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((The mixture of crystallohydrate phase change neate (PCMs) NaHPO,-12H0 and
NaSQ-10H0 is loaded into halloysite nanotubes (HNTs) byewdiath sonication and
impregnation under vacuum at 40 °C. It is the ftiste HNTs are applied as nanocontainers
for crystallohydrate PCMs for thermal energy stogagfhe PCM retains well in the
nanocontainers over the solid-liquid phase chandee to the electrostatic interaction
between PCM and the inner space of HNTs as welh@asanoconfinement effect. No new
covalent bonding is formed between PCM and HNThencomposite. The crystal structure
of the hydrated salts mixture does not change ddting into HNTs. With 67wt% effective
loading of NaHPO,-12HO and NaSQ,-10HO in 1:1 mass ratio, the nanocontainer
composite exhibits the melting temperature of 36.&nd the melting enthalpy of 142 3.g
During the thermal cycling tests, it shows no phasparation and the thermal stability is
well kept over 50 cycles. The PCM/HNTs nanocontairman be considered as efficient

nanoscaled energy storage units with great potémtigractical applications.))

1. Introduction

Phase change materials (PCMs) are widely appliedhiermal energy storage in building

materials?? smart textile$? and greenhousé&$.Both organic and inorganic substances can



be used as PCMs. Organic PCMs including par&ffifatty acid® and glycol§! have the
disadvantages such as low thermal conductivity yaic2 W m K™),®¥! flammability and
usually toxicity!® On the other hand, crystallohydrates, as the rfeinily of inorganic
PCMs, show higher thermal conductivity (0.5-0.7 W ki%),”®! inflammability, non or slight
toxicity,*® low cost and often higher latent h&ak. All these characteristics make
crystallohydrates advantageous candidates as PG@Mpgaring to the organic PCMs.

Among vast variation of hydrated salts, ,NRO;-12H0O (disodium phosphate
dodecahydrate, DHPD) is considered as attractiv® RiDe to high mass heat storage
capacity of 256-281 J%§? and low melting temperature range of 35-44'°C.

The problem of phase separation is consideredsasleintageous for inorganic PCMs, since
it decreases the melting enthalpy of the mateFiabre are several methods to solve it. One of
them is to add thickening agents such as sodiulyappollate to stop phase separation in the
beginning** However, the melting enthalpy retains only for imaxm 10-15 thermal cycles
due to the boundary interface appeared between EBybtals and thickening agent. The
microencapsulation of NHPQO, -12HO into polymer shell by solvent-evaporation-
precipitation method can prevent phase separation, but no informatiordurability in
thermal cyclings was given. The polymer shell fodntiiring the solvent evaporation does
not keep water content constant and the fabricatiethod is complicated.

In a recent researét?! NaHPQ, -12H0 has been mixed with N&O; -10HO to form
eutectic hydrated salts (EHS). The eutectic mixtane effectively reduce phase separation of
hydrated salt8’'® However, the phase change effects after thermelingy were not
discussed.

Composite PCMs attracted much attention duringléise decad€®2" Due to the simple
fabrication process by mixing PCMs with supportmgterial and often good thermal stability
in the cycling tests, they are considered as aactfe thermal energy storage t&6l.

Hydrated salts have been mixed with metal nanapestito form composite PCNfg:?!
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Despite the improved thermal conductivity, the dased heat storage capacity, high cost of
metal nanoparticles, their corrosion and usuallgrpgemerformance in cycling tests limit the
application of hydrated salts/metal nanoparticlesngosites. Porous material such as
expanded graphite (EG) has also been reported ton focomposites with
NaCHCOO-3H0P*®! and CaGl6H0® Haillot et al®” has compressed
NaCHCOO- 3HO directly with EG resulting in only one meltinggtedetected from the first
thermal run. By adding carboxymethyl cellulose (CM& thickening agent, Shin et'&l.
obtained NaCkLICOO-3HO/EG composite retaining thermal properties aftey@ings. With
large number of pores in micrometer raffdeEG is actually not the optimal candidate to
absorb hydrated salts and prevent them from leakimgn they have liquid phase.

Halloysite nanotubes (HNTS) is natural mineral clajtich can be found across the wdff.
They have hollow cylinder morphology with a smalhér lumen of 10-30 nm and a length up
to tens of micrometef$” Easy accessibility, low-cost, non-toxicity as wel regular
nanoconfinement and high specific &8zave made HNTs widely used as nanoreaétors,
32 adsorption materidf§! or nanocontainers for controlled release of fuoml
materiald?®323 |n a few recent research worfRs*® they have been used as supporting
matrix for organic PCMs. The surface of HNTs is foghilic and it consists of inner and
outer parts with different chemical compositioneTihner surface of the lumen has a positive
charge due to Al-OH groups, and the external sarfacnegative with siloxane (Si-O-Si)
groups?? Till now, HNTs have not been reported as nanodoeta for encapsulation of
inorganic crystallohydrate PCMs.

Our work demonstrates a novel and effective satutid phase separation problem and
instability in thermal cyclings of crystallohydraten the example of MdPO, - 12H0 mixed
with Na&SQO, -10HO (sodium sulfate decahydrate, SDH) to form binawyectic hydrated
salts mixture, and then loading the EHS into HNAs. the nanoconfinement effect from

HNTs may not completely inhibit the phase sepamatd NaHPO, -12H0, the eutectic
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phenomenon of hydrated salts mixture is used agdliayx The effect of HNTs in the
crystallohydrate/HNTs nanocontainer composite isoalhighlighted by comparing

DHPD/HNTSs with pure DHPD.

2. Results and Discussion

2.1. Thermal characterization of crystallohydrates|loaded HNTs nanocontainer

composites

To demonstrate the influence of HNTs on meltingawebur of hydrated salts, two groups of
samples DHPD vs. DHPD/HNTs and 1DHPD:1SDH vs. 1DHFEDH/HNTS were tested, as
shown inFigure 1a. In the Supplementary Information Section, theespondent DSC data
are listed inTable Sla and the melting curve of SDH is shownFigure S1. In the first
group, NaHPQO, - 12H0 has two obviously separated big melting peak®a& °C and 51.9
°C, which indicates strong phase separation. Th&t fieak is due to the melting of
NaHPO, 12H0™  while the peak at 51.9 °C appears from the meltinfy
NaHPO, 7H,0 2 In comparison, the DHPD/HNTs have a main peak2a4 4C from the
melting of NaHPQO,-12H0 and a small peak at 47.6 °C. DHPD/HNTs show allema
melting temperature range than DHPD. The splitthgwo melting peaks is much lower,
confirming the phase separation of DHPD has beasarlgl reduced in the HNTs
nanocontainer composite. This could result fromrthro-confinement effect of HNTs. The
diffusion of the hydrated salts is acceleratedd@sianosized halloysite lumER*? leading
to homogenization during the melting. In the secagndup, both hydrated salts mixture
1DHPD:1SDH and 1DHPD:1SDH/HNTs show one melting kpedhe nanocontainer
composite exhibits a slightly lower melting peal3&t8 °C than the melting peak of hydrated

salts mixture at 38.5 °C. The decrease of the ngeltemperature of hydrated salts inside



HNTs is also observed by the second peak of DHPDA&IBbmposite. This could be also

explained by the nano-confinement effect. As thefase energy of PCM increases in

nanotubes, its melting temperature decreases angbyréf* 4

Figure 1b displays the melting behaviour of PCM/HNmanocontainer composite with

different salt ratio. Hydrated salts mixture/HNTBow different melting temperature as

compared to pure DHPD/HNTs and SDH/HNTs. The 3DHFIDH/HNTs have separation

of two melting peaks. The one at 35 °C is causethbymelting of the eutectic mixture, while

the one at 46.9 °C could be attributed to the plsaparation of the DHPD excess. As the

ratio of SDH increases to 1DHPD:1SDH, only one mglpeak at 35.8 °C is present, which
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Figure 1. a) Comparison of DSC melting curves of pure hydrasalts t
correspondent hydrated salts/HNTs, b) DSC melting euurof hydrated salts/HN
with different mass ratios of DHPD to SDH



is the eutectic point of the mixture. The meltinghalpy is 142 J§ 1DHPD:3SDH/HNTs
also shows one melting peak at 35.7 °C, and théngeinthalpy is 124 Jg The melting

peak from the eutectic mixtures and the one fromil @®cess could fuse together to form one
broad peak. The lower melting enthalpy comparedlHPD:1SDH/HNTs should be
attributed to the excess amount of SDH. For furtheestigation of the optimum loading in

HNTSs, the eutectic hydrated salts mixture 1DHPD:#H3®selected.
2.2. Effect of the PCM loading on composite properties

Regarding different starting loading percentagthefhydrated salts, the melting behaviour of
composite is shown iRigure 2, including correspondent melting point and mel@mghalpy.
All the composites consist of hydrated salts mixtwith 1DHPD:1SDH mass ratio and have
a consistent single melting peak at about 36 °CGe Titelting enthalpy of the composite
increases with the loading percentage of hydragdtd snixture. Further, by comparing the
increment of melting enthalpy per 1wt% increasdoafling, it should be noticed that from

58wt% to 70wt% the rate is 3.6 3@t%", which is much higher than the one from 70wt% to
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Figure 2. DSC melting curves of PCM/HNTSs nanocontainer coitgpegth various loadin
of hydrated salts mixture (1DHPD:1SDH) as PCM



82wt% (1.9 J gwt%™), and from 82wt% to 88wt% (1.8 Fwit%™). The hydrated salts
loaded into the halloysite nanotubes can retagntateat enthalpy much better than the ones
absorbed on the surface or even not attached tosHB3 the confined nanotube volume
prevent the degradation of hydrated salts. Corredgatly, the hydrated salts from 58wt% to
70wt% are loaded inside HNTs, while further inceeaSPCM content from 70wt% to 88wt%
should locate largely outside HNTs. The much smaihereasing rates of the melting
enthalpy indicates the formation of PCM aggregatdside HNT lumen over 70wt%.

The SEM images of HNTs and PCM-loaded HNTs nan@sonet composites with different
loading are illustrated ifrigure 3. Halloysite has the form of nanotubes (Figure 84t} an
average outer diameter of 70 nm. The dominant nubogies are long tubes with the length
from 800 nm to 1 pum, although some short tubesw@l@0 nm are observed. With 58wt% of
loaded hydrated salts (Figure 3b), the composiavshsimilar morphology as unloaded
HNTs. Separated nanotubes can be observed. Theoémasst nanotubes are blocked with

loaded hydrated salts. Composite with 70wt% load{fggure 3c) also maintains the

Figure 3. SEM images of (1DHPD:1SDH)/HNTs nanocontainer casitpoat the loadin
percentage of: a) pure HNTs, b) 58wt%, c) 70wt%,88t%, e) 88wt% PCM. Circl
indicate unloaded PCMs



nanotubular morphology with increased number ofaygregates. When the loading rises to
82wt% (Figure 3d), some irregular block material abserved besides the nanotube
aggregates, indicating existence of hydrated sajtstals outside nanotubes. For the sample
with 88wt% PCM content (Figure 3e), more irregubdock material randomly appeared
among or on the surface of nanotubes, showing atteegion of the loading.

To determine the optimum PCM loading into hallogsianocontainers, thermal cycling tests
of samples with 58%, 70wt%, 82wt% and 88wt% loadivege carried out. Changes of the
melting enthalpy in the heat uptake/release cyelkes displayed inFigure 4. At 88wt%
loading, the melting enthalpy decreases rapidlgrafi0 cycles and the decrement reaches
52% after 33 cycles. Composite with 82wt% of hyedasalts is relatively stable for 33
cycles, and start to degrade after that. The ngekimhalpy reduces by 43% after 50 cycles.
On the contrary, the one with 70wt% loading shokes best thermal stability. The melting
enthalpy change is only 7% after 50 cycles. Samjitle 58 wt% loading also shows stability
for 50 cycles, but the melting enthalpy is muchéowhan the 70 wt%. So the 70 wt% loading

sample is used for further characterizations is gaiper.
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Figure 4. Melting enthalpies of (1DHPD:1SDH)/HNTs compositegh varnous
loadings vs. numbers of heat uptake/release cycles



2.3. Cycling properties of PCM/HNT s nanocontainer composite

The DSC curves of hydrated salts mixture and PCM/sINanocontainer composite during
50 melting/freezing cycles are displayed-igure 5. The summary of the correspondent DSC
data can be seen hable S2, Electronic Supplementary Information Section. Hyerated
salts mixture has a melting point of 38.5 °C andtimg enthalpy of 211 JYduring the first
cycle. It shows a certain stability for the firgteinty cycles due to the eutectic effect. After 20
cycles, the down shift of melting temperature beesmore evident and the melting enthalpy
reduces rapidly with increasing cycle number. Thedtimg point shift reaches 2.3 °C and the
melting enthalpy reduces by 21 3 gfter 30 cycles, following 5.3 °C and 833 geduction
after 50 cycles, which takes over 39.3% of theipalgmelting enthalpy.

PCM/HNTSs nanocontainer composite exhibits a meltomt of 35.8 °C, which is lower than
the pure hydrated salts mixture. The melting epthad 67% of the hydrated salts mixture.
Since HNTs does not have melting behaviour, thecéffe loading yield of the composite can
thus be calculated as 67wt¥! It is similar to the starting loading percentag@@wt%. The
hydrated salts mixture keeps its melting enthalfficiently in the composite after the
halloysite loading and drying. The composite denrass better thermal stability than pure
hydrated salts mixture in heat uptake/release sydlee melting temperature shift is only 0.9
°C, and the melting enthalpy decrease is 10" &After 50 cycles, which is only 7% of the
starting value. The nano-confinement effect fromTidNevidently inhibits phase separation
and PCM degradation during thermal cyclings.

Turbulence in freezing temperature is observed Woth hydrated salts mixture and
nanocontainer composite during cyclings. This cookd attributed to the slow nucleation
process for crystallohydrate PCMs. The hydratets shrt to nucleate at slightly different
temperature during each cycle, and the proces®aif telease does not have a uniform rate

for all nanotubes because of their difference nmgth, so the freezing peak can vary between



1 °C to 6 °C. It should be also noticed, the fregzenthalpy of the pure hydrated salts
mixture decreases rapidly after 50 cycles, whicHus to the phase separation effé&tin

comparison, the freezing enthalpy of the nanocostacomposite does not show obvious
change during cyclings. This proves again the plsaparation is eliminated inside HNTs

composite. It is assumed, that a relatively ordecegstal structure could be generated

repeatedly within a confined space of halloysitadn.
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(1DHPD:1SDH)/HNTs nanocontainer composite for 50ley

The stability of encapsulated PCM during heatingliog cycles can be visually seen in
Figure 6, where images of hydrated salts mixture and entajesl hydrated salts

nanocontainer composite before and after heating0afC are displayed. The melting
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temperature of hydrated salts mixture is about@6While the water leakage is obvious for
pure hydrated salts mixture, the PCM-loaded nanadoers keep a stable powder form and

no liquid leakage is observed after heating to®0 °

Figure 6. Photos of hydrated salts mixture (LDHPD:1SDH) befa) and after b) heating,
(LDHPD:1SDH)/HNTs composite before ¢) and afteheiting at 60 °C

2.4. Structural characterization of PCM/HNTs nanocontainer composite

Figure 7a shows the TEM images of HNTs. They are hollowotames with average inner
diameter of 30 nm, and the average shell thickoE20 nm. The average outer diameter is 70
nm, and the tube length ranges from 200 nm to 1ipraccordance with the observations
from the SEM images (Figure 3a). The EDX measuremetected Si, Al, O elements in pure
HNTs (Figure 7b). This corresponds to the unit folanfor halloysite as ABiL,Os(OH),*"!
The TEM images of crystallohydrates loaded HNTSs displayed in Figure 7c. The inner
lumen of the HNTSs is filled with hydrated salts.€eTEDX spectrum from Figure 7d shows the
presence of P, S, Na elements in the compositechadgppear from the crystallohydrates.
Combining the observation from the TEM images amel EDX measurement, it can be
confirmed that hydrated salts mixture is locatesida HNTs in the hydrated salts/HNTs

nanocontainer composite.
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Figure 7. TEM images of a) HNTs, c) PCM-loaded HNTs, EDX tspeaf b) HNTs, d) PCM-
loaded HNTs

The FTIR spectra of hydrated salts mixture, PCM/IdNahd pure HNTs are displayed in
Figure 8. HNTs show the characteristic absorption peal@6a6 cnt and 3694 cril, which

correspond to the vibration of two alumina stretghibands!” In the spectrum of the
hydrated salts, the peak at 618 tim assigned to the asymmetric bending vibratioof
group!*® The peak at 861 chmcorresponds to the symmetric vibration of P-&{HThe P-O
bonding shows two obvious peaks, one at 985 due to the symmetric vibration, and the
other at 1098 cihfrom the asymmetric vibratidr’

In PCM/HNTs composite the vibration peaks of alumfrom halloysite are found without
any shift, indicating the chemical composition bk thalloysite does not change in the
composite. Also the typical peaks from S-O and P-@id detected at fast the same
wavenumbers as for hydrated salts mixture. Howdweth peaks of P-O bond show a shift
from 985 to 912 cm and from 1098 to 1031 ¢hwhich can be attributed to the electrostatic
interactions between negatively charged P-O bondspasitively charged alumina layer in
the lumen of HNTSs. This explains hydrated saltspaeglominantly absorbed inside positively

charged alumina inner space, but not on the neggtoharged silica outer surface of HNTSs.
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The stretching vibration of the alumina layer ist mafluenced by the weak electrostatic

interaction from the hydrated salts, which showdddie to the strong network structure in the
layer. In the FTIR spectra, all characteristic meakhalloysite and hydrated salts mixture are
displayed, and no new peaks are found. This coelddmsidered as evidence, that no new

covalent chemical bonding is formed between hydratdts and halloysite as nanocontainer

material.
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Figure 8. FTIR spectra of hydrated salts mixture (1DHPD:1SDHDHPD:1SDH)/HNTs
nanocontainer composite and pure HNTs

Figure 9 shows the comparison of the XRD patterns from RI&M/HNTs nanocontainer
composite, HNTs and hydrated salts mixture. HNTRilek a characteristic peak at 11.9 °,
which is assigned to the multiwall nano-tubulaustare® The same diffraction peak is

observed in the XRD pattern of hydrated salts /HNiAdicating the same tube wall structure
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of HNTs is preserved in the nanocontainer compo€iteer sharp peaks at 26.4 °, 24.8 ° and
19.8 ° from HNTs have also been found in the nantaoer composite. The diffraction
peaks of hydrated salts mixture are also obsermethe same place in the nanocontainer
composite, confirming the presence of the hydratts mixture and the maintenance of their
crystal structures in the nanocontainer compoditereover, the nanocontainer composite
after heating to 60 °C and cooling shows the saR® XYattern as the sample before heating.
It demonstrates the crystal structure of the nantatieer composite sample does not change

during heating.
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Figure 9. XRD patterns of hydrated salts mixture (1DHPD:1SPH)NTs and
(1DHPD:1SDH)/HNTs nanocontainer composite beforé after heating at 60 °C

3. Conclusion

In this study, a eutectic crystallohydrate PCM/HNTanocontainer composite system was
fabricated to eliminate the phase separation ddtalphydrates as phase change materials as
well as to improve their thermal stability over phachange cyclings. The mixture of
NaHPOy- 12H0 (DHPD) and Ng50Oy- 10HO (SDH) was selected as crystallohydrate PCM

because of their ability to form stable eutecticldiayed salts with low melting temperature
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(<40°C) suitable for domestic heat region. HNTs asogantainers have the advantages of
low-cost and easy accessibility. They have longondvular morphology with the average
inner diameter of 30 nm, the average shell thickié20 nm and the tube length ranges from
200 nm to 1 um. This provides good nano-confinenaéfect on the loaded crystallohydrate
PCMs, which can be proved by the improved phasegihaerformance and cycling stability.
Meanwhile, the proper ratio of inner diameter toelshthickness endows HNTs as
nanocontainers high loading property as well ascsire stability. Due to the vacuum
impregnation process and the electrostatic intenadtetween Al-OH from the inner alumina
layer and P-O from eutectic hydrated salts mixtB@@M was encapsulated into the lumen of
HNTs. The composite with 67wt% loading of DHPD &IdH in 1:1 mass ratio exhibits no
phase separation during heat uptake/release. Itmighemperature retains around 35 °C and
the melting enthalpy decreases only by 7% from 14# to 132J @ after 50 cycles. The
structural characterization shows the crystallobtel in HNTs nanocontainer composite
have the same IR and XRD pattern as their pure #ardino new chemical bonding is formed
between crystallohydrates and HNTs. During theihgaib 60 °C, the morphology of the
nanocontainer composite keeps stable and its dmgstatructure remains unchanged after
cooling. In general, the encapsulation of eutemtystallohydrates in HNTs as nanocontainers
can be considered as effective strategy to addmesscommon problems when inorganic
crystallohydrates are used as PCMs for thermalggn&tiorage, namely the phase separation
and poor cycling stability. The employment of theTs with low cost and easy accessibility
as supporting nanomaterial, the simple fabricapmtess, as well as the non-toxic property
of all chemicals included in the composite, make BRCM/HNTs nanocontainer composite
system economically efficient and environment-fdign The proper melting temperature
together with high melting enthalpy render the eystbig potential in applications of the

latent heat storage in low temperature range.
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4. Experimental Section

Materials Sodium sulfate decahydrate @8$&,- 10H,O, SDH, purity> 99%, melting point
32.4 °C) was purchased from Sigma, USA. Sodium pihate dibastic dodecahydrate
(NaHPOy- 12H,0, DHPD, purity> 99%) was purchased from Sigma, Germany. Halloysite
nanoclay (HAI.O¢Sk,- 2H,0), in the form of nanopowder, was supplied by Aldy USA. All
materials were used as purchased without furthefigation. Milli Q water was applied as a
solvent media.

Preparation of PCM-loaded HNTs nanocontainer mposite (PCM/HNTS): The
PCM/HNTs were prepared by sonication and impregnatf concentrated hydrated salts
solutions under vacuum. To determine the optimahmasition and mass ratio of hydrated
salts loaded in HNTs, NHPO;- 12H0 and NaSO,- 10HO mixtures (7 g) containing 0, 25,
50, 75 and 100wt% of NHPQO,-12H0 were dissolved in deionized,® (3 mL) at 40 °C.
Halloysite (3 g) was added to the solution forméngvhite suspension. Series of composites
containing hydrated salts (7 g) and halloysite ,(Q.51.5, 3, 5, 7 g) were also prepared for
investigation of the loading capacity of halloysm@nocontainers. The suspension was
sonicated (VWR Ultrasonic Cleaner USC 500TH, outp2® W) at 40 °C for 30 minutes. A
homogeneous white pulpy mixture was obtained aeication. Then, the mixture was put
into the vacuum oven at 40 °C. To achieve betteprégnation of the PCMs into the
halloysite lumen, the samples were first put und@uum for 10 min, then exposed to the air
at room temperature for 10 min. This process waeated two times. In the last step, the
samples were cooled at 4 °C for 30 minutes andidni@esiccator at room temperature for 2
days until the weight was constant.

CharacterizationThe morphology of the samples was characterizedcapning electron
microscopy (SEM) and transmission electron micrpgdd EM). SEM images were recorded

by JSM-7001F (JEOL Japan) setup. The samples vperttes coated by 100 nm chromium
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layer before measuring. TEM measurements were tgiean STEM-2100F (JEOL Japan)
with STEM mode at 200 kV. The average diameteretirdhiameter and shell thickness of the
HNTs were calculated from 100 measurements. Engigpersive X-ray spectroscopy (EDX)
was applied for elemental analysis. The chemicatpmmsition was characterized by Fourier
transform infrared spectroscopy (FTIR) using TENSIOIRstrument (Bruker, Germany) with
all reflective diamond ATR. The transmittance meds recorded from 400 to 4000 ¢ras
the result of 64 consecutive scans. The crystattire of the samples was analysed by X-ray
diffraction (XRD, Bruker diffractometer with CuyKradiation). The diffraction data were
recorded in the range of 5-60 ° with the scan spefedl ° min’. The thermal properties
including cycling tests were characterized by dédfeaial scanning calorimeter (DSC, 214
NETZSCH, Germany). The measurements were underiakibe temperature range from -20
to 70 °C with the ramp of 10 °C/min under nitroggtmosphere. The thermal gravimetric
(TGA) measurements were recorded from 22 to 206G a heating rate of 5 °C niin

under nitrogen atmosphere using STA PT-1000 (LINSEHermany).
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Figure 1. a) Comparison of DSC melting curves ofephydrated salts to correspondent
hydrated salts/HNTs, b) DSC melting curves of hieltasalts/HNTs with different mass
ratios of DHPD to SDH

Figure 2. DSC melting curves of PCM/HNTs nanocorgaicomposite with various loading
of hydrated salts mixture (1DHPD:1SDH) as PCM

Figure 3. SEM images of (1LDHPD:1SDH)/HNTs nanocmma composite at the loading

percentage of. a) pure HNTs, b) 58wt%, c) 70wt%,88Wt%, e) 88wt% PCM. Circles
indicate unloaded PCMs

Figure 4. Melting enthalpies of (1DHPD:1SDH)/HNTentposites with various loadings vs.
numbers of heat uptake/release cycles

Figure 5. a) Thermal cycling tests of hydratedssalixture (1DHPD:1SDH) for 50 cycles, b)
(1DHPD:1SDH)/HNTs nanocontainer composite for 50ley

Figure 6. Photos of hydrated salts mixture (L DHFEH) before a) and after b) heating,
(1DHPD:1SDH)/HNTs composite before ¢) and afteneiiting at 60 °C

Figure 7. TEM images of a) HNTs, ¢) PCM-loaded HNEBX spectra of b) HNTs, d) PCM-
loaded HNTs

Figure 8. FTIR spectra of hydrated salts mixturBHPD:1SDH), (1DHPD:1SDH)/HNTs
nanocontainer composite and pure HNTs

Figure 9. XRD patterns of hydrated salts mixtur®KPD:1SDH), HNTs and (1DHPD:
1SDH)/HNTs nanocontainer composite before and aftating at 60 °C
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