.2879 0.0415 4.62 10-40 96.9

Note: CGCA-2 is unstable, and easy to break.

and easy to break, and the porosity of the material cannot
be determined. A possible explanation for this might be
that the stable chemical bonds in this sample cannot be
formed among carbons due to the increase of carbon
content, so that it is easy to break up at room temperature
and consequently the pore structure fails, and therefore it
is difficult to support the phase change cycle process of
the phase change energy storage materials. Samples
CGCA-0 and CGCA-1 with CNFs 0 wt.% and CNFs
10 wt.% GO have large volume shrinkage and low
porosity due to the lack or insufficient of CNFs, and
obviously cannot be used for the encapsulation of phase
change energy storage materials. Specially, sample CGCA
with CNFs 35 wt.% GO has small volume shrinkage and
with a porosity of 96.9%. So we strongly feel that the
addition of CNFs effectively improves the toughness and
enhances the structural stability of the CGCA, making the
materials present a layered pore structure, which can
effectively support the phase change process of the
mirabilite PCMs in the pore structure. Through the
comparison of porosity data, we can clearly see that
CGCA has a higher porosity and is suitable for supporting
phase change energy storage materials. Therefore, this
paper further analyzes pore size characteristics of the
CGCA with 35 wt.% CNFs of GO as a structural support
material.

Furthermore, N, adsorption was carried out for the
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activated CGCA sample in order to evaluate the pore
properties. As shown in Fig.2(a), CGCA exhibits
reversible type IV and Hj, respectively, showing a
mesoporous structure [46], which is one of the main
characteristics of mesoporous materials. The specific
surface area (Sppr) of CGCA was calculated to be
213.3 m%'g"! using the Brunauer-Emmett-Teller (BET)
model. The pore size of CGCA (inset of Fig. 2(a)) is
mainly concentrated around 5, 8, and 10 nm, further
confirming its mesoporous structure. The above results
indicate that the mesoporous CGCA scaffolds with higher
specific surface area were obtained by the fiber structure
of CMC and the guidance of CNFs and GO. It is the key
to improve the loading rate and heat release performance
of mirabilite.

The leakage-proof property is very important for the
PCMs thermal energy storage. The leakage results of
PCMs, CGCA-PCMs-0 (the average volume is
0.0182 cm?) and CGCA-PCMs (the average volume is
0.2879 cm?) before and after cycling at 45 °C are shown
in Fig. 2(b). It is obvious that PCMs, GCCA-PCMs-0, and
CGCA-PCMs maintain stable shapes in the crystalline
state before cycling. When heated to 45 °C, the PCMs
become liquid, and the CGCA-PCMs-0 has serious
leakage, while no leakage can be found for the CGCA-
PCMs after 1500 cycles. There is evidence to support the
hypothesis that the mechanical properties of the carbon

®)

Before cycling 1 cycle 1500 cycles

Fig. 2 (a) Nitrogen adsorption—desorption isotherms of CGCA (inset: pore width distribution curve). (b) Leak-proof photos of

samples at 45 °C for 1 and 1500 cycles.
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aerogel are enhanced by proper orientation enhancement
of CNFs, making the carbon aerogel scaffold more stable.
Therefore, the aerogel framework can be used as support
material for mirabilite PCMs.

3.2 Morphology and microstructure of CGCA and
CGCA-PCMs

The cross-section and longitudinal sections of CGA,
CGCA-0, and CGCA, as well as the microstructure of
CGCA impregnated with mirabilite crystals, were all
characterized and presented in Fig.3. As shown in
Figs. 3(a), 3(b) and 3(c), it can be found that the CGCA
forms many pores on the surface, and more regular and
hierarchical structure is formed by carbonizing, which
indicates that the carbonization process eliminates the
hydrogen bonds between CMC nanofibers to form a
porous structure. CGCA-0 without CNFs has no through-
holes and displays a disordered pore structure, as seen in
Fig. 3(d). In contrast, according to the cross-sectional
longitudinal sections in Figs. 3(e) and 3(f), CGCA has a
regular sheet-like structure and abundant pore channels
because it is guided by GO and a small addition of CNFs,
and the three-dimensional (3D) pore structure formed
after adding CNFs, which is often strongly beneficial for

the adsorption of PCMs. it has been

Meanwhile,

demonstrated that CGCA has a high density of through
holes, making it more favorable to the adsorption of phase
change energy storage materials. Furthermore, it is
CGCA aerogels
hydrophilic based on the strong water solubility of

commonly known that must be
hydrated salts, in particular, it can be seen clearly that the
mirabilite phase change material is completely immersed
into the CGCA carbon framework in Figs. 3(g) and
3(h) of CGCA-PCMs, meaning that CMC/rGO/CNFs are
of great absorbability to MPCMs. It is crucial to note that
the contact angle between CGCA and water is 43.5° as
shown in Fig. 3(h), indicating that it has outstanding
hydrophilicity.

3.3 Chemical structure analysis of GO/CGCA/CGCA-
PCMs

The FTIR spectra of GO, CGCA, and CMC are shown in
Fig. 4(a). The peaks at 3434 and 1439cm™! are
corresponding to the stretching vibrations of O—H and the
in-plane bending vibration of —OH, respectively. The
peaks at 2922, 1630, and 1150 cm™! are ascribed to the
C=0, and C-O-C,
respectively. Comparing the infrared peaks of the above

stretching vibrations of —CHj,

three samples, it is found that there are hydrophilic groups

such as O-H in CGCA, which determine their

Fig. 3 SEM images of (a) CGA, (b)(c) CGCA, (d) CGCA-0 for its surface structure, (¢) CGCA for its cross section structures,
(f) CGCA for its longitudinal section structures, and (g)(h) CGCA-PCMs. (i) Contact angle between CGCA and water.
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GO, CMC, and CGCA samples. (f)(g)(h) Spectra of C 1s of CMC, GO, and CGCA samples.

hydrophilicity and lay the foundation for the adsorption of
PCMs [47].

Particularly, Raman spectra are conducted to confirm
the defects of the supporting materials in Fig. 4(b). Two
notable peaks are observed in CGCA, a typical D peak at
about 1346 cm™! related to defects of the graphitic lattice
of the sp3 hybridized carbon, and a G peak center at
1577 cm™! attributed to the presence of sp? bonded
carbon. In addition, the intensity ratio of the D and G peak
(In/Ig) was established to quantify the defects in the
carbon of GO and the CGCA. The Ip/Ig values of GO and
CGCA are 0.971 and 0.860, respectively, indicating that
CGCA has lower density of defects than that of GO,
because GO and CNFs successfully induce CMC to form
a more ordered and less defective framework structure.

What is even more important is that the Raman spectra
of PCMs and CGCA-PCMs also stand out in Fig. 4(c).
Obviously, the typical characteristic peaks at 985 and
3430 cm™! are attributed to Nay;SO4-10H,0. Meanwhile,
there are S—O symmetry bending vibration peaks and S—O
deformation bending vibration peaks around 450 and
622 cm™! in both PCMs and CGCA-PCMs, respectively,
and it is also obvious that there is the S—O antisymmetric
stretching vibration peak in [SO42"] with wave numbers
of 1120 cm™!. All the typical Raman peaks of PCMs are
observed in CGCA-PCMs, indicating that PCMs are
successfully introduced into the solid support. Besides,
distinct D and G peaks appear in CGCA-PCMs, which
also indicates that the CGCA can be successfully used as

a support for PCMs [48].

The energy dispersive spectroscopy (EDS) results of
CGCA before and after heat treatment in Fig. 4(d) show
that the elements contained in the aerogels before and
after heat treatment are C, O, and Na, but the oxygen
content is reduced by nearly half after heat treatment,
which may be explained by the fact that due to the
decrease of oxygen content on the surface of GO and
CMC, GO undergoes a weak reduction reaction under
550 °C. On the other hand, the clements contained in
CGCA were further analyzed by finer XPS spectra. As
shown in Fig. 4(e), the XPS spectra of CGCA show that
C, O, and Na elements exist on the surface of CMC, GO,
and CGCA, and the corresponding binding energies of C,
O, Na 1s, and Na KLL are around 281, 526, 493, and
1073 eV, respectively, which proves that CGCA has good
hydrophilicity. The corresponding high resolution spectra
of C-C, C-0, O-C-0O, and C=0O groups located
respectively at 284.7, 285.3, 287.6, and 288.8 eV in the C
Is spectrum are analyzed by XPS. The CMC sample
shows at least three peaks at the binding energies of
284.50, 285.85, and 287.55eV, which are mainly
attributed to the C—-C, C=C, C-O and O—C—-O groups.
The GO sample shows three peaks at the binding energies
of 284.10, 286.55, and 288.30 ¢V, which can be attributed
to C—C, C=C, C-0, and C=0. However, in the CGCA
sample, four peaks are observed at the binding energies of
284.50eV  (C-C), 285.55eV (C-0), 287.55eV
(O—C-0), and 288.30 eV (C=0) [49]. The variations of



the binding energies further confirm the strong interaction
between GO and CMC in Figs. 4(f)-4(h). As expected,
our data confirm the expected correlations among the
CGCA carbon framework, GO, and CMC, which indicate
that the CGCA aerogel has a stable chemical structure.

3.4 Supercooling of mirabilite composite PCMs and
CGCA-PCMs

The degree of subcooling is commonly considered to be
directly connected to the performance of the MPCMs.
Because there is generally a meta-stable condition around
the melting point that impacts the crystallization process,
supercooling is a common phenomenon at the time of
crystallization.

As 1illustrated in Fig. 5(a), both PCMs and CGCA-
PCMs have supercooling during solidification. However,
the supercooling degree of CGCA-PCMs (0.7 °C) is much
lower than that of PCMs (1.2 °C). We hypothesize that
there is a major factor that promotes the drop of the
supercooling degree. In general, this can be explained, in
part, by the thermal conductivity differences between GO
and other carbon materials, which is helpful for improving
the thermal conductivity of CGCA aerogels. As a result,
the thermal conductivity of CGCA prepared in this paper
is 1.549 W-m 1-K™! (Fig. 5(b)). Simultaneously, there is
satisfactory agreement that the carbonization at 550 °C is
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used in this paper, as slight carbonization ensures that GO
does not lose its hydrophilicity due to being completely
reduced, and it also retains the original high thermal
conductivity of GO, so that the thermal conductivity of
the CGCA prepared material remains relatively high.

Furthermore, we know that the PCM has a thermal
conductivity of 0.544 W-m™!-K~!, while CGCA-PCM has
the thermal conductivity of 1.756 W-m™!-K! in Fig. 5(b).
In comparison, the conductivity of CGCA-PCM is three
times that of PCMs. This demonstrates that the CGCA
framework can convey the heat generated during
mirabilite crystallization to the outside for heat exchange
in time, hence, eliminating the heat transfer lag of the
mirabilite phase transition material system. However, we
all know that mirabilite requires a certain degree of
subcooling to give energies in the process of reaching the
critical point of crystallization, so we hypothesize that the
magnitude of this part of the driving force can be reduced
in a way that the heat is released and absorbed fast. This
can be further confirmed by the compositional analysis,
the reducing of time-space lag in crystallizing makes the
phase transition temperature of the mirabilite PCMs
actually controllable, which has a good theoretical guiding
value for the use of the latent heat of the MPCMs.

Indeed, this may also be explained from the standpoint
of thermodynamics present in the formation of mirabilite

g
=

1.756

¥
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iby 222.6%

=

10.544

<
i

=
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Thermal conductivity/(W-m™'-K™")
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Wall of sheet inner of the CGCA (W)

Fig. 5 (a) T-history pattern of PCMs and CGCA-PCMs. (b) Thermal conductivities of CGCA-PCMs. (¢) Partial enlarged view of the
green marked map in panel (a). (d) Schematic diagram of heterogeneous nucleation of CGCA-PCMs.
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nuclei. The basic thermodynamic condition governing
crystal growth is the principle of minimum free energy.
The free energy of the mirabilite crystal is composed of its
volume free energy and interface energy [50].

As shown in Fig. 5(d), the radius of the mirabilite
crystal nucleus formed on the inner wall of CGCA is r,
then the change of the interface energy when the crystal
nucleus formed is:

AGS =500 + S awOnw — S tw0Oiw (2)

where, Su1, Shw, and Sy, are the interface area between the
mirabilite crystal nucleus and the mirabilite liquid phase,
the interface area between the mirabilite crystal nucleus
and the inner wall of CGCA, and the interface arca
between the mirabilite liquid phase and the inner wall of
CGCA, respectively; oy, 0w, and oy, are the specific
surface energy between the mirabilite crystal nucleus and
the mirabilite liquid phase, the specific surface energy
between the mirabilite crystal nucleus and the inner wall
of CGCA, and the specific surface energy between the
mirabilite liquid phase and the inner wall of CGCA,
respectively.
At the intersection of three phases:

AGg = (Sn1 —nr? sin” fcos 9) Ol (3)

Additionally, the volume free energy caused by mirabilite
nuclei is:

2 —3cosf+cos3d
3

AG, = V,AGy = nr3( )AGV 4)

Then, the total free energy caused by mirabilite nuclei is
as follows:

4r3AGy

AG,+AGs = ( +47tr20'n1) X £(6) ®)
where, 6 formed between the mirabilite nucleus and the
inner wall of CGCA is 0° < 6 < 180°. Obviously, in this
way, while the nucleus of CGCA-PCMs grows, f(6) is
between 0 and 1, and the total free energy caused by
mirabilite nuclei will be less than 1.

From this point of view, because the contact angle of
CGCA is less than 90°, the total free energy between the
mirabilite nucleus and the inner wall of CGCA could be
less than 1, and CGCA-PCMs can undergo heterogeneous
nucleation at lower supercooling degrees. Summarily, the
surface of CGCA aerogels offers many non-uniform
nucleation sites for mirabilite nuclei, which greatly

intensifies the crystallization behavior of the hydrate salt
and nucleates rapidly at lower temperature, thereby
reducing the degree of supercooling of the CGCA-PCMs.
Observably, the CGCA could be responsible for the
remarkable crystallization of mirabilite phase change
energy storage materials.

3.5 Thermal properties of mirabilite composite PCMs and
CGCA-PCMs

It is obvious that the latent heat of CGCA-PCMs
influences the performance of materials from this study,
so the DSC curves of the original MPCMs and the
CGCA-PCMs are measured in Fig. 6. Firstly, we can
observe from Figs. 6(a) and 6(b) that CGCA-PCMs have
phase transition features comparable to mirabilite PCMs.
The phase transition behavior of the carbon aerogels
generated by CMC and GO reveals that they have strong
adsorption to the mirabilite PCMs. Secondly, in Fig. 6(c),
CGCA-PCMs-0 and CGCA-PCMs-1 have low loading
rates due to their low porosities, which ultimately lead to
very poor thermal performance of mirabilite composite
phase change energy storage materials. However, the
melting and solidification enthalpies of PCMs are 242.8
and 134.2J-g7!, respectively, while those of CGCA-
PCMs are 157.1 and 114.8 J-g”!, respectively. The heat
storage density of CGCA-PCMs can exceed about 85.5%,
which indicates that the CGCA-PCMs have significant
heat storage and heat release capabilities, suitable phase
change temperature.

To further explore the thermal cycling stability, the DSC
curves of CGCA-PCMs for 100-1500 solid—liquid cycles
are shown in Figs. 6(d)-6(f). After the first cycle, the
energy storage density is 157.1 J-g”!, the crystallization
exotherm is 114.8J-g’!, and the phase transition
temperature is 16.2 °C. Interestingly, after 500 cycles, the
energy storage density is 90.37 J-g”!, the crystallization
exotherm is 70.14J-g’!, and the phase transition
temperature is 15.5 °C. Continuously, after 1500 cycles,
the heat storage density of CGCA-PCMs drops to
75.37J-g7!, the crystallization exotherm is 52.03 J-g”1,
and the phase transition temperature is 13.9 °C, retaining
about 47.97% of the energy storage density in the first
cycle. Most importantly, the latent heat retention rates of
crystallization (77) for samples are shown in Table 2,
which are calculated by Eq. (6) as follows:

AH,
=%
n/ % A 00 (6)
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CGCA-PCMs. (f) Latent heat histograms of CGCA-PCMs at 100, 500, and 1500 cycles.

Table 2 DSC data for CGCA-PCMs of 100-1500 cycles

Number of cycling Melting Solidifying n/%
1,/°C t,/°C AH/(J g™ t/°C 1,/°C AH/(J-g™h)

1 31.4 34.7 157.1 14.3 16.2 114.80 -

100 29.1 31.6 118.5 13.8 14.9 93.58 81.52

500 24.0 32.1 90.37 11.5 15.5 70.14 61.10

1500 12.3 23.7 75.37 12.4 13.9 52.03 45.32

Notes: #,, onset temperature; tp, peak temperature.

where AH,, is the latent heat of crystallization of CGCA-
PCMs before cycling, and n represents the number of
cycling.

As shown in the Fig. 6(f), the retention rates of the
latent heat of crystallization of the CGCA-PCMs maintain
approximately 61.10% and 45.32% after 500 and 1500
solid-liquid cycles, respectively. It can be concluded that
our experiments demonstrate the expected encapsulation
dependence on the prepared porous aerogels that CGCA
has strong mechanical properties and excellent shape
stability. It is also one of the available ways for better
applications of mirabilite phase change energy storage
materials.

3.6 Thermal reliability of CGCA-PCMs

The absence of crystal water is crucial for judging phase
change cycles in hydrated salts such as Na;SO4-10H,0. In

this paper, TGA analysis was applied to test the heat
resistance and thermal stability of the samples. Figure 7(a)
shows the whole TGA analysis curves of PCMs. It can be
seen that the weight loss rates of PCMs reach 56.30% at
85.8 °C, and the exotherm is 1494 J-g71, subsequently,
while the weight loss rates of CGCA-PCMs reach 50.21%
at 89.5 °C in Fig. 7(b), and the exotherm is 1058.7 J-g™1,
owing primarily to the loss of Na;SO4-10H,O crystal
water and the heat released by crystal water vaporization
at 100 °C [51]. Its thermal degradation behavior is similar
to that of the PCMs, indicating the energy storage
materials have good chemical compatibilities with CGCA.
Differently, the PCMs start to lose water at 38.6 °C while
the CGCA-PCMs fail at 59.7 °C, which is summarized
that the mirabilite composite PCMs employing CGCA
aerogels as the support have improved thermal stability.
Although there are still some challenges and limitations in
its greater flexibility, we believe that the CGCA mirabilite
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Fig. 7 TGA curves of (a) PCMs and (b) CGCA-PCMs.

composite phase change materials with high stability and
cycle life still can potentially enable many future
applications.

4 Conclusions

Using GO as the guiding material and CNFs as the
structural support materials, in this work we successfully
designed and fabricated the lightweight CGCA, which
could be used as ideal support for mirabilite phase change
energy storage materials. CGCA exhibits the following
three characteristics. (1) The 3D lamellar structure of the
CGCA has higher specific surface area and stable shape.
After 1500 solid—liquid cycles, there is no obvious
leakage. (2) Good adsorption capacity and anti-leakage
properties. The porosity of CGCA reaches 96.9% and it
can adsorb mirabilite PCMs nearly 50 times than its own
weight, ensuring higher energy storage density. (3) Ideal
heat transfer path and excellent PCMs package. Based on
the excellent properties of CGCA, the carbon aerogel
mirabilite composite PCMs have desired phase change
enthalpy, enhanced thermal conductivity and thermal
cycling stability. After 1500 solid-liquid cycles, the
supercooling degree of the composites does not change
significantly, and the latent heat rate decreases by 54.67%,
indicating that the prepared CMC/rGO/CNFs mirabilite
composite PCMs have excellent thermal cycle stability. In
addition, the wide availability and low-cost of CMC,
long-term cycle stability, and conversion from low-grade
energy to high-grade energy (thermal storage) endow the
composite phase change energy storage materials
enormous economic advantages. Therefore, our work
provides a new approach for efficient solar energy storage
and thermal energy utilization in porous support hydrated
salt composite phase change materials.
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