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Abstract: Thermal energy storage is at the leading edge of various applications, including waste heat
recovery, solar storage and zero-energy buildings. Phase change materials (PCMs) can be utilized
to store heat through reversible solid-liquid phase transitions. PCMs provide high energy storage
capacity at a constant temperature. The volume change during the phase transition, on the other
hand, causes inconsistency in crystallization and leakage, increasing the system’s complexity and
shortening the lifetime of these materials. These shortcomings can be diminished by impregnation
in a porous matrix or encapsulation with an inert shell, resulting in shape-stabilized PCMs that
maintain their macroscopic shape during phase change. The synthesis and properties of Bi/ZnO
nanocomposites were investigated in order to obtain shape-stabilized phase change materials. All
samples consisted of metallic Bi and oxide, doped with 1-3% at. zinc. Heat storage capacities between
31 and 49 Jg~! were obtained, depending on the mass fraction of the metal. All samples had good
thermal reliability, retaining their heat storage properties after 50 consecutive heating—cooling cycles.
An average oxide layer thickness of 75-100 nm is sufficient to prevent the molten metal leakage at
temperatures above its melting point, resulting in shape-stabilized PCMs.

Keywords: phase change materials; shape stabilized; zinc oxide; bismuth

1. Introduction

Thermal energy storage at elevated temperatures (>200 °C) is of growing importance
to both industrial processes and solar energy storage and generation [1]. Thermal energy
can be stored as sensible, latent or chemical energy [2]. Latent heat storage offers near-
constant operating temperatures, good heat storage capacity and low system complexity in
comparison with the other two approaches [3,4]. Latent heat is typically stored through
phase transitions between solid and liquid phases. The materials used for latent heat storage
are called phase change materials (PCMs). Latent heat storage can also be combined with
sensible storage, increasing the energy storage capacity and operating range [5].

Both organic and inorganic substances can act as PCMs, provided that they have high
phase transition enthalpy at a useful temperature, chemical stability and a low cost [6-8].
Pure substances suffer, however, from some drawbacks, which arise from the change in
molar volume during phase transition [9,10]. The change in molar volume during phase
transition can lead to leakage, a decreased thermal transfer surface area, loss of heat storage
or installation damage during operation. These drawbacks can be mitigated by creating
so-called shape-stabilized PCMs, which are composites that retain their macroscopic solid
shape at temperatures above the melting point of the active heat storage phase [11-13].
Shape-stabilized PCMs contain either a protective, inert shell or a high-porosity matrix.

Metals and metallic compounds are attractive phase change materials for high-
temperature (>200 °C) applications due to their high density and volumetric heat storage
capacity and large thermal conductivity values [14,15]. Metallic Zn microparticles were
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encapsulated with oxide shells (TiO,, Al;O3, SiO,) in order to create shape-stabilized
PCMs [16]. Bismuth and lead were incorporated into mesoporous carbon matrices, thus
preventing the leakage and agglomeration of the molten metals [17]. It is worth noting that
the metal can be encapsulated into its own oxide. For example, Al nanoparticles covered
with an Al,Oj3 shell were investigated by Sun et al. [18]. Metallic Bi was also impregnated
into various mesoporous silica matrices, resulting in composites with shape stability and
protection from oxidation [19]. Nanoparticles containing Ge, Se or their alloys embedded
into a SiO; matrix have also been reported [20]. Al-Si alloys were encapsulated into an
alumina matrix from an Al-Bi mixture used in hydrogen generation [21]. The possibility of
obtaining metallic Bi/Bi,O3 particles has not been investigated so far. The oxide layer can
act as a barrier for molten metal leakage. A doping element was chosen in order to stabilize
the oxide layer.

The possibility of obtaining molten Bi phase change materials encapsulated into its
own oxide is investigated for the first time in this work. Zinc was used as a dopant for the
bismuth oxide layer. The influence of reaction temperature and concentration was studied.
All synthesis conditions yielded materials with at least ~60% wt. metallic Bi. The optimum
reaction temperature of 85 °C yielded shape-stabilized materials which retained their solid
shape at temperatures above the melting point of the metal. The average diameters of
theBiof the Zn-doped samples were computed at 0.8-1.5 pm, while the oxide layer varied
between 21 and 94 nm. The particle size and oxide layer diameter were significantly
decreased with respect to undoped samples. An oxide layer thickness of at least 77 nm
is sufficient for obtaining shape-stabilized phase change materials. The present results
highlight a facile synthesis strategy for obtaining high-temperature heat storage materials
with high volumetric energy density, based on metallic Bi.

2. Materials and Methods
2.1. Materials and Reagents

Zn acetate dihydrate, triethanol amine (TEA), Bi(NOz3)3-5H,0O, NaBH,, ammonium
hydroxide 28%, concentrated nitric acid (67%) and ethanol were purchased from Sigma
Aldrich (St. Louis, MO, USA) and used without further purification. Double-distilled water
was used in all experiments.

2.2. Synthesis of Bi/ZnO Samples

The synthesis of Bi/0.5ZnO samples was carried out according to the following
procedure. A total of 2.425 g Bi(NO3)3-5H,0O (5 mmol) was dissolved in 77 mL of double-
distilled water and 2.112 mL of HNOj3; 67% (1.981 g = 31.44 mmol). A total of 1.098 g
Zn(CH3CO00);-2H,0 (5 mmol) was then added under stirring. The solution’s pH was
adjusted to 9.0 by the addition of 17.5 mL of NH4;OH (28%; 4.459 g NH,OH = 127.25 mmol).
The reactions were kept at different temperatures (25, 70, 85, 100 °C) for 1 h under stirring
and then aged statically at room temperature overnight. The white precipitate was sepa-
rated by filtration, dried at 100 °C for 30 min and subsequently calcined at 550 °C for 1 h.
The precipitate was reduced with 10 mL of aqueous NaBHj, solution (9.8%, 25 mmol). The
obtained solids were filtered and dried for 30 min at 100 °C. The samples were denoted as
“Bi/0-xZnO(T)”, where 0-x is the molar ratio of Zn?*/(Bi®>* + Zn?*) in the initial synthesis
and T represents the reaction temperature (25, 70, 85, 100 °C). Two initial 7n2* molar ratios
were investigated (0.5 and 0.2), as the Zn?* concentration could influence the doping of
bismuth oxide. The reaction temperature T was also chosen, as it is an important parameter
in the sol-gel synthesis of metal oxides.

The same quantity of Bi(NO3)3-5H,0O was employed for the synthesis of the Bi/0.2ZnO
(85 °C) sample, while reducing the Zn(CH3COO),-2H,0O amount accordingly.

A sample containing only Bi was obtained in similar conditions at 25 °C and it was
denoted as “Bi(25 °C)”".
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2.3. Characterization

Powder X-ray diffraction (XRD) analyses were recorded using a Rigaku MiniFlex II
diffractometer using a Cu-Ka radiation source (A = 1.5406 A) calibrated with an Al,O3
standard (SRM 676 A). The crystallite size was computed using the Scherrer equation with
the (102), (104) and (210) diffraction peaks of metallic Bi. Scanning electron microscopy
(SEM) coupled with energy-dispersive X-ray spectroscopy (Bruker EDX) data were ac-
quired using a Tescan Vega 3 LM electron microscope. Thermogravimetric analyses (TGAs)
were carried out using a Mettler Toledo TGA /SDTAS851e thermogravimeter at a heating
rate of 10 °C min~! and under an air flow of 80 mL min~!, and they were checked with
CuS04-5H;0 and calcium oxalate monohydrate standards. Differential scanning calorime-
try (DSC) analyses were performed using a Mettler Toledo DSC 3 calorimeter at a heating
rate of 10 °C min~! and under a nitrogen flow of 200 mL min~!. The DSC 3 was calibrated
with In and Zn standards. Melting and freezing points were computed as onset tempera-
tures, and they are therefore heating-rate-independent. Optical microscopy (OM), coupled
with DSC, was carried out using an Olympus SC50 Optical Microscope at a frame rate of
1 image per 1 °C.

3. Results and Discussion

Samples containing metallic Bi and ZnO were obtained by co-precipitation of the
two metal precursors in basic media, followed by calcination and reduction with sodium
borohydride (see Section 3). The samples were denoted as “Bi/0-xZnO(T)”, where 0-x is the
initial Zn molar ratio and T represents the reaction temperature. A Bi(25 °C) sample which
did not contain Zn was also obtained.

3.1. Physico-Chemical Characterization

XRD measurements were carried out in order to assess the crystalline phases present
in all of the samples. The main peaks associated with the presence of rhombohedral R3m
metallic Bi phase could be noticed for all samples (Figure 1) [22]. The metallic Bi phase was
the main phase in all samples. A secondary o-Bi;O3 phase was identified for all materials
except Bi/0.5Zn0O (100 °C). The highest relative intensities of oxide peaks were noticed for
the Bi/0.5ZnO (85 °C) sample, indicating that this material contained the most x-Bi;O3
phase. No peaks corresponding to any ZnO phase were noticed, indicating that the zinc
oxide did not form as a separate phase. The crystallite size of the metallic Bi phase was
computed (Table 1). All samples exhibited crystallite sizes between 37 and 42 nm. No
significant influence of the synthesis conditions on the crystallite size could be noticed
(Table 1).
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Figure 1. XRD patterns of the samples in comparison with data from the literature for o-BipO3 and
rhombohedral Bi.
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Table 1. Initial synthesis conditions, Zn content determined by EDX (% Zn), melting (m.p.) and
freezing (f.p.) points, heat of fusion (AH), degree of supercooling (Sc), Bi content computed with DSC
(%Bi) and crystallite size computed from the XRD data.

o Initial Bi % Zn m.p. AH f.p. o %Bi Crystallite

Sample TEO  “ewt) (b O 0h* €O 5O ) size )
Bi/0.5Zn0O (25 °C) 25 72 1.0 2702 £0.03 48.3 £0.50 226.5 43.7 90.0 404 + 3.6
Bi/0.5Zn0O (70 °C) 70 72 1.6 2704 +£0.00 4754+0.13 228.2 42.2 88.0 38.6 £34
Bi/0.5ZnO (85 °C) 85 72 29 269.6 +£0.04 314 +0.11 223.1 46.5 58.2 389 +27
Bi/0.5Zn0O (100 °C) 100 72 1.6 269.4£0.01 47.1+0.02 236.3 33.1 87.1 419+ 1.8
Bi/0.2Zn0O (85 °C) 85 91 1.5 2699 +£0.01 37.6+0.18 229.2 40.8 69.7 379+ 64
Bi(25 °C) 25 100 - 271.4+£0.01 50.9 + 0.01 227.4 44.0 94.1 374 +2.6

0.89 A

Bi/0.5Zn0(25°C)

SEM HV 30 KV WO: 14.59 mm
View field: 14.5 pm Det: SE
SEM MAG: 9.98 kx  Date(midy): 063022

Lot
2pm

SEM HV2 30 kv
View field: 14.4 pm
SEM MAG: 10.0 kx  Date(midy): 063022

* Data presented as average + standard uncertainty. ** Computed as , where f is the line broadening at half

Bcosf
of maximum intensity.

Scanning electron microscopy (SEM) images were acquired for each sample using
the secondary electron detector (Figure 2). SEM measurements were used to characterize
particle shapes and sizes. All materials were composed of irregular primary particles
of around 1 um, which formed larger agglomerates. The Bi/0.5ZnO (85 °C) sample
also contained a secondary acicular phase. The acicular particles might represent the
oxide phase, in accordance with the XRD measurements. The presence of both Bi and Zn
elements was confirmed and quantified through energy-dispersive X-ray spectroscopy
(EDX). Successful Zn doping was noticed in all cases (Table 1). The Zn content reached a
maximum of 2.9% atomic weight, versus Bi, in the sample obtained at 85 °C.
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Figure 2. SEM images for the investigated samples.
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3.2. Thermal Energy Storage Capacity

The melting (m.p.) and freezing (f.p.) points of the metallic Bi present in the samples
and its heat of fusion were determined by differential scanning calorimetry (DSC). Heating—
cooling DSC cycles were performed under nitrogen flow for all samples (Figure 3A). All
materials exhibited a sharp endothermic event on heating, which was associated with
the melting of metallic Bi. The m.p. and heat-of-fusion values for the pure Bi(25) sample
(Table 1) were in good agreement with the literature values of bulk bismuth, at 271.4 °C and
53.1]Jg 1, respectively [23]. The melting points of the composite samples were decreased by
1-2 °C in comparison with the pristine metal, which might be explained by a size-dependent
reduction in the m.p. for nanometer-scale materials [19]. The freezing point (f.p.) of Bi(P)
was decreased by 44 °C with respect to its melting point, indicating that supercooling
occurred. Metallic bismuth is well known for its supercooling [24]. All composite samples
except Bi/0.5Zn0O (100 °C) also exhibited similar degrees of supercooling (Table 1). The
degree of supercooling of Bi/0.5ZnO (100 °C) was lower, which might be explained by the
nucleating effect of the oxide phase [24]. The freezing of liquid Bi occurred in multiple steps
for all samples. This behavior is similar to other reports of Bi-containing composites [25].

= EB
Bi/0.2Zn0O(85°C) cooling M g 50™ cycle \
Bi/0.52n0O(100°C 2 5" cycle A
o i
Bi/0.5ZnO(85°C) 0™ cycle
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B0 22n0(85°C) o cycle
heating 1% cycle
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Figure 3. (A) DSC analyses of the samples and (B) thermal reliability of the Bi/0.5ZnO (85 °C) sample
over 50 heating—cooling cycles.

The heat of fusion of the composites was lower than the melting enthalpy of pristine
Bi (Table 1). The samples obtained at 85 °C had lower heat-of-fusion values than the other
composites, indicating that they contained a higher fraction of Zn-doped Bi;O3. These
results correlate with the XRD data, which showed higher-intensity oxide peaks for the
samples obtained at 85 °C. The weight fraction of metallic Bi was computed from the
melting enthalpy of the composites (Table 1). The samples obtained at 25, 70 or 100 °C
contained more than 90% wt. metal. The Bi/0.5ZnO (85 °C) sample had the lowest metal
content, at 61.9% wt. The presence of the oxide phase can act as a reinforcing structure,
preventing molten metal leakage.

The thermal reliability of the samples was investigated through 50 heating—cooling
cycles. Every fifth heating—cooling cycle was recorded. Thermal reliability represents the
capacity of the samples to retain their heat storage potential during use. No significant
changes in the melting points were noticed over the thermal cycles (Figure 3B). The heat-of-
fusion values for the Bi(25 °C) sample remained unchanged over the course of 50 heating—
cooling cycles (Figure 4). The composite materials exhibited a slight reduction in enthalpy
over the thermal cycles, which could be attributed to metal oxidation or adsorption into
the oxide layer (Figure 4).
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Figure 4. Thermal reliability of the Bi-containing samples over 50 heating—cooling cycles.

The Bi/0.5ZnO (85 °C) and Bi(25 °C) samples were investigated by XRD and SEM
after 50 heating—cooling cycles (Figure 5). An increase in the diffraction lines associated
with the oxide phases and a decrease in the peaks of metallic Bi were noticed for both
samples. The SEM micrographs showed an increase in the acicular particles present on
the surface of the material, which could be associated with an increase in the oxide phase.

Thus, the heat storage decrease can be explained by partial oxidation of the materials on
their surface.
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Bi(26°C)-
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Figure 5. (A) Comparison of XRD patterns before and after 50 heating—cooling cycles with the

reference patterns of Bi, a-Bi;O3 and y-Bi;O3 and (B) SEM images after thermal reliability testing for
the Bi/0.5Zn0O (85 °C) and Bi(25 °C) samples.

An important property of composite phase change materials is their shape stability—the
ability of the material to retain its solid macroscopic shape above its melting point. Shape
stability prevents leakage of the metal, which can cause a loss of thermal energy storage
during use. High-temperature optical microscopy, coupled with DSC, was used to in-
vestigate the shape stability of the Bi-containing materials (Figure 6). The samples were
prepared as pellets and heated from room temperature to temperatures above the melting
point of the metal. The samples retained their overall shape when heated from 50 to 300 °C.
The leakage of molten Bi was noticed for all samples except Bi/0.5ZnO (85 °C). The leaked
metal was able to be seen as spherical particles which formed on the surface of the samples
after thermal treatment. The Bi/0.5ZnO (85 °C) sample contained a higher fraction of
oxides, which might explain its shape stability.
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Bi/0.5Zn0O(25°C)  Bi/0.5Zn0O(70°C) Bi/0.5Zn0O(85°C) Bi/0.5Zn0(100°C)

Figure 6. Optical microscopy images of the samples taken at 50 °C (top) and 300 °C (bottom). The
red arrows are visual aids, pointing towards the leaked molten Bi.

The shape stability of the Bi/0.5ZnO (85 °C) sample was also investigated after
50 heating—cooling cycles. The material retained its macroscopic solid shape after the ther-
mal reliability cycles (Figure 7). The amount of Zn was conserved after 50 heating—cooling
cycles (Figure 8).

Before cycling After 50 cycles

Figure 7. Optical microscopy images of the Bi/0.5ZnO (85 °C) sample, taken at 50 °C (top) and
300 °C (bottom) before (left) and after (right) 50 heating—cooling cycles.
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Figure 8. EDX spectra of the Bi/0.5ZnO (85 °C) sample after 50 heating—cooling cycles.

The melting points of the composite samples were decreased with respect to bulk
metal or the Bi(25 °C) sample. The melting point change is a consequence of reduced
vapor pressure over the liquid phase in capillaries [26]. The melting point decrease (AT)
is proportional to the particle diameter, and it was quantified with the Gibbs-Thomson
equation (Equation (1)). The Gibbs-Thomson equation is derived from the Kelvin and
Clausius—Clapeyron equations, and it does not take into account the effects of pressure
under isochoric conditions. It is worth noting that a fully confined liquid phase will
experience increased pressure due to the positive changes in the molar volume, leading
to higher melting points. An m.p. decrease was also noticed for aluminum nanoparticles
coated in a thin layer of aluminum oxide [18].

T(oo) M-yg K
AT = T(c0) = T(r) = —W-;cosﬂ = (1)
where T(c0) and T(r) are the melting points of the bulk and particles with an average radius
r, M is the molar mass, p is the density, v represents the solid-liquid surface tension, AH I
is the heat of fusion, « is a shape parameter of the confined phase and 0 is the contact angle
between the liquid metal and the oxide, which is typically assumed to be 180°. K is a term
that contains all the constants, and it is equal to 826.9 nm in this case [27].

The average particle diameter was estimated using Equation (1) and the experimentally
determined m.p. values (Table 2). The effect of pressure on the Bi melting transition was not
considered. The data showed that all composites had average particle diameters between
0.70-1.50 um, while the Bi(25 °C) sample had larger average particles, at 16.5 um. The
computed diameters were in good agreement with the SEM analyses.

Table 2. Bi, BiO3 and ZnO weight fractions and average Bi particle diameters (d) computed with the
Gibbs-Thomson equation and thickness of oxide layer (t).

Sample Bi Bi203 ZnO d t
(% wt.) (% wt.) (% wt.) (um) (nm)
Bi/0.5Zn0O (25 °C) 90.0 9.6 04 1.27 25
Bi/0.5Zn0O (70 °C) 88.0 114 0.6 1.50 37
Bi/0.5Zn0O (85 °C) 58.2 40.7 1.1 0.87 94
Bi/0.5Zn0O (100 °C) 87.1 12.3 0.6 0.79 21
Bi/0.2Zn0O (85 °C) 69.7 29.8 0.5 1.10 77
Bi(25 °C) 94.1 5.9 0.0 16.5 186

The composition of each sample could then be estimated from the metallic Bi weight
fraction, as determined by DSC, and the Zn/Bi atomic ratio, which was computed from
the EDX analyses (Table 2). The composition estimation was then used to calculate the
average thickness of the oxide layer (Equation (2)) [18]. The thickness was computed as
the difference between the average particle diameters, which were computed from the
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mass composition and density of each phase, and the average metallic Bi diameter using
Equation (2).

mp; | MBiyO3 | mzuo
3| PBi PBir O3 Pzno
2t = dp; i -1 )
PBi

where t is the average oxide layer thickness, dp; is the average metallic Bi diameter (Table 1)
and m and p are the mass fraction and density of the Bi, Bi;O3 or ZnO phases.

The samples prepared at 85 °C had greater oxide layer thicknesses (77-94 nm), while
the other composites had average thickness values between 21 and 37 nm. The lower
thickness values could indicate incomplete oxide coverage of the metal particles and thus
explain the leakage of the molten Bi noticed during the optical microscopy measurements
(Table 2). The Bi(25 °C) sample exhibited the largest value for the average Bi oxide layer
thickness, at 186 nm. Overall, the composites showed that a 77 nm average oxide layer
thickness was sulfficient to prevent the leakage of molten Bi, yielding shape-stabilized PCMs.

The samples obtained in this work at a synthesis temperature of 85 °C and with a 0.2
or 0.5 Zn/(Zn+Bi) initial molar ratio compared favorably with previously reported shape-
stabilized Bi composites (Table 3). The samples exhibited high metal loading, shape-stability
and increased heat-of-fusion values in comparison with previous literature reports.

Table 3. Comparison between the thermal energy storage properties of the samples reported in this
work and materials previously reported in the literature. Heat-of-fusion values are expressed in ] per
g of composite sample.

Bi m.p. AH Shape

Samples (% wt.) © Cp Jg 1) S tabiﬁ,ity Reference
Bi nanoparticles/PI 19.8 240 8.34 Yes [28]
Bi nanoparticles/Ag 34.1 252 12.82 Yes [25]
Bi/FDU-12 mesoporous silica 50 269.9 21.9 Yes [27]
Bi/mesocellular foam silica 61 268.6 321 Yes [19]
Bi/C 48 239 16.9 Yes [17]

Bi/BipZnyx O34 69.7 269.9 37.6 Yes This work

4. Conclusions

Shape-stabilized phase change materials based on metallic bismuth were obtained with
the aim of reversibly storing heat at elevated temperatures through the melting—freezing
phase transition. Zinc acetate was added to the initial synthesis solution in order to create a
protective mixed oxide layer, which was able to confine the molten metal, preventing its
leakage. The samples were obtained through the precipitation of Zn and Bi precursors in
basic media, followed by calcination and chemical reduction. The influences of the initial
synthesis temperature and the Bi/Zn molar ratio were investigated.

All synthesis conditions yielded materials containing at least 60% wt. metallic Bi,
surrounded by a layer of Zn-doped Bi;O3. The metallic Bi phase had an average particle
diameter of 0.8-1.5 um, while the oxide layer varied between 21 and 94 nm. Samples
containing at least 31% wt. oxides retained their solid shape, preventing liquid Bi melting.
These samples were obtained at an initial synthesis temperature of 85 °C. The oxide layer
thickness was estimated at 77-94 nm. The samples were able to reversibly store thermal
energy through the melting and freezing of the metal in the 220-270 °C temperature range.
Their heat storage capacity varied between 37-49 Jg~1.

The results show that shape-stabilized phase change materials containing metallic
bismuth as the active heat storage stage and a zinc-doped bismuth oxide layer can be
obtained and used to reversibly store heat above 200 °C.
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