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Abstract

Molten nitrate salts are among the most promising heat transfer and storage media for concentrating
solar power applications. In this study, a series of Mg(NO3)3-NaNO3-KNO5 (MNK) ternary molten salts
were fabricated via a one-step synthesis strategy involving the dehydration of Mg(NO3),-6H,0. The
thermal decomposition behavior, phase transition characteristics, and cycling durability of the as-
prepared samples were systematically investigated by thermogravimetry-differential scanning
calorimetry (TG-DSC) coupled with X-ray diffraction (XRD). Compared with the original hydrated MNK
salt, the anhydrous MNK composite exhibited a significant enhancement in thermal stability. The onset
decomposition temperature was elevated from 404.1 to 457.6°C, extending the upper operational limit to
450°C. Concurrently, the endothermic melting peak shifted from 157.5 to 148.2°C, accompanied by an
increase in the latent heat of fusion from 66.61 to 88.71 J-g”'. TG analysis revealed a reduction in the
mass loss rate during long-term thermal exposure, indicating suppressed deterioration. Furthermore,
XRD patterns confirmed the structural integrity of the anhydrous MNK salt after thermal cycling,
demonstrating improved phase stability. Owing to its favorable thermophysical properties and scalable
preparation, this anhydrous MNK ternary molten salt represents a viable candidate for high-temperature
thermal energy storage.

1. Introduction

Thermal energy storage (TES) integrated with concentrating solar power (CSP) has emerged as a pivotal
technology for addressing the intermittency of renewable energy and reducing reliance on fossil fuels [1,
2]. Molten nitrate salts are widely recognized as the state-of-the-art heat transfer and storage media due
to their relatively low vapor pressure, high sensible heat capacity, and moderate cost [3—16]. However,
the commercial Solar Salt (60 wt% NaNO3;—40 wt% KNO,) suffers from a relatively high melting point (~
220°C) and a limited upper operational temperature (< 400°C), primarily owing to the thermal
decomposition of nitrate anions [17-28]. These limitations restrict the operational temperature window
and overall thermal efficiency of CSP plants. Consequently, considerable efforts have been devoted to
developing modified nitrate-based multicomponent systems, particularly through the incorporation of
alkaline earth metal nitrates such as Mg(NO3), [29-33].

Building upon these modification strategies, the incorporation of magnesium nitrate to lower the phase
change temperature of conventional binary nitrates has been extensively explored. Zhong et al. [34, 35]
demonstrated that the addition of Mg(NOs), to the Solar Salt matrix effectively reduced the melting point
and viscosity while enhancing the thermal conductivity of the ternary system. Subsequent studies have
further focused on optimizing the composition; for instance, Han et al. [36] developed molten salt-based
nanofluids via doping strategies, and Zhong et al. [37, 38] established a thermodynamic model to predict
the eutectic composition of the Mg(NO3),-NaNO3-KNO4 system, which was later validated by DSC
measurements. Despite these advances, the utilization of Mg(NO3),-6H,0 as a raw material introduces
significant challenges. The presence of crystal water tends to induce hydrolysis during the melting
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process, leading to the formation of basic nitrates (e.g., Mg(OH)(NO3),) and the release of corrosive NOJ
gases upon thermal cycling [39-43]. Consequently, the thermal stability deteriorates, and the operational
temperature window narrows due to the premature decomposition of hydrated salt. Although several
dehydration protocols have been proposed, achieving complete dehydration without compromising the
eutectic structure remains a technical bottleneck for high-temperature TES applications.

Motivated by these unresolved stability issues, this work develops a facile one-step synthesis strategy to
fabricate anhydrous Mg(NO3),-NaNO5-KNO5; (MNK) ternary molten salts via the controlled dehydration of
Mg(NO3), 6H,0. Particular attention was paid to the thermal decomposition kinetics and phase
evolution during the dehydration process, aiming to suppress hydrolysis and eliminate residual moisture.
The thermophysical properties, including the melting behavior, latent heat, and specific heat capacity,
were systematically characterized by differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). Furthermore, the thermal cycling durability and structural stability of the optimized MNK
composite were evaluated under simulated operational conditions. It is demonstrated that the tailored
dehydration process not only lowers the melting point but also significantly elevates the onset
decomposition temperature, thereby extending the operational temperature window. This study provides
a scalable route for designing high-performance nitrate-based thermal energy storage materials with
enhanced thermal stability.

2. Experiment
2.1. Materials

A series of Mg(NO;),-NaNO3-KNO3(MNK) ternary molten salts were synthesized by mixing
predetermined amounts of sodium nitrate (> 99% purity), potassium nitrate (purity = 99.0%), and
magnesium nitrate hexahydrate (98%) purchased from Aladdin Chemical Co., Ltd.Preparation of MNK
composites

2.2. Preparation of MNK composites
2.2.1 Dehydration process of Mg(NO3),-6H,0

Ten grams of Mg(NO;),-6H,0 was placed in a custom-designed corundum crucible (No. 2) and

subjected to thermal treatment in a muffle furnace under a gas flow rate of 100 mL-min~ . Three sets of
experiments, designated as A, B, and C, were conducted according to the parameters listed in Table 1.
Subsequently, the crucible was rapidly transferred into a glove box and cooled to room temperature.
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Table 1
Experimental parameters for samples A, B, and C.

Tests A/B C
Run1 Run2 Run 3 Run 1
atmosphere air vacuum vacuum  air
Initial Temperature (°C) 25 150 250 25
Heating Rate (°C-min™") ~ ® 5 5 5
Target Temperature (°C) 150 250 300 300
Holding Time (min) 60 120-180 120 360

A vacuum environment was maintained during thermal treatment.

2.2.2. Preparation of MNK composites

Sodium nitrate and potassium nitrate were purified following previously reported procedures [44, 45].
NaNO; and KNO3 were weighed according to the target ratio of 17.77 wt% Mg(NO3),, 15.28 wt% NaNOs,
and 35.97 wt% KNOj in a glove box and thoroughly mixed in corundum crucible No.1. Subsequently, 10.0
g of Mg(NO;),-6H,0 was added to the specially designed corundum crucible No. 2. The two crucibles
were then assembled as illustrated in Fig. 1. Following the dehydration protocol described in Section
2.2.1, a staged heating program was implemented to dehydrate and melt-blend the mixture to form the
eutectic ternary nitrate molten salt. The mixture was heated to approximately 50 K above the predicted
melting temperature and held for 2-3 h. After complete homogenization, the salt mixture was cooled to
ambient temperature. This procedure was repeated 3—-4 times to ensure a homogeneous eutectic
mixture. The entire preparation process was conducted inside a glove box was purged with high-purity
argon to prevent moisture absorption.

2.3. Characterization

The specific heat capacity (Cp) and melting point of all samples were measured using
thermogravimetry—differential scanning calorimetry (TG-DSC, PerkinElmer, USA). X-ray diffraction (XRD,
D8 Advance, Bruker, Germany) with Cu Ka radiation (A = 1.5405 A) was performed to identify the
crystalline phases of the samples after melt-blending. The concentrations of impurity ions were
determined via ion chromatography (ICAP 6500 DUQ, Thermo Fisher Scientific, USA). Raman spectra
were acquired using a laser confocal Raman spectrometer (Renishaw in Via, UK).

For thermal cycling tests, the molten salts were placed in a muffle furnace and completely melted at

target temperatures (250, 300, 350, 400, 450, and 500°C) at a heating rate of 5°C-min~". The samples
were held at the target temperature for 27 h and then naturally cooled to room temperature. The masses
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of the cooled solids were weighed using an analytical balance and recorded. This procedure was
repeated ten times to generate mass loss versus time curves at different temperatures.

3. Results and discussion
3.1 TG-DSC analysis

Figure 2 shows the TG and DSC curves of Mg(NO3),'6H,0 thermal decomposition under a nitrogen
atmosphere at a heating rate of 10 °C-min~ . Three distinct peaks observed in the DTG curve indicate
that the thermal decomposition of Mg(NO3), 6H,0 is a multi-step reaction involving three mass loss
stages. The broad endothermic peak at 110.35°C corresponds to the first mass loss stage (30.41%),
associated with the initial dehydration. The second stage exhibits a mass loss of 11.25% with a DTG
peak at 290.75°C, followed by a sharp third mass loss of 42.55% peaking at 444.45°C. The total mass
loss of 84.46% closely matches the theoretical value of 84.28% for the conversion of Mg(NO3),-6H,0 to

MgO, confirming the completion of thermal decomposition. The endothermic nature of these processes
is evident in the DSC curve, suggesting that the dehydration and decomposition reactions are thermally
activated.

3.2 XRD and Raman analysis

Figure 3 shows the XRD patterns of the samples during the hydrolysis and dehydration of
Mg(NO3),-6H,0. At room temperature, the phase is identified as Mg(NO;),-6H,0. Upon heating to 300°C
and holding for 6 h in air, diffraction peaks corresponding to Mg(NO3),-2H,0, Mg(OH)(NO3),, and
Mg(NO3), emerge, indicating the formation of intermediate phases. In contrast, samples A and B,
prepared via the staged temperature programming outlined in Table 1, exhibited distinct phase evolution.
After heating to 300°C and dehydrating for 2 h, only the diffraction peaks of Mg(NO3),-2H,0 were
identified. After 3 h, the peaks of rhombohedral Mg(NO3), appeared, signifying the transformation into
the anhydrous phase. From 2 h to 3 h, the rhombohedral Mg(NO;), transitioned into a more
thermodynamically stable cubic structure [47].

Raman spectroscopy was further employed to characterize the structural evolution during the
dehydration process (Fig. 4). The spectrum of the sample dehydrated at 300°C for 30 min exhibits
characteristic peaks at 1061.31 cm~" and 1097.78 cm~", corresponding to Mg(NO,),-6H,0 and
Mg(NO3),-2H,0, respectively. After extending the dehydration time to 2 h at 300°C, the intensity of the
peak at 1061.31 cm~" was significantly suppressed, while the peak at 1097.78 cm~' remained
unchanged, confirming the predominant existence of Mg(NO3),-2H,0. Notably, after 3 h of dehydration
at 300°C, the spectral features evolved distinctly: characteristic peaks appeared simultaneously at
1097.78 cm~" and 1101.14 cm~", demonstrating the coexistence of Mg(NO3),2H,0 and anhydrous
Mg(NOs),. The absence of the 1061.31 cm~" peak, coupled with the persistence of the 1097.78 cm-" and

1101.14 cm™" peaks, indicates that the product after 3 h comprises Mg(NO3),-2H,0 and Mg(NOs),,
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which corroborates the XRD results. These findings confirm that the intermediate Mg(NO3),-2H,0 phase

is stable within this temperature-time window, providing a critical basis for optimizing the subsequent
calcination parameters of the MNK ternary molten salt.

3.3 Microstructure and basic thermophysical properties

The surface morphology and elemental distribution of the dehydrated MNK sample (Sample A) were
characterized by SEM and EDX mapping (Fig. 5a—f). The nitrate matrix exhibited a flat surface with
uniformly distributed angular grains. EDX mapping confirms the homogeneous distribution of Na, K, Mg,
O, and N throughout the composite (Fig. 5b-f). The coexistence of Mg, Na, and K elements verifies the
formation of a homogeneous eutectic mixture. As shown in Fig. 5g, the XRD pattern of the dehydrated
sample (A) is identical to that of the pristine MNK salt (Sample C), indicating that the dehydration
process does not alter the crystalline phase composition.

TG analysis reveals that the dehydrated MNK ternary molten salt begins to decompose at 457.6°C, with
the maximum decomposition rate occurring at 546.3°C. In contrast, the non-dehydrated sample
exhibited a mass loss of 4.69% upon heating to 150°C due to the evaporation of moisture trapped in the
pores of the hydrated salt. The onset decomposition temperature of the dehydrated MNK salt increased
by 53.5°C compared to the original MNK salt. The DSC curve of the dehydrated sample exhibits a single
endothermic peak at 148.2°C, corresponding to a latent heat of fusion of 88.71 J-g” '. Compared with the
non-dehydrated MNK salt, this represents a decrease of 9.3°C in the melting point and an increase of
22.1 J-g” ! in the latent heat. These results demonstrate that the tailored dehydration process effectively
elevates the thermal stability and broadens the operational temperature window.

3.4 Thermal storage performance

The phase-change heat storage performance is a critical criterion for evaluating the applicability of
molten salts. As summarized in Table 2, the melting point of the dehydrated MNK ternary molten salt is
147.90°C, representing a 5.1% reduction compared to the non-dehydrated sample (155.85°C). The phase
change enthalpy and decomposition temperature increased by 12.1% and 6.35% to 84.38 J-g™' and
451.08°C, respectively, which is consistent with previous thermodynamic predictions [37, 42].

Table.2 The TG-DSC data and Specific heat capacities of the A, C sample.

Average
Tm (°C) AHm Tonset AT (°C) 1st 2nd 3rd Cp (J-g-
(J-g-1) (°C) 1-K-1)
A 14790z 84.38 + 451.08 + 303.18 = 1.578 1.571 1.567 1.572%
1.30 1.01 1.29 0.01 0.01
C 15585t 75.25% 400.05 24419 1.214 1.213 1.205 1.211%
1.45 1.76 2.13 0.68 0.01
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The liquid specific heat capacity (C,), measured at 300°C, increased from 1.211 J-(g-K) for the non-

dehydrated salt to 1.572 J-(g-K)™' for the dehydrated salt, an improvement of 13.1%. This enhancement is
attributed to the increased interfacial thermal resistance resulting from the porous structure formed
during dehydration (Fig. 5a), which promotes phonon scattering and enhances sensible heat storage.

Cyclic stability was evaluated between 25 and 300°C through 720 h of thermal cycling. Even after 30
cycles, the dehydrated MNK salt maintained its initial melting point, phase change enthalpy, and
decomposition temperature with only marginal deviations. Specifically, the decomposition temperature
remained stable at 451.08°C, which was significantly higher than that of the non-dehydrated control.
Notably, the non-dehydrated sample exhibited a sharp decline in melting point after 550 h of cycling due
to the onset of decomposition. The specific heat capacity of the dehydrated sample also remained
stable throughout the 720 h test. These findings confirm that the dehydration strategy effectively
suppresses hydrolysis and significantly improves the long-term thermal stability of MNK ternary molten
salts.

3.5Thermal stability

The decomposition profiles of the molten salts during 300 h of cyclic testing are presented in Fig. 7a and
7b. The dehydrated MNK molten salt exhibited mass losses of 0.055%, 1.04%, and 2.01% at 350, 400,
and 450°C, respectively, which were significantly lower than those of the non-dehydrated MNK salt
(2.29%, 3.51% and 8.61%, respectively; Fig. 7b). These results indicate that the dehydrated MNK ternary
molten salt is more thermally stable below 450°C (defined as the temperature range where mass loss
remains below 3%). The substantial mass loss (8.61%) observed in the non-dehydrated sample at 450°C
is attributed to the evaporation of moisture trapped within the salt matrix and the decomposition of
residual Mg(NO3),-2H,0. Above 500°C, the non-dehydrated sample suffered a severe mass loss of
17.71%, indicating the near-complete decomposition of the hydrated nitrate into MgO and basic nitrates,
such as Mg(OH)(NO.

The concentrations of NO, and Mg(OH)(NOs) after ten thermal cycles were analyzed via ion
chromatography to further elucidate the hydrolysis behavior (Fig. 7c and 7d). In the non-dehydrated MNK
molten salt, NO, was detected at temperatures above 400°C, coinciding with the onset of non-eutectic
nitrate decomposition. In contrast, NO, was undetectable in the dehydrated MNK molten salt below
450°C, and its concentration remained negligible even above this threshold. Correspondingly, Mg(OH)
(NO,) identified as the primary hydrolytic product was detected in the non-dehydrated sample across all

tested temperatures (250-500°C), with a maximum content of 10.01 wt% at 500°C. Crucially, Mg(OH)
(NO3) was absent in the dehydrated MNK molten salt. These findings confirm that the optimized

dehydration process effectively suppresses hydrolysis and stabilizes the nitrate matrix, thereby
extending the operational temperature window of the MNK ternary molten salt.

4. Conclusions
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A novel anhydrous Mg(NO3),-NaNO3-KNO5 (MNK) ternary molten salt was successfully fabricated via a
one-step synthesis strategy involving controlled dehydration. The main conclusions are as follows:

1. Enhanced Thermal Stability: The optimized dehydration process effectively suppressed hydrolysis,
elevating the upper operational limit from 400 to 450°C and significantly improving long-term cycling
durability.

2. Optimized Thermophysical Properties: The tailored dehydration lowered the melting point from
157.5 to 148.2°C while increasing the latent heat of fusion from 66.6 to 88.71 J-g™ !, broadening the
operational temperature window.

3. Structural Integrity: After 720 h of thermal cycling, the dehydrated MNK salt maintained
compositional stability and a high latent heat of 84.38 J-g™ ', attributed to the reduction of impurity
levels and the elimination of residual moisture.

This work provides a feasible and scalable route for manufacturing high-performance nitrate-based
thermal energy storage materials, demonstrating great potential for concentrating solar power
applications.
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The schematic diagram of mixed molten salt.
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Figure 2

TG, DTG and DSC curves of Mg(NO3),-6H,0 thermal decomposition in a nitrogen atmosphere at 10

°C-min’.
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Figure 3

XRD pattern of dehydration Mg(NO;),'6H,0 by different heat treatments and dehydration.
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The Raman spectrum sample by different heat treatments and dehydration.
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sample.
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Figure 6

Thermal storage performance and cyclic durability of the MNK ternary molten salts. Melting point (a) ,
phase change enthalpy (b) and decomposition temperature (c) stability during 720 h of thermal cycling
between 25 and 300 °C. (d) The specific heat capacity of the dehydrated sample during the 720 h test.
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Figure 7

Weight loss vs. time of MNK molten salt at different temperature: (a)Dehydration MNK; (b)MNK; (c,d)The
quantity of NO,”and Mg(OH)(NO,) in the MNK molten salt at different temperatures after ten cycles.
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