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Abstract
Improving the heat-storage capacity, thermal conductivity, and high-temperature stability of nitrate–nitrite mol-
ten salts is essential for increasing the efficiency and operational reliability of concentrating solar power (CSP) 
systems. Accordingly, the effects of hafnium diboride (HfB2) and silicon hexaboride (SiB6) nanoparticles on the 
phase integrity, microstructural evolution, and thermophysical performance of 7NaNO3–53KNO3–40NaNO2 
molten salt were comparatively investigated. Nanocomposite formulations containing 0.5-2 wt% additive were 
synthesized and characterized by XRD, FT-IR, FE-SEM/EDX, DSC, TGA, and TPS measurements. The results 
confirmed that nanoparticle incorporation did not disrupt the fundamental nitrate-nitrite salt framework, and 
no evidence of newly formed phases or chemical bond generation was identified. Despite this structural and 
chemical preservation, marked improvements were obtained in heat-storage and heat-transfer characteristics. 
The melting enthalpy increased from 76.2  J/g for the reference salt to 89.4–90.6  J/g in the HfB2-containing 
compositions and to 92.6–95.6  J/g in the SiB6-containing compositions. The highest specific heat capacity 
enhancement in the HfB2 series occurred at 1.5 wt%, reaching 55.17% in the solid phase and 66.65% in the 
liquid phase, whereas the SiB6 series exhibited its optimum response at 1 wt% with corresponding increases 
of 107.78% and 117.79%. Thermal conductivity rose from 0.951 W/m.K to 1.689 W/m.K with 2 wt% HfB2 
and 1.529 W/m.K with 2 wt% SiB6. The degradation onset temperature also increased from 612 °C to 653 °C 
and 663 °C, respectively. These findings demonstrate that boride-based nanoadditives provide an effective route 
for improving the thermophysical performance and high-temperature durability of this molten salt, with HfB2 
delivering the strongest thermal conductivity enhancement and SiB6 providing the most pronounced improve-
ments in latent heat, specific heat capacity, and thermal stability.
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Introduction

Escalating concerns regarding fossil-fuel dependence and associated environmental impacts have intensified the 
development of renewable energy technologies1,2. Among these technologies, concentrating solar power (CSP) 
is particularly attractive because solar irradiation is converted into thermal energy that can be supplied to high-
temperature power-generation cycles1,3. When integrated with thermal energy storage (TES), CSP can provide 
dispatchable electricity beyond daylight hours and reduce the variability associated with solar resources4,5. For 
this reason, molten salts have become key working media in CSP plants, serving simultaneously as heat-transfer 
fluids and thermal-storage materials because of their favorable heat-storage capability and thermal stability at ele-
vated temperatures3,5. Their low vapor pressure, stable behavior in the liquid state, and suitable flow performance 
under elevated-temperature conditions further support their use in solar-thermal systems3,5,6. Nevertheless, the 
performance and economic competitiveness of CSP systems remain strongly dependent on the thermophysical 
properties, freezing behavior, thermal stability, and operational reliability of the selected molten salt3–6. Alkali 
nitrate-nitrite salts are among the most established media for integrated heat transfer and energy storage. Com-
pared with conventional organic heat-transfer oils, these inorganic salts permit operation at higher temperatures 
and can improve the thermodynamic efficiency of CSP cycles7–9. Solar Salt, composed of 60 wt% NaNO3 and 40 
wt% KNO3, is widely used in commercial CSP facilities, but its melting/freezing temperature of approximately 
220 °C creates a substantial risk of solidification during reduced-temperature or solar-off periods. This risk may 
cause flow obstruction, increase auxiliary heating demand, and raise parasitic energy consumption4,6,10,11. The 
ternary Hitec composition, containing 7 wt% NaNO3, 53 wt% KNO3, and 40 wt% NaNO2, has attracted interest 
because its melting temperature is approximately 142 °C, which is nearly 80 °C lower than that of Solar Salt and 
therefore markedly reduces freeze-related operational concerns while offering greater flexibility under moderate-
temperature operating conditions3,6,12. Hitec also exhibits relatively high specific heat capacity and low viscosity 
within the common CSP operating range, facilitating pumping and heat exchange4,10,13. Despite these advantages, 
its moderate heat capacity, limited thermal conductivity, and finite high-temperature stability constrain storage 
density, heat-transfer rates, and the usable operating window1,6,8. Since the amount of sensible heat stored is 
directly related to specific heat capacity and the operating-temperature span, even moderate improvements in 
these parameters can reduce the salt inventory required for a given storage duty. Likewise, enhanced thermal 
conductivity can shorten charging and discharging times and limit temperature gradients within storage compo-
nents. Improving these properties without disrupting the phase and chemical integrity of the salt is therefore an 
important materials challenge for advanced CSP systems10,13.

Nanoadditive incorporation has emerged as a promising strategy for overcoming the thermophysical limita-
tions of molten salts. Specific heat capacity directly determines the sensible heat stored over a given temperature 
interval, whereas melting and solidification enthalpies describe the energy exchanged during phase transition. 
Thermal conductivity, in turn, governs the rate of heat exchange during charging and discharging5,14. Nanoparti-
cles can influence these properties through their high specific surface area, the formation of salt-particle interfacial 
regions, heterogeneous nucleation effects, and changes in particle distribution and heat-transport pathways1,4,6,10. 
However, the resulting response depends strongly on additive chemistry, particle size, morphology, concentra-
tion, and dispersion stability. At suitable loadings, extended interfacial regions and conductive pathways may 
improve thermal-storage capacity, phase-change energetics, and heat-transfer performance. Above an optimum 
concentration, particle-particle interactions and agglomeration can reduce the effective interfacial area, disturb 
microstructural continuity, and suppress further enhancement1,3–6,10,13. Previous Hitec studies have consequently 
focused mainly on oxide nanoparticles such as Al2O3, TiO2, CuO, and SiO2, while conductive supports and lay-
ered additives have also been considered1,3–5,10,13. For example, oxide additions have produced improvements 
in specific heat capacity and phase-change behavior at relatively low concentrations, and coupling nanoparticles 
with metal foams has been used to strengthen heat recovery4. Hexagonal boron nitride has further demonstrated 
that boron-containing additives can modify specific heat capacity, phase-change enthalpy, and the accessible 
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operating-temperature interval of Hitec8. These studies establish the potential of nanoenhancement, but they also 
show that additive selection and concentration must be carefully optimized and that no single property should be 
evaluated independently of phase stability and thermal durability. For high-temperature molten-salt applications, 
an effective nanoadditive must retain structural and chemical stability during prolonged thermal exposure1,10,15,16. 
Boride ceramics are promising in this respect because of their refractory character, thermal resilience, and resis-
tance to oxidation8,15,17,18. Hafnium diboride (HfB2) combines a very high melting temperature with chemical 
inertness and high-temperature durability, making it a potential thermally conductive reinforcement for mol-
ten salts. Silicon hexaboride (SiB6) also offers high-temperature stability and oxidation resistance, although its 
intrinsic thermal characteristics and particle behavior differ from those of transition-metal diborides19–22. These 
differences are important because the thermophysical response of a nanocomposite salt is governed not only by 
the intrinsic properties of the additive but also by its dispersion, interfacial contact, and tendency to form particle-
rich networks or agglomerates within the salt matrix. The contrasting intrinsic characteristics and particle sizes 
of HfB2 and SiB6 therefore provide a useful basis for examining how additive chemistry and dispersion behavior 
influence the same Hitec system under identical preparation and testing conditions. Despite extensive research on 
nanoenhanced Hitec salts, the available literature remains dominated by oxide-based additives, and boride ceram-
ics have received comparatively limited attention. Existing studies also frequently evaluate individual properties 
separately, which makes it difficult to establish whether improvements in thermal transport or energy storage 
are achieved while preserving phase stability, chemical integrity, and high-temperature durability. Based on the 
available literature, HfB2 and SiB6 have not previously been incorporated into Hitec and compared systematically 
within a unified experimental framework. The novelty of the present study lies in the direct evaluation of these 
two boride nanoparticle systems across the same concentration range and through a combined assessment of crys-
tallographic structure, chemical bonding, morphology, elemental distribution, phase-change behavior, specific 
heat capacity, thermal conductivity, and degradation resistance. This integrated approach enables the observed 
thermophysical changes to be interpreted in relation to additive chemistry, particle distribution, and interfacial 
effects rather than from isolated measurements alone. It also allows the optimum additive level to be considered 
as a multi-property balance rather than as the concentration that maximizes only one thermal parameter. Accord-
ingly, the present work investigates Hitec salts containing 0.5 to 2 wt% HfB2 or SiB6 nanoparticles prepared and 
characterized under identical conditions. X-ray diffraction and Fourier-transform infrared spectroscopy were 
used to determine whether nanoparticle incorporation altered the crystalline phases or chemical framework of 
Hitec. Field-emission scanning electron microscopy and energy-dispersive X-ray analysis were employed to 
examine morphology, additive distribution, and elemental homogeneity. Differential scanning calorimetry was 
used to quantify melting and solidification behavior and phase-dependent specific heat capacity, thermogravimet-
ric analysis was applied to determine high-temperature stability, and the transient plane source method was used 
to measure thermal conductivity. The principal objective was to determine whether HfB2 and SiB6 can improve 
the energy-storage, heat-transfer, and thermal-stability characteristics of Hitec without inducing phase transfor-
mation or chemical degradation. A further objective was to identify how differences between the two borides 
produce distinct concentration-dependent responses and to establish their relative suitability for advanced CSP 
heat transfer and thermal energy storage applications.

Experimental procedure

Production of pure and nanoadditive molten salts

The preparation route for the pristine and nanoadditive-modified Hitec salts is summarized in Fig. 1. Sodium 
nitrate (NaNO3), potassium nitrate (KNO3), and sodium nitrite (NaNO2), each with a purity of at least 99%, were 
supplied by Isolab GmbH, Germany. Before use, the precursor salts were dried at 120 °C for 24 h in a Weightlab 
laboratory oven (Istanbul, Türkiye) to remove residual moisture. They were then weighed according to the Hitec 
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composition of 7 wt% NaNO3, 53 wt% KNO3, and 40 wt% NaNO2. Beginning with the component present at 
the highest mass fraction, the constituents were sequentially dissolved in 100 mL of deionized water in a 500 
mL glass beaker at 50 °C under magnetic stirring at 600 rpm. Each constituent was added only after complete 
dissolution of the preceding salt. The beaker was placed in a mineral-oil bath to maintain a stable temperature, 
which was monitored continuously using a probe. After a clear and homogeneous solution was obtained, water 
was removed at 100 °C. The recovered salt was heat treated at 300 °C for 24 h under argon in an Elektromag 
muffle furnace (Istanbul, Türkiye), cooled under controlled conditions to room temperature, and ground in an 
agate mortar to obtain a homogeneous powder. HfB2 nanoparticles with 99.5% purity and an average particle 
size of approximately 50 nm and SiB6 nanoparticles with 99% purity and an average particle size of approxi-
mately 40 nm were supplied by Nanografi Nano Technology, Ankara, Türkiye. Nanocomposites containing 0.5, 
1.0, 1.5, and 2.0 wt% of either additive were prepared using the same salt formulation. The required amount of 
HfB2 or SiB6 was dispersed in 50 mL of deionized water by stirring at 500 rpm for 30 min, bath ultrasonication 
for 15 min, and probe ultrasonication for 30 min at 300 W and 40 kHz using a Bandelin Sonopuls system (Ber-
lin, Germany). The suspension was gradually introduced into the Hitec solution under continuous stirring. The 
mixture was then maintained at 50 °C and 600 rpm for 30 min, treated again in an ultrasonic bath for 15 min, and 
probe-ultrasonicated for 30 min. Drying, heat treatment, cooling, and grinding were performed under the same 
conditions used for pristine Hitec. No visible sedimentation or phase separation was observed during preparation. 
Three independent batches were produced for each composition. The samples were designated Hitec, Hitec-x% 
HfB2, and Hitec-x% SiB6, where x represents the additive content by weight.

Structural and morphological characterizations

To minimize batch-related variation, approximately 5 g from each of the three independently prepared batches of 
a given composition were pooled and re-homogenized in an agate mortar. The resulting representative powders 
were used for structural, spectroscopic, and microstructural characterization. Previously reported structural and 
spectroscopic data for HfB2

17, together with available reference data for SiB6, were considered when interpreting 
additive-related features. X-ray diffraction measurements were performed using a Malvern Panalytical Empyrean 
diffractometer (Almelo, Netherlands) with Cu Kα radiation at 40 kV and 40 mA. Patterns were collected over a 
2θ range of 10° to 80° at a scanning rate of 0.2° s–1. The pristine and nanoadditive-containing Hitec salts, together 
with the individual HfB2 and SiB6 nanopowders, were examined under the same measurement conditions. The 
nanopowder patterns were also plotted separately using independent intensity scales because the normalization 
and vertical offset applied to the composite patterns reduced the visibility of weak additive-related diffraction 
features, particularly those of SiB6. Fourier-transform infrared spectra were recorded from 400 to 4000 cm− 1 
using a Thermo Scientific Nicolet iS5 spectrometer (Waltham, MA, USA) to examine whether nanoadditive 

Fig. 1  Methodology of the research.
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incorporation altered the nitrate-nitrite bonding framework. Surface morphology, particle distribution, and ele-
mental composition were evaluated by field-emission scanning electron microscopy coupled with energy-disper-
sive X-ray spectroscopy using a ZEISS Gemini 500 system (Oberkochen, Germany). EDX data were interpreted 
qualitatively and semi-quantitatively to verify the presence and spatial distribution of the additive-derived ele-
ments within the Hitec matrix.

Thermophysical measurements

All thermophysical instruments were checked and calibrated using certified standards in accordance with the 
manufacturers’ procedures. Phase-change behavior and specific heat capacity were measured using a Hitachi 
DSC 7010 differential scanning calorimeter (Tokyo, Japan). Three independently synthesized samples were tested 
for each composition. Approximately 10 mg of material, weighed using a balance with a resolution of 0.00001 
g, was sealed in a 40 µL aluminum crucible. Melting and solidification measurements were conducted from 0 to 
300 °C under nitrogen at a heating and cooling rate of 10 °C min− 1. Nitrogen was used to minimize oxidation 
and moisture-related interference during thermal cycling. Two consecutive thermal cycles were applied, and 
data from the second cycle were used to represent the stabilized response. Specific heat capacity measurements 
were conducted from 0 to 400 °C in accordance with ASTM E1269. A sapphire standard was used for calibra-
tion, an empty crucible was used for baseline correction, and the reported Cp values represent the mean of three 
measurements for each composition. Data reduction was performed using the analysis software supplied with the 
instrument. Thermal stability was evaluated using a Shimadzu DTG-60AH thermogravimetric analyzer (Kyoto, 
Japan). Approximately 7 ± 1 mg of representative homogenized powder was placed in a 40 µL platinum crucible 
and heated from 50 to 800 °C at 10 °C min− 1 under a controlled atmosphere. Equal portions from the indepen-
dent synthesis batches were combined before testing to reduce batch-related variation. Thermal conductivity was 
measured by the transient plane source method using a Hot Disk TPS 2500 S Thermal Constants Analyzer (Hot 
Disk AB, Gothenburg, Sweden). The powders were compacted into cylindrical pellets 20 mm in diameter and 10 
mm in thickness under a uniaxial pressure of 10 MPa to maintain consistent geometry and limit the influence of 
residual porosity. Three pellets were prepared and measured separately for each composition, and the mean value 
was reported. For transparency, the pristine Hitec sample and baseline thermophysical dataset used for compari-
son were also reported in an earlier study by the research group23,24.

Results and discussion

The discussion of the experimental findings is arranged to establish a clear connection between nanoadditive 
incorporation and the resulting structural and thermophysical response of Hitec molten salt. The analysis first 
focuses on phase stability and microstructural features of the modified salt matrix, and then extends to the corre-
sponding variations in melting-solidification behavior, thermal conductivity, specific heat capacity, and high-tem-
perature stability. This organization provides a coherent framework for interpreting how structural and interfacial 
changes contribute to the overall performance of the nanocomposite salts.

Structural and morphological features

The macroscopic images displayed in Fig. 2 provide an initial visual assessment of the pristine and nanoaddi-
tive-containing Hitec pellets. All samples show a generally homogeneous external appearance, and no visible 
evidence of phase separation, severe sedimentation, or bulk-scale inhomogeneity is detected. Such macroscopic 
uniformity indicates that both HfB2 and SiB6 remained stably incorporated within the salt matrix throughout 
preparation and resolidification. In addition, the pellet appearance changes progressively with increasing additive 
content. The pristine Hitec sample is white, whereas the boride-containing samples become increasingly darker 



Article in Press

Scientific Reports

https://doi.org/10.1038/s41598-026-69109-x

as the loading level rises, reflecting the intrinsic dark color of HfB2 and SiB6. Because this color change occurs 
gradually and uniformly rather than through isolated dark patches, it also supports a relatively even distribution of 
the nanoparticles within the matrix. These visual observations therefore provide preliminary evidence that stable 
Hitec-based nanocomposite salts were successfully obtained.

The FT-IR spectra of the pristine and nanoadditive-modified Hitec salts are shown in Fig. 3. For a more reli-
able interpretation of the spectra obtained from the nanocomposite salts, the characteristic bands of the additive 
phases were considered first. In this respect, previously reported spectroscopic data for HfB2 from our earlier 
boride-based molten-salt study were used as a reference framework, while literature data for SiB6 were employed 
in the same comparative manner17. This procedure made it possible to distinguish additive-related spectral fea-
tures from those originating from the Hitec salt matrix. For HfB2, the band near 2364 cm–1 is assigned to C-H 
stretching vibrations, which may arise from carbon-containing surface species or residual surface contaminants 
associated with powder synthesis and processing25,26. A band observed in the low-wavenumber region at approxi-
mately 670 cm–1 is attributed to Hf–O stretching vibrations26. Its presence suggests limited surface oxidation of 
the HfB2 particles and provides a recognizable FT-IR feature of the additive. Agreement between these features 
and earlier reports further supports the reproducibility of the HfB2 nanopowder characteristics used in the present 
work26,27. In the SiB6 spectrum, the band centered at about 2362 cm–1 is likewise associated with C-H stretching 
vibrations, whereas the bands located near 667, 995, and 1458 cm–1 are related to Si-O-Si and B-O vibrational 
modes28. These signals represent characteristic bonding features of the SiB6 additive phase and therefore pro-
vide a useful basis for interpreting its contribution in the modified salt systems. The FT-IR spectrum of pristine 
Hitec is dominated by the band at approximately 824 cm–1, which is characteristic of N-O vibrations in nitrate/
nitrite salt systems. Additional absorptions around 1230, 1368, and 1764 cm–1 can be attributed to nitrate-group 
stretching and asymmetric vibrational modes associated mainly with the KNO3 and NaNO3 constituents of the 
eutectic composition8,13. The preservation of these characteristic bands confirms that the chemical identity of 
the Hitec matrix is consistent with the expected nitrate-nitrite system5,8,13. After addition of HfB2 and SiB6, the 
FT-IR spectra of the modified salts still retain the main nitrate/nitrite bands of pristine Hitec. No new absorption 
features attributable to newly formed compounds or bond structures are observed, indicating that nanoparticle 
addition does not induce a chemical reaction with the salt matrix and instead results in physical incorporation of 
the additives5,8,29,30. At the same time, weak bands within the 2360–2365 cm–1 region appear in the nanocom-
posite samples. Because these features coincide with the C-H-related bands identified for the nanopowders, they 

Fig. 2  Macro images of Hitec and nanoadditive Hitec salts.
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suggest that surface characteristics of the additives are reflected in the spectra of the modified salts. The gradual 
increase in the intensity of these weak bands with increasing additive amount may therefore be taken as quali-
tative evidence for successful nanoparticle incorporation. Not all bands characteristic of the isolated HfB2 and 
SiB6 powders can be distinctly resolved in the spectra of the nanocomposite salts. This can be explained by the 
low nanoparticle concentrations employed, the partial encapsulation of the particles within the surrounding salt 
phase, and the dominance of the strong nitrate-related absorptions of Hitec, which can obscure weaker additive-
derived contributions29–31. Even so, slight changes in the intensity of some nitrate bands and small shifts in their 
peak positions with increasing additive loading point to the existence of interfacial, yet non-reactive, interac-
tions between the salt and the nanoparticles. Such local interactions may alter the ionic environment around the 

Fig. 3  FT-IR spectra of (a) HfB2 nanopowder, 
pristine Hitec salt, and Hitec salts containing 
HfB2, and (b) SiB6 nanopowder, pristine Hitec 
salt, and Hitec salts containing SiB6.
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particles and produce modest changes in vibrational energy without leading to the formation of new chemical 
bonds8,17,30. Taken together, the FT-IR results show that the fundamental vibrational structure of Hitec is pre-
served after incorporation of HfB2 and SiB6. The persistence of the characteristic nitrate and nitrite bands across 
all modified samples demonstrates that the chemical framework of the salt remains essentially unchanged. In 
addition, the absence of extra bands related to newly generated species supports the view that the additives are 
physically embedded rather than chemically transformed within the matrix. Therefore, the FT-IR findings indi-
cate that the thermophysical improvements observed in the nanocomposite salts are associated primarily with 
interfacial and microstructural effects, rather than with chemical alteration of the Hitec system.

The XRD patterns of pristine and nanoadditive-containing Hitec salts are presented in Fig. 4. For direct com-
parison among the investigated compositions, the patterns in Fig. 4a and b were normalized and vertically offset. 
However, this normalization compresses the differences in absolute diffraction intensity and makes weak or broad 
additive-related features difficult to distinguish, particularly for SiB6. Therefore, the HfB2 and SiB6 nanopowder 
patterns are also presented separately in Fig. 4c and d using independent intensity scales. For pristine Hitec, the 

Fig. 4  XRD patterns of (a) HfB2 nanopowder, pristine Hitec, and Hitec salts containing HfB2, (b) SiB6 nanopowder, pristine 
Hitec, and Hitec salts containing SiB6, (c) the separately presented HfB2 nanopowder, and (d) the separately presented SiB6 
nanopowder. The patterns in panels a and b are normalized and vertically offset for comparison, whereas the nanopowder pat-
terns in panels c and d are presented using independent intensity scales to improve the visibility of their diffraction features.
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principal diffraction features correspond to the characteristic reflections of KNO3, NaNO3, and NaNO2, con-
firming the expected crystalline structure of the nitrate-nitrite eutectic salt. No additional peaks attributable to 
impurity phases or unintended crystalline products are observed, indicating that the synthesis route preserved 
the intended ternary salt composition. The diffraction profile obtained for pristine Hitec is also consistent with 
previously published data for comparable Hitec systems32–36. In the HfB2-containing series, the major reflections 
of the Hitec matrix remain visible throughout the investigated concentration range, demonstrating that nanopar-
ticle incorporation does not disrupt the principal crystalline framework of the salt. A weak diffraction feature is 
detected near 2θ ≈ 26°, and its visibility increases gradually with increasing HfB2 content37,38. This reflection is 
assigned to the (001) plane of HfB2. Its comparatively low intensity is attributed to the limited additive concentra-
tion and the fine dispersion of the nanoparticles within the dominant crystalline Hitec matrix39,40. The separately 
presented HfB2 nanopowder pattern in Fig. 4c provides a clearer representation of the diffraction features of the 
additive. The progressive visibility of the additive-related feature in the nanocomposite patterns supports the 
incorporation of HfB2 while confirming that the structural identity of the host salt is maintained. A similar pres-
ervation of the principal Hitec reflections is observed in the SiB6-containing compositions. Nevertheless, char-
acteristic SiB6-related reflections cannot be distinctly resolved in the normalized nanocomposite patterns. This 
result should not be interpreted as evidence that the additive was absent from the modified salt. The inability to 
distinguish individual SiB6 peaks is more reasonably attributed to the low additive concentration range of 0.5 to 2 
wt%, the relatively weak and broad diffraction response of the SiB6 nanopowder, and the overlap of these features 
with the substantially stronger reflections of the Hitec matrix29,39,40. The separately presented SiB6 nanopowder 
pattern in Fig. 4d allows its diffraction response to be examined more clearly than in the normalized and vertically 
offset composite presentation. When all diffraction patterns are evaluated together, no additional reflections asso-
ciated with newly generated crystalline phases or phase-conversion products are detected in either additive series. 
This finding indicates that HfB2 and SiB6 incorporation does not produce new crystalline compounds within 
the Hitec system35,39–42. The minor variations observed in the relative intensities of the Hitec peaks are more 
plausibly related to differences in crystallization conditions, crystallite-size distribution, particle-induced micro-
structural heterogeneity, or preferred orientation rather than to a change in the overall phase composition15,35,41,42. 
When the XRD observations are interpreted together with the FT-IR results, it becomes clear that HfB2 and SiB6 
incorporation does not disturb either the principal crystalline structure or the chemical framework of Hitec. Since 
neither technique reveals the formation of new crystalline or chemical species, the nanocomposite salts can be 
considered successfully prepared while preserving the structural and chemical integrity of the parent system. The 
retention of Hitec-specific reflections throughout the modified series further supports the preservation of phase 
stability after nanoparticle incorporation. Consequently, HfB2 and SiB6 can be regarded as physically integrated 
additives that form structurally stable Hitec-based nanocomposites without inducing phase transformation.

The FE-SEM micrographs and EDX spectra of the nanopowders, pristine Hitec, and the corresponding nano-
composite salts are presented in Figs. 5 and 6, while the EDX-derived elemental compositions are summarized 
in Table 1. To evaluate both the overall particle distribution and the local microstructural features, Fig. 5 presents 
paired low-magnification (5,000×) and high-magnification (30,000×) micrographs for each nanopowder and salt 
composition. Pristine Hitec exhibits a compact and continuous resolidified matrix composed of well-developed 
polygonal grains. The low-magnification image shows no major segregated region or bulk-scale microstructural 
discontinuity, whereas the high-magnification image reveals relatively smooth grain interiors and clearly distin-
guishable grain boundaries. This morphology is consistent with the EDX results of pristine Hitec, in which only 
the expected matrix elements, namely Na, K, O, and N, are detected3,5,13,43. The isolated HfB2 and SiB6 nanopow-
ders both exhibit secondary agglomeration at the FE-SEM observation scale, although their local morphologies 
are distinguishable. HfB2 consists predominantly of irregular granular aggregates, whereas the SiB6 powder 
contains comparatively larger angular and plate-like fragments. Following HfB₂ incorporation, the low-mag-
nification images confirm that the overall continuity of the Hitec matrix is retained throughout the investigated 
concentration range. The corresponding high-magnification images reveal additive-associated particulate regions 
located mainly along grain boundaries and intergranular junctions. At 0.5 and 1.0 wt% HfB₂, these features 
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Fig. 5  Paired low- and high-magnification FE-
SEM micrographs of (a, b) HfB2 nanopowder, 
(c, d) SiB6 nanopowder, (e, f) pristine Hitec, 
(g, h) Hitec-0.5 wt% HfB2, (i, j) Hitec-1.0 wt% 
HfB2, (k, l) Hitec-1.5 wt% HfB2, (m, n) Hitec-
2.0 wt% HfB2, (o, p) Hitec-0.5 wt% SiB6, (q, 
r) Hitec-1.0 wt% SiB6, (s, t) Hitec-1.5 wt% 
SiB6, and (u, v) Hitec-2.0 wt% SiB6. The left 
and right panels of each pair correspond to 
5,000× and 30,000× magnifications, respec-
tively. Each micrograph includes its corre-
sponding calibrated scale bar.
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remain relatively discontinuous and locally confined, whereas particle-rich clusters become more evident at 1.5 
and 2.0 wt%13,43. The progressive increases in B and Hf contents measured by EDX support the successful incor-
poration of HfB2. The increasingly localized clusters observed at higher HfB₂ loadings are also consistent with 
stronger particle-particle interactions and a reduction in local dispersion uniformity3,5,13,43. The SiB6-modified 
salts likewise retain a continuous Hitec matrix without evidence of bulk-scale phase separation. At 0.5 and 1.0 
wt% SiB6, the additive-associated features are observed mainly as locally embedded intergranular domains. At 
1.5 and 2.0 wt%, coarser agglomerated regions and elongated or plate-like features become more evident13,44,45. 
The detection of B and Si throughout the SiB6 series, together with the increasing Si content measured by EDX 

Fig. 5  (continued)
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Fig. 6  EDX spectra of (a) HfB2 nanopar-
ticles, (b) SiB6 nanoparticles, (c) Hitec, 
(d) Hitec-0.5% HfB2, (e) Hitec-1% HfB2, 
(f) Hitec-1.5% HfB2, (g) Hitec-2% HfB2, 
(h) Hitec-0.5% SiB6, (i) Hitec-1% SiB6, 
(j) Hitec-1.5% SiB6 and (k) Hitec-2% 
SiB6.
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as the additive loading rises, further confirms the incorporation of the SiB6 phase. The paired low- and high-mag-
nification images also provide a more direct comparison between the two 2.0 wt% compositions. Both systems 
contain locally agglomerated regions; however, the HfB2-containing sample predominantly exhibits localized 
granular particle-rich clusters, whereas the SiB6-containing sample contains more morphologically heteroge-
neous regions incorporating both rounded and elongated features. The distinction between the two systems is 
therefore based on the directly observed morphology and spatial arrangement rather than on an assumption that 
either composition possesses completely homogeneous nanoparticle dispersion44,45. For all modified composi-
tions, Na, K, O, and N remain the dominant matrix elements, and no unexpected foreign elements are detected. 
Together with the XRD and FT-IR findings, the FE-SEM and EDX results indicate that nanoadditive incorpo-
ration modifies the physical distribution and interfacial organization of the resolidified salt without providing 
evidence of chemical transformation. The paired low- and high-magnification examination therefore provides a 
more reliable microstructural basis for interpreting the concentration-dependent thermophysical behavior of the 
HfB2- and SiB6-containing Hitec salts3,5,13,43–45.

The EDX elemental maps shown in Fig. 7 illustrate how the matrix elements and nanoadditive-related elements 
are spatially distributed in pristine and modified Hitec salts after melting and resolidification. In the pristine Hitec 
sample, the signals of N, O, Na, and K are spread uniformly over the examined region, with no obvious enrich-
ment or depletion zones. This homogeneous distribution indicates that the nitrate-nitrite constituents remain well 
mixed within the matrix and that the solidified salt does not exhibit elemental segregation, in agreement with 
previous reports on Hitec-based systems5,8,13. A similar overall distribution of the host elements is retained in 
the sample containing 2 wt% HfB2, showing that the incorporation of the additive does not disturb the intrinsic 
elemental arrangement of the Hitec matrix. In addition to the matrix-related signals, Hf is detected at several 
positions across the mapped area. These Hf-containing regions are dispersed within the salt phase rather than 
forming large continuous segregated domains, which supports effective incorporation of the HfB2 nanoparticles. 
By contrast, the boron signal remains weak in the mapping images, which is expected because boron has a low 
atomic number and is difficult to detect reliably by EDX17,40. For this reason, the presence and spatial distribu-
tion of the HfB2 phase are more convincingly reflected by the Hf map. The mapping results for the Hitec sample 
containing 2 wt% SiB6 again show that the major matrix elements remain homogeneously distributed, confirm-
ing that the nitrate-nitrite framework of the salt is maintained after additive incorporation. The Si map, however, 
reveals fine and broadly distributed Si-containing regions throughout the matrix, indicating successful dispersion 
of the SiB6 nanoparticles. Compared with the more localized Hf-rich regions observed in the HfB2-modified salt, 
the Si signal is more diffuse, which is consistent with the smaller particle size of SiB6 and its greater tendency to 
become surrounded by the molten salt during processing, leading to a more uniform encapsulated distribution. 
The weak visibility of boron in both additive systems should not be taken as evidence of incomplete nanoparticle 
incorporation; rather, it reflects the inherent difficulty of detecting light elements by EDX. When the mapping 
images are interpreted together with the quantitative EDX data in Table 1, the systematic increase of Hf and 

Table 1  EDX-derived elemental compositions (wt%) of the nanopowders, pristine Hitec salt, and Hitec nanocomposites.
Sample B Hf Si N O Na K
Hitec – – – 21.28 40.72 13.93 24.08
HfB2 32.07 67.93 – – – – –
SiB6 52.62 – 23.10 – 5.70 – –
Hitec-0.5% HfB2 5.32 0.31 – 20.45 41.92 15.29 16.71
Hitec-1% HfB2 7.78 0.58 – 18.56 38.15 14.99 19.94
Hitec-1.5% HfB2 9.49 1.37 – 18.29 34.71 15.36 20.77
Hitec-2% HfB2 10.24 3.27 – 17.97 34.21 12.00 22.31
Hitec-0.5% SiB6 0.01 – 0.11 19.72 39.40 15.92 24.85
Hitec-1% SiB6 0.38 – 0.20 20.66 41.77 16.63 20.36
Hitec-1.5% SiB6 0.09 – 0.24 20.36 40.46 18.31 20.54
Hitec-2% SiB6 1.61 – 0.36 20.19 43.60 19.51 14.72
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Si with additive loading provides further confirmation that the nanoparticle phases are successfully introduced 
into the Hitec matrix3,5. Combined with the FE-SEM observations, the mapping data indicate that HfB2 tends to 
produce more localized additive-rich regions associated with interfacial networks and partial clustering, whereas 
SiB6 shows a finer and more homogeneous spatial distribution. These differences are better explained by particle-
size and surface-related effects than by any change in chemical composition or phase stability. No elemental 
signatures suggesting contamination or secondary phases are detected in any sample. Overall, the EDX mapping 
results confirm that both HfB2 and SiB6 are incorporated without disturbing the elemental uniformity of the host 
salt, and they provide a microstructural basis for interpreting the later differences in thermophysical behavior.

DSC behaviour

The DSC profiles presented in Fig. 8, together with the thermal values summarized in Table 2, describe the 
phase-transition behavior of the investigated salts. In the case of pristine Hitec, a weak thermal response is 
observed close to 100 °C before the main melting region. This faint feature is most likely associated either 
with a minor solid-solid rearrangement within the multicomponent nitrate-nitrite system or with low-temperature 
effects related to the removal of residual moisture1,32,46. The dominant thermal events correspond to the melting 

Fig. 7  SEM images and EDX elemental maps of (a) pristine Hitec, (b) Hitec–2.0 wt% HfB2, and (c) Hitec–2.0 wt% SiB6. 
Individual maps show N, O, Na, and K in (a), B and Hf in (b), and B and Si in (c); all panels within each group correspond 
to the same observation area and include 10 μm scale bars.

 



Article in Press

Scientific Reports

https://doi.org/10.1038/s41598-026-69109-x

Table 2  Average phase-change parameters obtained from differential scanning calorimetry for pristine and nanoadditive-
modified Hitec salts.
Additive ratio (wt%)-nanoadditive Tmon (°C) Tmp

(°C)
ΔHentm (J/g) Tson

(°C)
Tsp
(°C)

ΔHents
(J/g)

ωmelt
%

ωsol
%

ΔT
(°C)

0 138.6 144.6 76.2 143.9 140.3 71.6 100.0 100.0 4.3
0.5-HfB2 139.5 147.0 89.4 144.5 136.7 88.0 117.3 122.9 10.3
1.0-HfB2 139.2 148.2 89.8 144.2 136.1 90.7 117.8 126.7 12.1
1.5-HfB2 140.3 147.6 90.1 144.1 137.1 91.6 118.2 127.9 10.5
2.0-HfB2 140.5 148.2 90.6 146.9 137.2 92.2 118.9 128.8 11.0
0.5-SiB6 141.2 147.4 92.6 146.4 139.1 97.3 121.5 135.9 8.3
1.0-SiB6 140.9 148.1 95.6 146.1 137.3 96.8 125.5 135.2 10.8
1.5-SiB6 140.5 147.1 93.5 145.3 137.7 94.2 122.7 131.6 9.4
2.0-SiB6 141.2 146.4 92.8 145.8 138.6 93.4 121.8 130.4 7.8

Fig. 8  Differential scanning calorimetry heating-cooling 
profiles of (a) pristine Hitec and HfB2-containing com-
positions, and (b) pristine Hitec and SiB6-containing 
compositions.
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and solidification transitions of the salt. During heating, pristine Hitec exhibits an onset melting temperature 
(Tmon) of 138.6 °C and a peak melting temperature (Tmp) of 144.6 °C, with a melting enthalpy (ΔHentm) of 76.2 
J/g. The baseline values for pristine Hitec were taken from our previously published dataset23 to ensure that all 
comparisons reported in this study are based on the same reference dataset. During cooling, the onset solidifica-
tion temperature (Tson), peak solidification temperature (Tsp), and solidification enthalpy (ΔHents) are 143.9 °C, 
140.3 °C, and 71.6 J/g, respectively. These values confirm that the thermal transition behavior of pristine Hitec is 
stable and reproducible, and they remain compatible with previously published data for comparable Hitec-based 
systems4,8,32,47. The cooling profiles also contain a second exothermic signal besides the main solidification peak. 
This feature indicates that crystallization is not completed in a single stage, but instead develops through suc-
cessive thermal events4,17,32,47. Such behavior is reasonable for a eutectic salt containing multiple components. 
One possible explanation is that a specific phase or sub-composition crystallizes first, after which further crystal-
lization proceeds as the composition of the remaining liquid shifts toward the eutectic domain. Another possible 
contribution may come from structural rearrangements within the solid phase or from post-solidification solid-
solid transformations4,17,32,47. For the nanocomposite Hitec salts, the effective contribution of the material to the 
phase-transition process was quantified by calculating the melting and solidification mass fractions using the 
equations given below15,29:

	
wm = ∆ Hentm, nano

∆ Hentm, Hitec
∗ 100� (1)

	
ws = ∆ Hents, nano

∆ Hents, Hitec
∗ 100� (2)

The symbols used in these equations distinguish the enthalpy values of the modified salts from those of the 
unmodified reference composition. In this context, ΔHentm, nano and ΔHents, nano correspond to the melting and 
solidification enthalpies of the nanocomposite formulations, whereas ΔHentm,Hitec and ΔHents,Hitec denote the 
same thermal quantities for pristine Hitec. The reference Hitec sample exhibited a melting enthalpy of 76.2 J/g. 
After addition of HfB2, the melting enthalpy shifted upward and fell within the interval of 89.4–90.6 J/g. The 
solidification enthalpy followed the same overall direction, increasing to values between 88.0 and 92.2 J/g. The 
resulting enhancement is also evident from the ωm and ωs values presented in Table 2, which were found to lie 
in the approximate ranges of 117–119% and 123–129%, respectively. The fact that the changes in phase-change 
temperatures remain relatively limited while the enthalpy values exhibit a pronounced improvement suggests 
that the nanoadditive primarily enhances the latent heat storage capacity through interfacial effects, rather than 
altering the inherent phase-change temperature window of the system17,48. It is considered that the formation of 
heterogeneous nucleation sites by HfB2 nanoparticles within the salt matrix facilitates more effective ionic rear-
rangement during melting and solidification, thereby enabling enhanced energy exchange39,49,50. Nevertheless, 
the fact that the enthalpy enhancement in the HfB2-added nanocomposites does not increase linearly with additive 
loading suggests that the response is sensitive to the dispersion homogeneity of the nanoparticles3,5,51. At lower 
loadings, a more uniform dispersion and a larger effective interfacial area are expected, whereas increasing the 
additive content can promote agglomeration and thereby reduce the active surface area. This microstructural het-
erogeneity is considered to contribute to a more pronounced secondary exothermic signal in the cooling curves 
or to a broadened solidification behavior3,5,15,51. In the SiB6-containing nanocomposites, the phase-change tem-
peratures changed only marginally relative to pristine Hitec, whereas the enthalpy response exhibited a distinct 
concentration-dependent optimum. The melting enthalpy increased from 92.6 J/g at 0.5 wt% to a maximum of 
95.6 J/g at 1.0 wt%, before decreasing to 93.5 and 92.8 J/g at 1.5 and 2.0 wt%, respectively. The solidification 
enthalpy reached its highest measured value at 0.5 wt% SiB6 (97.3 J/g), remained nearly comparable at 1.0 wt% 
(96.8 J/g), and subsequently declined to 94.2 and 93.4 J/g at 1.5 and 2.0 wt%, respectively. Therefore, although 
the exact maximum differs slightly between the heating and cooling processes, both transitions identify 0.5–1.0 
wt% as the most favorable SiB6 concentration range. This behaviour contrasts with that of the HfB2 series, in 
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which both enthalpies increase monotonically across the entire range studied, from 89.4 to 90.6 J/g and from 
88.0 to 92.2 J/g, respectively, with no internal optimum or subsequent decline observed within the investigated 
concentration range. Since the two additives were introduced on the same mass basis and processed under identi-
cal conditions, this difference indicates that the concentration dependence is governed by the characteristics of 
the additive particles rather than by the additive mass alone. At these low-to-intermediate additive levels, the 
comparatively small SiB6 particles can provide an extensive and accessible salt-particle interfacial area without 
severe particle crowding. During melting, these interfaces can modify the local ionic environment and facilitate 
the rearrangement of the nitrate-nitrite species, thereby supporting more effective energy absorption. During 
cooling, well-dispersed particles can additionally provide spatially distributed heterogeneous nucleation sites, 
promoting effective crystallization and thermal-energy release throughout the salt matrix17,39,48,50. The slight dif-
ference between the melting optimum at 1.0 wt% and the solidification maximum at 0.5 wt% is plausibly associ-
ated with the different kinetic sensitivities of melting and crystallization; nevertheless, both results indicate that 
the beneficial interfacial contribution is strongest before extensive particle-particle interaction develops. When 
the SiB6 loading exceeds 1.0 wt%, the reduction in interparticle distance and the high surface energy of the fine 
particles increase the probability of particle-particle interaction and agglomeration. This interpretation is con-
sistent with the morphological observations of Sect. 3.1, in which additive-associated agglomerated regions are 
present in the compositions containing the highest SiB6 contents. Under these conditions, a greater fraction of 
the nanopowder becomes incorporated into particle-rich clusters rather than remaining available as individually 
accessible salt-particle interfaces. This clustering reduces the effective interfacial area per unit additive mass, 
produces locally heterogeneous particle-rich and particle-poor regions, and can restrict the continuity of ionic 
rearrangement and crystal growth during the phase transition3,5,17,39. Consequently, further SiB6 addition does not 
provide a proportional increase in phase-change energy and instead causes the observed decreases in both melt-
ing and solidification enthalpies. The resulting non-linear trend therefore reflects a balance between beneficial 
interfacial and nucleation effects at 0.5–1.0 wt% and increasingly detrimental agglomeration effects at 1.5–2.0 
wt%, rather than a direct dependence on additive quantity alone.

The degree of supercooling (ΔT) was calculated from the difference between the peak melting temperature and 
the peak solidification temperature, as expressed in Eq. 315:

	 ∆T = Tmp− Tms� (3)

For pristine Hitec, the degree of supercooling was measured as ΔT = 4.3 °C. After HfB2 addition, ΔT increased 
to 10.3–12.1 °C, whereas the SiB6-containing compositions exhibited ΔT values in the range of 7.8–10.8 °C. The 
higher supercooling observed in both additive series relative to pristine Hitec indicates that solidification shifts 
toward lower temperatures. This behavior suggests a greater nucleation barrier and a stronger role of kinetic limi-
tations during crystallization rather than equilibrium-driven solidification17,48. One possible explanation is that 
the interfacial layers created around the nanoparticles interfere locally with the ordering of ions into a stable crys-
tal lattice, allowing the molten phase to persist for a longer time. From the viewpoint of microstructure, agglom-
erates and chain-like particle assemblies formed at higher additive contents may interrupt the continuity of crystal 
growth, so that some regions favor nucleation while others delay it39,49,50,52,53. When the HfB2 and SiB6-added 
nanocomposites are considered together, both systems are found to enhance the latent heat storage capacity while 
largely preserving the phase-change temperatures of pristine Hitec. However, the SiB6 series exhibits a more 
pronounced enthalpy enhancement, as reflected by higher ωm and particularly ωs values. This point is particu-
larly important from an application perspective, since the SiB6-modified compositions combine a comparatively 
lower supercooling penalty with markedly stronger latent-heat enhancement, making their overall phase-change 
performance more attractive than that of the HfB2 series. In contrast, the HfB2-added samples display higher ΔT 
values, indicating a stronger supercooling tendency. This difference can be attributed to variations in particle 
size and specific surface area, which influence the intensity of interfacial interactions, as well as to differences 
in dispersion homogeneity and the relative dominance of agglomeration effects within the microstructure17,54,55. 
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Although a rise in ΔT points to a stronger supercooling tendency, this effect should not be treated on its own as 
the main limitation of the present systems. The nanocomposite salts continue to operate within the characteristic 
phase-transition interval of pristine Hitec, while at the same time showing marked increases in both melting and 
solidification enthalpies. In practical terms, this indicates that a moderate supercooling penalty is accompanied 
by a substantial improvement in thermal energy storage capability and phase-change efficiency. As a result, the 
overall thermophysical performance remains advantageous, especially in compositions where the increase in ΔT 
is compensated by significant gains in ΔHent and ω values.

Figures 9 and 10 summarize the DSC trends discussed above. The limited spread of the error bars confirms 
good measurement repeatability. In both additive series, the characteristic phase-transition temperatures remain 
within a narrow interval close to those of pristine Hitec, whereas the melting and solidification enthalpies are 
enhanced. The HfB2 series exhibits a gradual increase throughout the investigated concentration range, while the 

Fig. 9  Variation in melting and solidification 
enthalpy parameters with additive loading for (a) 
HfB2-containing and (b) SiB6-containing Hitec salts.
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SiB6 series shows its most favorable response at 0.5–1.0 wt% followed by a decline at higher loadings. These 
figures therefore confirm that the magnitude and concentration dependence of the enthalpy enhancement are 
additive-specific, while the fundamental phase-transition window of Hitec remains largely preserved17,43.

Thermal conductivity behaviour

Figure 11 compares the room-temperature thermal conductivity behavior of pristine Hitec with that of the HfB2 
and SiB6-modified compositions. The measured conductivity values are presented together with their correspond-
ing error bars, while the calculated enhancement percentages are also given based on Eq. 417. The limited spread 
of the error bars indicates good measurement consistency and suggests that the observed variations mainly arise 
from nanoadditive incorporation rather than experimental uncertainty.

Fig. 10  Influence of additive concentration on phase-
transition temperature parameters for (a) HfB2-mod-
ified and (b) SiB6-modified Hitec salts.
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	 kenhancement % =
(

knano − kHitec

kHitec

)
∗ 100� (4)

In Eq. 4, knano denotes the thermal conductivity of the nanoadditive-containing composition, whereas kHitec 
denotes that of pristine Hitec. The thermal conductivity of pristine Hitec was 0.951 W/m.K, consistent with previ-
ously reported values for nitrate-nitrite salt systems10,47,56–58. For the HfB2-containing samples, the conductivity 
increased to 1.289, 1.377, 1.507, and 1.689 W/m.K at 0.5, 1.0, 1.5, and 2.0 wt%, corresponding to enhancements 
of 35.54%, 44.79%, 58.46%, and 77.60%, respectively. For the SiB6 series, the conductivity increased to 1.240, 
1.359, 1.486, and 1.529 W/m.K at 0.5, 1.0, 1.5, and 2.0 wt%, corresponding to enhancements of 30.39%, 42.90%, 
56.26%, and 60.78%, respectively. The increase in conductivity is attributed to conductive secondary-phase 

Fig. 11  (a) Measured thermal conductivity (k) of 
pristine Hitec and the modified salt compositions, 
and (b) calculated conductivity enhancement (%) 
for the same systems.
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pathways and reduced interparticle spacing, which facilitate heat propagation through the solidified matrix59–62. 
The departure from a perfectly linear trend is consistent with concentration-dependent dispersion quality and 
microstructural heterogeneity17,63–65. Local clustering can create densely connected particle-rich regions while 
leaving other regions less effectively connected, thereby moderating the macroscopic increment at higher load-
ings17,66,67. The thermal response should therefore be interpreted as a physical microstructural and interfacial 
effect, consistent with the FE-SEM observations and with previously reported heat-transport mechanisms in 
nano-enhanced thermal-storage materials4,13,15,39,43,59,61,68. Agglomeration at elevated loadings can restrict the 
development of a fully continuous network in both additive systems39,69–71. Direct comparison nevertheless 
shows that HfB₂ provides the stronger conductivity enhancement at every investigated loading, reaching 77.60% 
at 2.0 wt% compared with 60.78% for SiB6. This stronger response is attributed to the material characteristics of 
HfB2 together with increasing particle contacts and intergranular conductive pathways17,39,72–74. Since the XRD 
and FT-IR results reveal no new phase or bond formation, the conductivity improvement is interpreted as a physi-
cal microstructural effect rather than a consequence of chemical or phase transformation43,59,61,68.

Specific heat capacity behaviour

The differential scanning calorimetry heat-flow curves of pristine Hitec and the nanocomposite salts over the 
0–400 °C interval are presented in Fig. 12. These curves show how the thermal response evolves through the 
solid region, the phase-transition interval, and the fully molten state. Figure 13a-b gives the average Cp values 
determined separately for the solid and liquid phases, together with the associated y-error bars reflecting mea-
surement scatter. Figure 13c-d shows the corresponding Cp enhancement percentages as a function of additive 
type and loading with respect to pristine Hitec. The relatively small error bars observed in these plots indicate 
good repeatability and suggest that the trends arise mainly from nanoadditive incorporation rather than experi-
mental fluctuation. For pristine Hitec, the average Cp values were determined as 1.43612 J/g.°C in the solid phase 
and 1.51099 J/g.°C in the liquid phase. These values are consistent with the ranges commonly reported for pure 
Hitec salts, where solid-state specific heat capacity is generally around 1.40 J/g.°C and liquid-phase values are 
typically reported between 1.45 and 1.56 J/g·°C3,8,47,75. The agreement with literature indicates that the present 
measurements are reliable and that the prepared salt preserves the expected eutectic behavior. In addition, the 
weak secondary thermal signal near 100 °C in the differential scanning calorimetry curves may be associated with 
a solid-solid rearrangement separate from the principal phase transition or with other low-temperature thermal 
effects. A pronounced increase in thermal response through the melting interval further suggests that the sup-
plied heat is consumed not only by temperature rise but also by disruption of the crystalline arrangement and by 
rearrangement of interfacial regions surrounding the nanoparticles10,76. This also explains why the Cp response 
becomes more sensitive to nanoadditive incorporation in the phase-transition region8,39,77. To quantify the influ-
ence of nanoparticle addition on specific heat capacity, the Cp enhancement percentage was calculated using Eq. 
517:

	
Cp enhancement (%) =

(
Cp,nano − Cp,Hitec

Cp,Hitec

)
∗ 100� (5)

In these expressions, Cp, nano corresponds to the specific heat capacity of the nanocomposite formulations, whereas 
Cp, Hitec refers to the same property for pristine Hitec in the corresponding phase. For the HfB2-modified salts, the 
Cp values increase noticeably with additive loading and reach a maximum at approximately 1.5%. In the solid 
state, the Cp value at 0.5% HfB2 is 1.47028 J/g.°C, corresponding to an increase of 2.38%. When the additive 
content is raised to 1%, the solid-phase Cp increases to 1.65689 J/g.°C, giving an improvement of 15.37%. At 
1.5% loading, the solid-phase Cp reaches 2.22838 J/g.°C, which represents the maximum increase of 55.17%. 
When the HfB2 content is further increased to 2%, the solid-phase Cp decreases to 1.98795 J/g.°C, although it still 
remains 38.43% higher than that of pristine Hitec. A comparable tendency is observed for the liquid phase. The 
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Cp enhancement values corresponding to 0.5%, 1%, 1.5%, and 2% HfB2 additions are 11.22%, 21.60%, 66.65%, 
and 49.50%, respectively. These findings indicate that HfB2 improves the energy storage capability of the salt in 
both phases, with the most effective performance occurring around 1.5% loading. The decrease observed at 2.0 
wt% confirms that the Cp response is non-linear and identifies 1.5 wt% as the optimum HfB2 loading under the 
present experimental conditions3,4,13,39. For the SiB6-containing nanocomposite Hitec salts, the variation in Cp 
displays a more distinct optimum behavior. At 0.5% SiB6, the solid-phase Cp reaches 2.27227 J/g.°C, correspond-
ing to a 58.22% increase. Increasing the additive level to 1% further raises the Cp to 2.98397 J/g.°C, which repre-
sents the maximum enhancement of 107.78%. However, when the SiB6 content is increased to 1.5% and 2%, the 
solid-phase Cp decreases to 1.50283 and 1.32640 J/g.°C, respectively. Under these conditions, the enhancement 
drops to 4.65% and becomes negative (− 7.64%) at 2%, indicating a value lower than that of pristine Hitec. A 
comparable evolution is also observed for the liquid phase, where high Cp enhancements of 70.45% and 117.79% 

Fig. 12  Cp graph of (a, c, e) 
Hitec and HfB2-added and 
(b, d, f) Hitec and SiB6-
added Hitec salts.
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are obtained at 0.5% and 1% loadings, followed by a sharp reduction to 6.01% and 1.11% at higher concentra-
tions. These observations indicate that the optimum additive content for the SiB6-modified system is close to 1%, 
beyond which the beneficial contribution rapidly diminishes. Taken together, the Cp results identify 1.5 wt% HfB2 
and 1.0 wt% SiB6 as the respective optimum loadings. The sharper decline in the SiB6 series above 1.0 wt% and 
the more gradual decrease in the HfB2 series indicate that the Cp response depends on additive-specific particle 
characteristics, accessible interfacial area, and concentration-dependent agglomeration8,13,17,39,47. This interpreta-
tion is consistent with the morphological observations of Sect. 3.1, in which additive-associated agglomerated 
regions are present in the compositions containing the highest additive contents. Interfacial rearrangement can 
enhance energy storage at suitable loadings, whereas clustering reduces the effective salt-particle contact avail-
able to contribute to Cp

4,13. Therefore, Cp is governed by a balance between beneficial interfacial organization and 
agglomeration rather than by additive content alone.

Thermal stability behaviour

The thermogravimetric responses of pristine Hitec together with the HfB2- and SiB6-containing Hitec salts are 
compared in Fig. 14, which allows their degradation behavior to be evaluated under the same heating condi-
tions. For pristine Hitec, the onset of thermal degradation was determined as 612 °C. This value is in reasonable 

Fig. 13  Specific heat capacity (Cp) values of (a) pristine Hitec and HfB2-containing Hitec salts and (b) pristine Hitec and 
SiB6-containing Hitec salts, together with Cp enhancement values of (c) HfB2-modified and (d) SiB6-modified Hitec salts.
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agreement with decomposition ranges commonly reported for Hitec-based molten salt systems, which are gener-
ally located in the low- to mid-600 °C region and often fall within approximately 630–650 °C. The close cor-
respondence between the present result and previously published data indicates that the prepared reference salt 
exhibits the expected high-temperature behavior of Hitec and also supports the reliability and reproducibility of 
both the synthesis route and the thermogravimetric analysis procedure5,8,13. In this respect, the pristine salt pro-
vides a suitable baseline for evaluating the effect of nanoadditive incorporation. After HfB2 addition, the degra-
dation onset shifts toward higher temperatures, indicating improved thermal resistance. However, the magnitude 
of this improvement does not increase in a perfectly linear manner with additive content. Specifically, the onset 

Fig. 14  Thermogravimetric analysis curves 
of pristine and nanoadditive-modified Hitec 
salts.
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temperatures for Hitec salts containing 0.5%, 1%, 1.5%, and 2% HfB2 were measured as 641 °C, 644 °C, 653 °C, 
and 648 °C, respectively. The pronounced enhancement observed at 1.5% HfB2 suggests that this concentration 
provides the most effective stabilization within the investigated range. The slight decrease from 653 °C at 1.5 wt% 
to 648 °C at 2.0 wt% indicates that the HfB2 stabilization effect reaches an optimum before higher-loading micro-
structural heterogeneity begins to limit the response39,78,79. A more gradual and sustained stabilization behavior is 
observed for the SiB6 nanoadditive Hitec salts. In this case, the degradation onset temperature increases progres-
sively with additive concentration, reaching 652 °C, 655 °C, 657 °C, and 663 °C for 0.5%, 1%, 1.5%, and 2% 
SiB6 nanoadditions, respectively. The continuous upward shift indicates that SiB6 remains effective in delaying 
degradation processes across the entire concentration range investigated, without exhibiting the saturation or 
reversal behavior noted for HfB2. The highest onset temperature of 663 °C achieved at 2% SiB6 represents the 
maximum thermal stabilization among all compositions examined in this study. The upward shifts in degradation 
onset are attributed to the thermal robustness of the boride inclusions and their concentration-dependent physical 
distribution within the Hitec matrix39,43,49,78,79. The HfB2 series reaches its optimum at 1.5 wt% and then declines 
slightly, whereas SiB6 produces a progressive increase up to 663 °C at 2.0 wt%. This additive-specific behaviour 
is consistent with the differing microstructural distributions observed in Sect. 3.1. Since the XRD and FT-IR 
results show preservation of the Hitec phase and bonding framework, the improvement is interpreted as physical 
microstructural stabilization rather than chemical transformation. Overall, SiB6 provides the highest degradation 
onset temperature, while HfB2 provides its strongest stabilization at 1.5 wt%.

As summarized in Table 3, earlier studies on Hitec molten salt systems have mainly concentrated on oxide 
nanoparticles and layered additives, typically applied at very low contents around 0.1 wt%5,8,13. In such systems, 
very high melting enthalpy improvements have been reported, reaching up to 78% for TiO2

5 and 72% for h-BN8. 
However, these large ΔHentm increases are usually confined to a narrow concentration range and tend to decrease 
rapidly once the additive level exceeds the optimum. This behavior indicates a strong dependence on dispersion 
conditions and limits the practical applicability of oxide- and layered-additive systems under broader processing 
conditions. In contrast, the present results show that boride-based ceramic nanoadditives provide a more balanced 
improvement across multiple thermophysical properties. Although the maximum ΔHentm enhancements obtained 
with HfB2 (18.9% at 2 wt%) and SiB6 (25.5% at 1 wt%) are lower than the peak values reported for TiO2 and 
h-BN at 0.1 wt%5,8, these improvements are achieved at considerably higher additive loadings, offering greater 
flexibility in practical applications. This distinction indicates that boride-based systems can tolerate a wider 
concentration range without abrupt performance degradation, which is a key advantage for scale-up and long-
term operation. A key contribution of the present study is the magnitude of the specific heat capacity improve-
ment, particularly in the SiB6-modified Hitec salt. The maximum liquid-phase Cp enhancement reaches 117.79% 
at 1 wt% SiB6, exceeding the values reported for many oxide-based additives and layered systems, including 

Ref. Nanoparticle Nanoparticle 
size

Maximum ΔHentm 
enhancement (% / 
additive ratio)

Cp% max. at liquid-
phase / additive 
ratio

Maximum upper 
working tempera-
ture enhancement 
(% / ditive ratio)

5 TiO2 25 nm 78% / 0.1 wt% 5.5% / 0.1 wt% 5.2% / 0.1 wt%
13 CuO ≤ 50 nm 30% / 0.1 wt% 5.6% / 0.1 wt% 9.1% / 0.1 wt%
8 h-BN 70 nm 72% / 0.1 wt% 27% / 0.1 wt% 7% / 0.1 wt%
4 Al2O3 40–80 nm – 5.77% / 2 wt% –
3 Al2O3 < 50 nm – 19.9% / 0.063 wt% –
10 SiO2 10–20 nm – 15% / 1 wt% –
10 Al2O3 < 50 nm – −43% / 1 wt% –
75 Sn/SiOx 

core-shell
Sn core 100 
nm + SiOx 
shell 10 nm

– 30% / 5 wt% –

 This work  HfB 2  50 nm  18.9% / 2 wt%  66.65% / 1.5 wt%  6.70% / 1.5 wt% 
 This work  SiB 6  40 nm  25.5% / 1 wt%  117.79% / 1 wt%  8.33% / 2 wt% 

Table 3  Literature-based 
comparison of peak ΔHentm 
enhancement, liquid-phase 
Cp improvement, and upper 
operating temperature 
increase in Hitec-based 
nanocomposite molten salts.
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Al2O3
3,4,10, SiO2

10, and h-BN8. The HfB2-containing system also shows a substantial liquid-phase Cp increase 
of 66.65% at 1.5 wt%, placing it among the stronger-performing Hitec-based nanocomposite systems reported 
in the literature to date. These findings indicate that boride-based nanoadditives can provide highly competitive 
specific heat capacity enhancement while maintaining the structural and chemical stability of the salt matrix. 
With respect to thermal stability, the upper working temperature enhancements achieved in the present study 
are comparable to or exceed those reported for several oxide-based systems. While TiO2, CuO, and h-BN-added 
Hitec salts typically exhibit upper working temperature improvements in the range of 5–9% at low loadings5,8,13, 
the SiB6-added Hitec salt achieves an enhancement of 8.33% at 2 wt%, and the HfB2 system reaches 6.70% at 1.5 
wt%. Importantly, these gains are obtained concurrently with strong enhancements in both ΔHentm and Cp whereas 
many literature studies report improvements in one parameter at the expense of others. Despite these advantages, 
ΔHentm and Cp remain concentration-dependent, particularly in the SiB6 series, and therefore require careful opti-
mization of additive loading3,10. Taken together, the comparison of literature indicates that the key advantage of 
the present work does not lie in maximizing a single thermophysical parameter at minimal loading, but rather in 
achieving a robust and simultaneous enhancement of melting enthalpy, specific heat capacity, and upper working 
temperature within a chemically and structurally stable framework. While oxide-based additives can yield very 
high ΔHentm enhancements at ultra-low concentrations5,8, the boride-based HfB2 and SiB6 nanoadditives intro-
duced in this study offer a favorable balance between performance magnitude, concentration tolerance, and multi-
property enhancement, with SiB6 exhibiting stronger Cp, latent heat, and upper-temperature improvements, while 
HfB2 delivers the strongest thermal conductivity enhancement. Overall, SiB6 provides the strongest combined 
improvements in phase-change energetics, Cp, and thermal stability, whereas HfB2 provides the highest thermal-
conductivity enhancement. The increase in ΔT should therefore be evaluated together with these simultaneous 
gains rather than as an isolated performance metric. The combined performance improvements obtained in this 
study have important implications for concentrating solar power systems and other high-temperature thermal 
energy storage applications in which molten salt functions simultaneously as the heat-transfer fluid and the stor-
age medium. The increase in ΔHentm corresponds to a higher phase-change energy density, which can lower 
the storage mass or volume required to achieve a given latent-heat capacity and can also improve heat recov-
ery during melting and solidification. In particular, the very large liquid-phase Cp enhancement obtained with 
SiB6 provides a clear benefit for sensible-heat storage by increasing the stored energy per unit mass per degree, 
thereby supporting more compact storage-tank designs at the same thermal capacity. In addition, the higher upper 
operating temperature observed in the boride-modified systems broadens the usable temperature range of Hitec, 
enabling safer operation at elevated temperatures and improving compatibility with advanced concentrating solar 
power cycles. When these effects are considered together with the thermal conductivity improvements demon-
strated in this work, the results indicate that both HfB2 and SiB6-modified Hitec salts are promising materials 
for next-generation concentrating solar power-based thermal energy storage and heat-transfer applications, with 
HfB2 being especially attractive when rapid heat transfer is prioritized and SiB6 being particularly advantageous 
when maximizing heat-storage capacity and thermal stability. Although nanoparticle incorporation leads to an 
increase in supercooling, the phase-change temperature interval remains close to that of pristine Hitec, and the 
associated penalty remains manageable in view of the substantial gains in energy density, heat-transfer capability, 
and thermal robustness. Despite the strong performance gains, several limitations should be acknowledged. First, 
the non-linear concentration dependence, particularly in the SiB6 series, requires careful optimization of additive 
content and dispersion conditions. Second, while the present study establishes clear improvements in key metrics, 
long-term thermal cycling stability under extended operating durations and realistic CSP conditions has not been 
fully addressed and warrants further investigation. Third, system-level factors such as viscosity variation, pump-
ing power penalties, and corrosion behavior in contact with typical receiver and piping alloys should be examined 
in future work to evaluate full-scale applicability. Addressing these aspects through long-duration cycling tests 
and integrated system evaluations will be essential to translate the demonstrated boride-based nanoenhancement 
strategy into practical high-temperature energy storage deployments.
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Conclusions

In this study, Hitec molten salt was enhanced with HfB2 and SiB6 nanoparticles to address the key performance 
requirements for heat transfer and thermal energy storage in CSP systems, including higher storage capacity, 
faster heat transfer, safe high-temperature operation, and preservation of material integrity. Structural and mor-
phological evaluations confirmed that the fundamental nitrate–nitrite character of the Hitec matrix was main-
tained, no new phases or chemical bonds were formed, and the nanoparticles were physically integrated into the 
molten salt. Therefore, the observed performance enhancements were attributed to microstructural and interfacial 
effects rather than chemical transformation through phase evolution.

	● The maximum melting enthalpy reached 95.6 J/g in the Hitec–1.0 wt% SiB6 composition, indicating a signifi-
cant increase in thermal energy storage density.

	● The highest solidification enthalpy of 97.3 J/g was obtained for Hitec 0.5 wt% SiB6, supporting improved en-
ergy recovery during thermal cycling.

	● The maximum melting mass fraction enhancement reached 125.5% in Hitec 1 wt% SiB6, while the highest 
solidification mass fraction enhancement of 135.9% was observed in Hitec 0.5 wt% SiB6, indicating more ef-
fective phase change utilization.

	● The phase-transition temperatures were retained within a limited operating interval. For pristine Hitec, the 
onset and peak melting temperatures were 138.6 °C and 144.6 °C, respectively, indicating that the improved 
performance was achieved without significantly altering the usable temperature range.

	● The supercooling degree rose from 4.3 °C for pristine Hitec to 12.1 °C at 1 wt% HfB2 and 10.8 °C at 1 wt% 
SiB6. Despite this change, the increase can be considered moderate in relation to the overall performance 
improvements, as the phase-transition range remained essentially unchanged while notable enhancements in 
energy storage capacity, heat transfer, and thermal stability were maintained.

	● The strongest enhancement in specific heat capacity was achieved for Hitec 1 wt% SiB6, with a 107.78% in-
crease in the solid phase corresponding to a Cp of 2.98397 J/g.°C, and a 117.79% increase in the liquid phase.

	● For HfB2, the optimum specific heat capacity response occurred at 1.5 wt%, where the specific heat capac-
ity reached 2.22838  J/g.°C, corresponding to 55.17% and 66.65% increases in the solid and liquid states, 
respectively.

	● The highest thermal conductivity achieved with HfB2 addition was 1.689 W/m.K in Hitec 2 wt% HfB2, cor-
responding to a 77.60% increase.

	● In the SiB6 series, the thermal conductivity increased to a maximum of 1.529 W/m.K in Hitec 2 wt% SiB6, 
representing a 60.78% enhancement in heat-transfer capability.

	● Thermal stability improved markedly, with the degradation onset showing a maximum increase of 8.33% in 
the 2 wt% SiB6 composition and 6.70% in the 1.5 wt% HfB2 composition.

From an application standpoint, these improvements directly target key limitations of concentrated solar power-
based thermal energy systems. The marked increases in melting enthalpy and specific heat capacity translate into 
higher energy storage density, making it possible to achieve the same energy output with more compact stor-
age units and lower material demand. The increase in thermal conductivity also promotes faster heat exchange, 
lowers thermal resistance, and shortens charge-discharge times in heat-transfer circuits and heat exchangers. 
In addition, the higher degradation onset temperature broadens the safe operating interval of Hitec molten salt, 
enabling more reliable use at elevated temperatures and contributing to improved overall system performance. 
Taken together, these findings show that both HfB2 and SiB6 nanoparticle incorporation provide highly effective 
routes for advancing Hitec molten salt as a multifunctional medium for both heat transfer and thermal energy 
storage in next-generation concentrated solar power applications. HfB2 is especially beneficial for maximizing 
thermal conductivity, whereas SiB6 offers the strongest combined gains in latent heat, specific heat capacity, and 
thermal stability.
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