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Abstract

The Na,SO,-10H,0-based phase change energy storage materials (PCMs) were fabricated through vacuum impregnating
and adsorbing the oxidized multi-walled carbon nanotubes (MWCNs) with diatomite. The Fourier Transform Infrared Spec-
troscopy results reveals that the existence of carboxyl and hydroxyl groups in MWCNs can increase its compatibility with
PCMs. The vacuum impregnated to obtain the diatomite composite PCMs (PCMs-M-D) crystallize adhering to the treated
diatomite (DI-2) observed from the scanning electron microscope. The PCMs-M-D displays negligible supercooling and
the thermal conductivity reaches 0.97 W m™' K~'. Moreover, after 100 cycles of phase change, the melting latent heat loss
is 1.43% and the solidification latent heat loss is 11.15%, showing good heat storage performance and chemical stability.
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1 Introduction

Phase change energy storage technology is to improve
the ambient temperature by absorbing and releasing
a large amount of heat in the phase change process of
phase change materials [1-3]. Qinghai province, located
on the Qinghai-Tibet plateau, has a large amount of mira-
bilite (Na,SO,-10H,0) resources in salt lakes. As a low
temperature PCMs, Na,SO,-10H,0 has the advantages
of small phase volume change, high latent heat density
and large thermal conductivity [4]. However, it belongs to
solid-liquid PCM:s. For solid-liquid PCMs, the packaging
technology is particularly important. PCMs is encapsulated
in porous materials by natural impregnation. In general,
organic PCMs compounded with porous materials include
fatty acids, alkanes, polymers and their binary or ternary
eutectic mixtures. Inorganic PCMs mainly include sulfate,
nitrate, carbonate and metal, etc. [5, 6]. The main prepara-
tion methods of this kind of composite PCMs are vacuum
impregnating, melt intercalation, melting adsorption and

so on. As the supporting material of composite PCMs,
porous materials can be the existing porous agents, such
as mineral materials, expanded graphite, etc., or foam
metals, porous ceramics, nano carbon materials, etc. [7,
8]. Diatomite has porous structure and high porosity,
with chemical stability, wear resistance, heat resistance,
water absorption, permeability and other properties, can
adsorb PCMs, make the PCMs does not leak in the phase
change process, at the same time give some mechanical
properties of PCMs. Diatomite is a natural mineral material
with abundant reserves, low cost and simple mining tech-
nology. At present, there are still some problems in the
research of diatomite matrix composite PCMs, such as low
energy storage density and low thermal conductivity [9].

Xi et al. [10] prepared energy storage composites by
using diatomite/paraffin PCMs and wood flou/high den-
sity polyethylene as secondary packaging materials. The
results show that diatomite has abundant voids, and these
isolated voids are less than 10 um. The diatomite/paraf-
fin PCMs shows excellent stability and the use of wood
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powder/high density polyethylene as secondary packag-
ing material completely solves the problem of liquid leak-
age. Xinxing [11] fabricated calcium chloride hexahydrate/
diatomite/paraffin composite PCMs via impregnating cal-
cium chloride hexahydrate into diatomite and coating it
with paraffin. The test shows that diatomite has a larger
nucleation surface, the supercooling degree of hydrate salt
is weakened, and the stratification phenomenon of 100
cycles phase is reduced. Due to the interaction of hydra-
tion bond, capillary force, surface tension and paraffin
coating, the thermal stability and reliability of the coated
composite PCMs are better than that of the hydrated salt.
After 100 cycles, the melting and crystallization enthalp-
ies of coating composite PCM decreased from 108.2 and
98.5J g7 to 106.2 and 93.8 J g7', respectively, by 1.8%
and 4.8%. Coating composite phase change material has
good thermal performance, thermal reliability and chemi-
cal stability, and is a promising phase change material for
thermal energy storage applications.

Herein, the Na,SO,-10H,0 hydrate prepared by our
research group as PCMs [12, 13], using diatomite as carrier,
adding nucleating agent and water-based multi-walled
carbon nanotubes, a new type of composite shaped
Na,SO,-10H,0- PCMs with low supercooling, high thermal
conductivity and excellent thermal storage performance
was prepared through using the unique porous structure
and excellent natural adsorption of diatomite,

2 Experimental

2.1 Preparation of multi walled carbon nanotubes
(MWCNs)

Firstly, MWCNs (5 g) (>95%, inner diameter: 3-5 nm,
outer diameter: 8-15 nm, length: ~50 um, aladdin) were
added into the mixed solution of K,S,04 (8 g), P,05 (8 g),
and H,S0, (25 mL, 98%) in a round long-necked beaker,
and the obtained mixture was reacted at 80 °Cfor 5 hin

Calcination 400 -C 4h

water bath. Subsequently, after being diluted to 500 ml
with deionized water and placed for 12 h to separate
the precipitate and the liquid, the solution was filtered
and the precipitate was dried at 45 °C dried for 2 days.
Thirdly, the precipitate (2 g) was dispersed into the H,SO,
(150 mL) in water bath at 0, following by the addition of
the KMnO, (25 g). After reacting for 4 h, 250 mL of deion-
ized water was added to reduce the reactor temperature
to below 50 °C, another 1 L of deionized water and 30 ml
of H,0, (30 wt%) were added to prevent the reaction.
Finally, the obtained mixture was taken out and placed
for 2 h, washed with deionized water and air drying for
3-5 days. The treated MWCNs was labelled as MWCNs-O.

2.2 Preparation of porous diatomite

After being calcined at 400 °C for 4 h, the diatomite
(20 g) was soaked in 20 wt% H,SO, solution at 80 °C
for 2 h, following by treated with 5 wt% NaOH solution
at 70 °C for 8 min and washed with distilled water. The
original and the treated diatomite were defined as DI-1
and DI-2, respectively.

2.3 Preparation of PCMs-M-D

In this experiment, Na25S04-10H20-based composite
phase change energy storage materials were prepared
by the research group as previously described [10] the
Na,SO, 10H,0 (46.2 g), Na,CO; 10H,0 (1.78 g), NaCl (2 g),
borax (2 g), CMC (0.75 g), and sodium hexametaphos-
phate (0.05 g) were weighted and vacuum impregnated
to obtain the diatomite composite phase energy stor-
age material with high thermal conductivity, labelled as
PCMs-M-D. 13.305 g PCMs-M can be adsorbed with 4 g
DI-2 added, the adsorption rate was 67%. The detailed
preparation process was schematic displayed in Fig. 1.

Og o) Acid leaching 80 °C 2h 080
O O ali ~hine o i QO
. . Alkali leaching 70 <C 8min .
DI-1 DI-2
I Vacuum impregnation
K,$,05 l
H,S0, KMnO COOH PCM%
MWCNTs Oxidation MWCNTs-O

Fig. 1 Schematic illustration of the preparation process of the PCMs-M-D
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3 Analysis methods

The morphology of the samples was characterized by low
vacuum scanning electron microscope (SEM, JSM-5610
LV).The thermal constants of the composite phase change
energy storage materials were analyzed with a thermal
constant analyzer (TCA, TPS 2200) produced by HOT DISK
in Sweden. The latent heat of the composite phase change
energy storage materials was analyzed using a differential
scanning calorimeter (DSC) produced by NETZSCH (Ger-
many). The temperature was raised from 0 to 40 °C and
then decreased to —5 °C at a rate of 1 °C/min in nitrogen
atmosphere (50 mL/min). The phase change energy stor-
age material was tested in a high- and low-temperature
test chamber (Beijing Suri) with the temperature increas-
ing from 0 to 40 °C and then decreased to —5 °C for 100
times. The Infrared Spectrometer manufactured was used
for infrared detection of MWCNTSs (FTIR, Nexus, American).
The phase analysis of the material was carried out by x-ray
diffractometer(XRD, D/MAX2500, Japanese).

4 Results and discussions
4.1 Fourier Transform Infrared Spectroscopy (FTIR)

Figure 2 shows the FTIR spectra of MWCNs and MWCNs-O.
As shown in Fig. 2, after being oxidized with K,S,Og, P,0s,
H,SO,, KMnO,, the MWCNs-O demonstrates two distinct
peaks at 3434.28 and 1633.65 cm™!, which can be ascribed
to the stretching vibration of hydroxyl and C=0 of carboxyl
group. The carboxyl group and hydroxyl group can form
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Fig. 2 Infrared Spectra of MWCNs and MWCNs-O

hydrogen bonds by themselves or with each other, and the
higher the degree of oxidation, the more hydrogen bonds,
leading to the blue shift of C=0 occurs to some extent.
After the oxidation treatment, hydroxyl and carboxyl
groups were formed on the surface of MWCNs-O, mak-
ing it more hydrophilic, which could be well integrated
with PCMs to improve the heat absorption and release
efficiency.

4.2 Pore size analysis of diatomite

The pore characteristics of the diatomite were examined
with N, adsorption/desorption measurements. Figure 3a
shows the resulting isotherm. It can be seen that both
the DI-1 and DI-2 display typical Il isotherms with the
adsorption curve rising slowly in the front section, and
rising sharply in the back section. There is no adsorption
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Fig.3 a N, adsorption/desorption isotherms and b the corre-
sponding pore size distribution of diatomite
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saturation until the relative pressure is close to 1.0, indi-
cating that the capillary aggregation of diatomite occurs
during the process of nitrogen adsorption. The type Il iso-
therm shows that it is a macroporous solid adsorbed by
multi-molecular layers. In the transition stage from mon-
olayer to multi-molecular layer at 0-0.4 (p/p0), in the stage
multilayer adsorption at 0.4-0.9 (p/p0), it shows a sharp
rise at 0.9-1.0 (p/p0), but it has not reached adsorption
saturation yet. It shows that there are some mesoporous
and macroporous in the material, and the volume of
macroporous filling is caused by capillary condensation.

The adsorption lag exists in the range from 0.4 to 1.0
(p/p0), which is mainly due to the different mesoporous
structure of porous materials. According to IUPAC classi-
fication criteria, this kind of hysteresis loop belongs to H3
type, indicating that the pore formed by diatomite is open
at both ends with irregular pore structure characteristics,
and the pore structure possess the characteristics of slit-
like pore with parallel wall containing many other forms
pores. This is in accordance with the pore structure of the
opening of diatomite under SEM. Figure 3b shows the rela-
tionship between pore size and pore volume of diatomite.
From Fig. 3b, it can be seen that the pore volume of DI-2
is larger than that of DI-1, which can be ascribed to the
increase of pore volume of diatomite after calcination, acid
leaching and alkali leaching.

4.3 XRD and morphology of diatomite, MWCNs
and MWCNs-O, PCMs-M-D

Figure 4 is the XRD patterns of the PCMs, PCMs-M-D, DI-2.
Except for the PCMs, THE MWCNs-O and DI-2 are existed
in the PCMs-M-D, demonstrating that the DI-2 can adsorb
the PCMs-M effectively.
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Fig.4 XRD patterns of PCMs-M-D, PCMs, DI-2
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Figure 5 is a SEM picture of DI-1 and DI-2. It can be seen
from Fig. 5a that DI-1 is composed of porous disc structure.
The pore structure of the disc structure is clear and vis-
ible. There are more debris on the surface and some pore
structures are blocked. Figure 5b shows the porous struc-
ture of calcined and acid-alkali treated diatomite (DI-2).
From Fig. 5b, it can be seen that the porous diatomite disc
structure is well preserved and the pore size is obviously
increased. It presents the state of through-hole at both
ends. The pore structure changed from round to irregular
round, because the main component of diatomite is SiO,.
SiO, reacts with NaOH, some SiO, is dissolved, and the
pore size is further increased.

The SEM images of MWCNTs and MWCNTs-O are dis-
played in Fig. 5 c and d. MWCNTs have a dark sink sur-
face after being photographed by SEM, while that of the
MWCNTs after oxidation treatment is glossy Moreover, the
length is not changed. Interstingly, it can be found that
MWCNTs are intricately hovering together, and there are
many prominent small pieces on the surface which are the
aggregation sites of carboxyl groups.

Figure 5e—g is a SEM image of PCMs-M-D. The crystalline
PCMs-M-D with burr flower-like morphology is adsorbed
by the pore and filled almost all the pore of DI-2, demon-
strating that DI-2 could adsorb PCMs-M well and makes
the PCMs-M-D adhere to its matrix to crystallize.

4.4 Analysis of thermal conductivity

Figure 6 displays the thermal conductivity diagram of
PCMs and PCMs-M-D, showing that the highest thermal
conductivity of PCMs-M-D is 0.97 W m™~' K™ at 20 °C, which
is much higher than that of the PCMs, resulting from the
existence of the hydrophilic MWCNs with outstanding
thermal conductivity in PCMs-M-D. In addition, during
the preparation of PCMs-M-D by adsorption of DI-2 onto
PCMs, the surface of PCMs and DI-2 combines via van der
Waals to form a unified structure, enabling the PCMs-M-D
transfer heat through lattice vibration and enhance the
thermal conductivity.

4.5 Supercooling analysis

The T-history properties of PCMs and PCMs-M-D Fig
were investigated and the results are shown in Fig. 7. The
supercooling degree of PCMs is 0.4 °C while the PCMs-
M-D reveals negligible supercooling degree. The nuclea-
tion principle of PCMs-M-D can be explained by hetero-
structure nucleation theory. The PCMs tend to nucleate
adhering to the DI-2 that exists in the mother liquor of
PCMs, thus greatly reducing the the nucleation success
and hence the degree of undercooling in the nucleation
process. The results are in accordance with the SEM images
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Fig.7 T-history curves of PCMs and PCMs-M-D

which revealing that PCMs nucleated adhering to DI-2 and
formed a layer of hairy spherical crystals on the surface.

4.6 DSC characteristics

The phase transformation properties of phase change
energy storage materials are described by melting and
solidification initiation temperatures and latent heat of
phase transformation. Figure 8 shows the thermal prop-
erties of PCMs and PCMs-M-D and the corresponding
thermal characteristics are summarized in Table 1. It can
be seen that, the T, (Initial dissolution temperature),

Tem (Termination dissolution temperature), AH,,, (Melting
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latent heat), T, (Initial solidification temperature), T,
(Termination solidification temperature), AH_ (Solidifica-
tion latent heat) of PCMs are 24.6 °C, 33.4°C, 175.2J g‘1,
20.7 °C, 19.6 °C, and 124.7 ) 9‘1,respectively. The T,
Tom AH s Toor Toor AH of PCMs-M-D are 24.5 °C, 34.3 °C,
146.6 Jg~',21.7°C,17.3°C,and 116.6 J g™', respectively.
After 100 heating (40 °C) and cooling (-5 °C) experiments,
the Ty Toms AH L Tow Tew AH of PCMs are 24.1 °C, 33.5 °C,
130.2Jg7",20.6 °C, 19.7 °C, 89.3 J g7, respectively. The
Tomt Temr AH s Towr Teer AH. of PCMs-M-D after cycle are
24.6°C,35°C, 144.5J) 97", 20.9°C,18.2°C,103.6 J g™/,
respectively. After 100 phase change cycles, the melting
latent heat loss and the solidification latent heat loss of
PCMs-M-D were 1.43% and 11.15%, respectively, which
is obviously smaller than that of the PCMs with 26.68%

melting latent heat loss and 28.39% solidification latent
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Table 1 Thermal characteristics

N ot POMS AL Samples Tom Q) Ton Q) AH, (Jg™") T, (°C) T, (°C) AH.(Jg™") Heat loss rate
PCMs 24.6 334 175.2 20.7 196 1247 /
PCMs-M-D 24.5 343 146.6 21.7 173 1166 /
PCM:s after cycle 24.1 335 130.2 20.6 19.7 89.3 26.68% 28.39%
PCMs-M-D after cycle 24.6 35 144.5 20.9 18.2 103.6 143% 11.15%
heat loss. With the adding of DI-2 and adsorbing PCMs References

via porous materials, PCMs can be well impregnated in
the porous structure of diatomite under the action of
capillary force and surface tension, which can reduce the
stratification of phase change energy storage materials
and adhere to the crystallization of porous structure,
leading to the good cyclic stability of PCMs-M-D.

5 Conclusions

Based on the above discussion, the following conclu-
sions can be drawn:

1. The DI-1 demonstrates large pore diameter with
through-pore at both ends after being calcined, acid
and alkali leached treatment. The Multi-walled car-
bon nanotubes contain carboxyl and hydroxyl groups
through oxidizing process.

2. The awn nitrocellulose phase change shaped energy
storage material was achieved through vacuum
impregnating of DI-2 to adsorb MWCNTs, making
it can be growth effectively attached to DI-2 during
exothermic crystallization, and efficiently compatible
with MWCNTSs during endothermic dissolution.

3. PCMs-M-D has almost no supercooling degree, and
the thermal conductivity increased to 0.97 W m™' K™
at 20 °C. After 100 cycles of phase change, the melt-
ing latent heat loss of mont-nitro composite is 1.43%
and that of the solidification is 11.15%, respectively,
demonstrating good thermal storage and chemical
stability.
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