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Highlights

• SiO2 nanofluids reduced AISI 301LN corrosion by up to 60%.
• SiO2 doping increased oxide-scale hardness and protectiveness.
• <20 nm SiO2 doping showed more protective barrier than <50 nm SiO2.
• Si-rich reticulated nanostructures formed within oxide scales.
• A corrosion protection mechanism in SiO2 salt nanofluids is proposed.

Abstract

Molten carbonate salt nanofluids have emerged as a promising approach to improve the
power generation efficiency of next-generation concentrated solar power (CSP) systems
due to their enhanced thermophysical properties at high temperatures. However, corro-
sion upon salt nanofluids remains a key challenge for the use of cost-effective steels as
construction materials in CSP applications. In this work, the corrosion behavior of AISI
301LN stainless steel exposed to molten carbonate salt nanofluids containing 1.0 wt.% SiO2

nanoparticles with <20 nm and <50 nm has been studied. Corrosion tests were conducted
in a static Li2CO3-Na2CO3-K2CO3 molten salt mixture at 600 ◦C for 1000 h. The oxide
scales formed after exposure to the three nanofluids and the base salt were compared. The
results revealed that the corrosion rate of AISI 301LN steel on molten salt was reduced by
the addition of SiO2 nanoparticles. The incorporation of SiO2 nanoparticles into the oxide
scale leads to the formation of dense reticulated nanostructures composed of Si-containing
oxides, respectively. This increases the hardness of the oxide scale and enhances its pro-
tective performance in molten salt, particularly when using SiO2 nanoparticles with the
smallest size (<20 nm).

Keywords: molten salts; silica nanoparticles; high-temperature corrosion resistance; anti-
corrosion mechanism; stainless steel

1. Introduction
Addressing the current energy crisis requires efficient energy storage solutions to

manage the intermittency of renewable energy sources such as solar and wind. Thermal
Energy Storage (TES) offers high efficiency, low operational costs, and scalability [1–5].
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Commonly used in Concentrated Solar Power (CSP) plants, TES systems typically include
a storage medium, a heat transfer mechanism, and a containment system [6–8]. While
nitrate molten salts are standard in commercial CSP applications [9–11], next-generation
technologies are focusing on carbonate and chloride salts due to their superior high-
temperature performance and energy efficiency potential [12,13]. Carbonate salts, in
particular, provide favorable thermophysical properties and lower corrosivity toward CSP
materials [14–17], though challenges remain due to their high melting point (~400 ◦C)
and cost [18–20]. Among these, the eutectic LiNaK carbonate mixture (32.1 wt.% Li2CO3;
33.4 wt.% Na2CO3; 34.5 wt.% K2CO3) stands out for its optimal performance and cost-
effectiveness [21,22].

Previous research has established the high-temperature compatibility of various
austenitic and duplex stainless steels (e.g., AISI 304, 316, 2205) with eutectic carbonate
melts, typically forming Li-mixed oxide scales [22–28]. Given that CSP plants are designed
to operate for over 30 years, extensive research has focused on corrosion mitigation to limit
degradation to a few tens of micrometers per year [21,22]. Recent strategies using carbon-
ate and nitrate salts include the following: (1) adding nanoparticles to molten salts [29],
(2) applying protective oxide coatings [30–36], and (3) surface texturing of stainless steels
via fractal [37] and laser methods [38–43]. Among these, nanoparticle-doped molten salts,
also known as molten salt nanofluids (NFs), have shown particular promise. This approach
not only reduce corrosion in carbon and stainless steels but also enhances specific heat
capacity and thermal conductivity. The nanoparticles help stabilize the corrosion layer,
thereby significantly decreasing corrosion rates in nitrate salt environments [29]. In this
regard, Fernández et al. [44] reported an exceptionally low corrosion rate of 0.007 mm yr−1

for AISI 347 stainless steel in solar salt containing 1 wt.% Al2O3 nanoparticles, attributed to
the formation of a protective Al2O3-enriched layer. Similarly, Nithiyanantham et al. [45]
showed that adding 1 wt.% Al2O3 or SiO2 nanoparticles reduced the corrosion rate of
A516 Gr70 carbon steel by more than 60% compared with pure solar salt. Moreover, Gao
et al. [46] also demonstrated that SiO2 and TiO2 nanoparticles enhance passive film stability
and reduce corrosion kinetics in molten nitrate salts. Under CSP-relevant dynamic condi-
tions, Nieto-Maestre et al. [47] reported negligible corrosion of AISI 347 stainless steel and
confirmed the beneficial effect of Al2O3 nanoparticles, while subsequent studies [48,49]
showed that nanoparticle addition reduces corrosion layer thickness and improves molten
salt stability. Thus, these studies highlight the key role of nanoparticles in stabilizing
protective oxide layers and enhancing corrosion resistance.

Nanoparticle doping can mitigate corrosion in CSP thermal storage systems by pro-
moting protective layer formation and improving salt properties. However, adverse effects
have also been reported. Grosu et al. [50] and Piquot et al. [51] found that nanoparticles
increased the corrosion of A516 Gr70 carbon steel in HitecXL molten salt at 310 ◦C by
modifying the corrosion mechanism. Al2O3 and SiO2 nanoparticles produced corrosion
layers 2–3 times thicker than in the base salt due to air microbubble entrapment, which
increased local oxygen levels. At 390 ◦C, the bubbles disappeared and corrosion rates
became lower than in pure salt, despite nanoparticle agglomeration during prolonged
exposure [50].

Nanoparticle-enhanced carbonate salts exhibit higher heat capacity than nitrate salts
when using identical nanoparticles, with reported specific heat enhancements of 10–35%
for carbonates compared to 5–15% for nitrates [29,52–56]. Recent studies have confirmed
improved specific heat and thermal conductivity in carbonate molten-salt nanofluids,
which are strongly dependent on nanoparticle type, dispersion quality, and operating
temperature [57–64]. An optimal nanoparticle concentration of around 1 wt.% is widely
reported [58–65], as higher loadings often cause viscosity increases of 20–50%, offsetting

https://doi.org/10.3390/ma19153283

https://doi.org/10.3390/ma19153283


Materials 2026, 19, 3283 3 of 17

thermal benefits. Even so, data on the corrosion inhibition of steels in carbonate salts with
nanoparticles remain scarce. Schuller et al. [66] reported that adding 1.0 wt.% Al2O3 or
SiO2 to molten Li2CO3-K2CO3 halved the corrosion rate of AISI 304 at 520 ◦C. Similarly,
Frangini and Loreti [67] found that CaO and MgO nanoparticles reduced corrosion of
316L stainless steel in eutectic Li–Na carbonate at 650 ◦C, with benefits up to 10 mol%.
Yang et al. [68] observed corrosion reductions of 18.7%, 25.8%, and 6.5% for three different
stainless steel grades, AISI 201, SS304, and SS316L, respectively, in carbonate salts with
1.0 wt.% ZnO (30 nm) at 550 ◦C, attributing improvements to nanoparticle migration into
the corrosion scale. Grosu et al. [56] showed that ternary carbonate nanofluids with 12 nm
Al2O3 at 600 ◦C halved AISI 310 corrosion and improved heat capacity (~7%), thermal
conductivity (~12%), and viscosity (~35%). Furthermore, Fernandez et al. [69] reported
enhanced corrosion resistance in alumina-forming austenitic alloys (OC4, HR224) at 650 ◦C.
More recently, Morales et al. [70] demonstrated that doping AISI 301LN steel with ~1 wt.%
Al2O3 nanoparticles in Li2CO3–Na2CO3–K2CO3 at 600 ◦C reduced the corrosion rate by
close to 50%. Those findings demonstrated improved corrosion resistance linked to the
presence of Al2O3, underscoring the potential of nanoparticle-reinforced salts and alloys
for high-temperature applications.

The aim of this work is to evaluate the corrosive behavior at 600 ◦C of austenitic
stainless steel 301LN in contact with two eutectic carbonate molten-salt-based nanofluids,
obtained by doping with <20 nm and <50 nm SiO2 nanoparticles, using the most commonly
reported nanoparticle concentration reported in the literature (1 wt.%). SiO2 nanoparticles
exhibit an interesting chemical behavior in molten carbonate salts due to their acidic
character, promoting the formation of Fe2SiO4 and a Si-rich reticulated nanostructure that
may enhance the mechanical integrity and protective performance of the oxide scale [57–65].
Previous works have pointed out AISI 301LN and duplex stainless steels as promising
alloys for certain components of CSP systems exposed to molten carbonate salts [24,25].
AISI 301LN offers an interesting balance between corrosion and mechanical resistance with
lower cost than other 300-series steels [71–73] and its fatigue and wear resistance can be
further enhanced by surface treatments [74–77]. In the present work, samples were tested
by immersion in a static Li2CO3, Na2CO3, and K2CO3 mixture with SiO2 nanoparticles at
600 ◦C for 1000 h. Compositional, microstructural, and micromechanical analyses of oxide
scales formed in the base salt and nanofluid environments were conducted to elucidate the
underlying corrosion mechanisms and assess their mitigation as a function of nanoparticle
size and the nature of the two different nanoparticles.

2. Materials and Methods
The AISI 301LN stainless steel composition is shown in Table 1. Specimens

(50 × 20 × 2 mm3) were ground with 1200-grit SiC paper, cleaned ultrasonically in ethanol,
and weighed.

Table 1. Chemical composition of AISI 301LN (wt.%) [70].

Alloy Fe Cr Ni Mn C N Si P S

AISI 301LN Bal. 17.6 7.2 1.2 0.02 0.12 <1.0 <0.03 <0.006

Three molten carbonate salt systems were prepared using a dry method according to
previous studies [38–42]: a base salt and two nanofluids containing <50 nm and <20 nm
SiO2 nanoparticles. A eutectic composition (32 wt.% Li2CO3—33 wt.% Na2CO3—35 wt.%
K2CO3) was selected due to its low melting point (397 ◦C), suitable for thermal energy
storage. Carbonate salts (99% purity) and nanoparticles were supplied by Sigma-Aldrich
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(St. Louis, MO, USA). Prior to weighing, the salts were dried at 180 ◦C for 48 h. Nanofluids
were prepared by mixing 99 wt.% salt with 1 wt.% nanoparticles for 20 min, while the base
salt was processed under the same conditions without nanoparticles.

Corrosion tests were conducted by immersing samples in molten salts contained in
alumina crucibles under air at 600 ◦C, above the salt melting point (397 ◦C), to simulate
operating conditions of molten-salt phase change materials in CSP systems. After exposure,
the furnace was cooled to 450 ◦C, and samples were removed, rinsed with deionized
water, and dried. Corrosion rates were determined using the mass-loss descaling method
in accordance with ASTM G1-03 [78]. Surface oxides were removed by immersing the
samples for 1–3 min in a 10% (v/v) HCl solution, followed by rinsing and weighing with a
high-precision microbalance, following previous studies [38–42]. The corrosion rate (CR)
was calculated from mass loss using Equation (1):

CR =
8760·∆m

ρ·t (1)

where ∆m is the mass change per unit initial surface area (mg/cm2), ρ is the material
density (g/cm3), t is the exposure time (h), and 8760 represents the number of hours in one
year. Reported values represent the average of at least three specimens. The microstructure
of oxide scales and corrosion products was examined by field emission scanning electron
microscopy (FESEM) coupled with EDS (Carl Zeiss Merlin, Berlin, Germany). Surface
and cross-sectional analyses were performed. Cross-sections were prepared by mounting
corroded samples in phenolic resin, followed by grinding with 600–1200 grit SiC papers and
polishing with 30, 6, and 3 µm diamond suspensions. Crystalline phases were identified
by XRD (Bruker D8-Advance, Bruker, Billerica, MA, USA) using Cu Kα radiation (40 kV,
40 mA). Measurements were carried out at room temperature over a 2θ range of 30–80◦ with
a step size of 0.01◦ and 1 s per step. Phase identification was performed using the JCPDS
database and DIFFRACplus EVA software. Hardness measurements of AISI 301LN and the
oxide scale near the oxide–steel interface were conducted using a Nanoindenter XP (Agilent
Technologies, Santa Clara, CA, USA) with a Berkovich tip. Hardness values were calculated
using the Oliver and Pharr method [79]. Samples were embedded, ground, and polished as
previously described [80]. Two test series were performed per sample: 40 indents for the
substrate and 20 indents for the oxide scale, using a maximum displacement of 500 nm and
spacings of 20 µm and 10 µm, respectively. Finally, Google Gemini 3.6 software was used
to assist in the development of the conceptual graphical representation of the corrosion
mitigation mechanism.

3. Results and Discussion
3.1. Corrosion Assessment

In this section, the corrosion assessment of the AISI 301LN stainless steel in molten
salt nanofluids is analyzed by the descaled loss method. Figure 1 shows the corrosion
rate as a function of exposure time in the base salt and molten salt nanofluids. During the
initial 180 h, a significant corrosion rate was observed in all salts. However, after 360 h, the
corrosion rate gradually decreased as the exposure time was extended. The progression
of the corrosion rate in AISI 301LN is aligned with findings from previous studies on
austenitic and duplex stainless steels [25,27,56]. During the initial period of corrosion, the
stainless steel undergoes rapid oxidation due to direct contact between the molten salt and
the steel surface, leading to intense redox reactions and high the corrosion rates. After a few
hundred hours of exposure, the corrosion products substantially hinder the molten salt’s
ability to continue reacting with the steel surface. Indeed, the corrosion rates determined
at 720 h and 1000 h were remarkably similar for each type of salt. The development of
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this protective layer governs the corrosion rate in all salts, thereby decreasing it to lower
levels. Nevertheless, the corrosion rate of AISI 301LN in both molten salt nanofluids was
considerably reduced compared to that in the base salt. After 1000 h, the corrosion rate
was 0.33 ± 0.10 mm/year in the base salt, decreasing to 0.18 ± 0.07 mm/year for the
salt nanofluids with <50 nm SiO2 nanoparticles and to 0.15 ± 0.06 mm/year with the
<20 nm SiO2 nanoparticles, showing nearly a 50–60% reduction across all salt nanofluids.
This phenomenon is ascribed to the addition of nanoparticles into the oxide scale, which
improves its protective performance.

Figure 1. Evolution of corrosion rates for AISI 301LN in base salt and salt nanofluids with <20 nm
and <50 nm SiO2 nanoparticles at 600 ◦C determined from the descaling loss method.

3.2. Analysis of Oxide Scales

The compositional and microstructural analyses of the oxide scales formed during
corrosion tests were carried out using SEM-EDS and XRD. SEM images of the AISI 301LN
samples exposed to molten salt nanofluids and base salt after 1000 h are shown in Figure 2.
The addition of SiO2 nanoparticles in the salt nanofluids stabilized the formation of the
oxide scale, which induced a more uniform oxidation surface (Figure 2a–f). The oxide-scale
microstructure formed in the molten salt nanofluids presented enlarged and polyhedral
grains (Figure 2b,e). Acicular and reticulated nanostructures of SiO2 were grown between
the polyhedral grains (Figure 2c,f). In contrast, a considerable density of agglomerated par-
ticles was observed on the surface of the oxide scale formed with the base salt (Figure 2g–i).
Furthermore, this oxide scale also presented spalled and micro-cracks after the corrosion
test. As discussed below, the EDS analyses conducted on the peeled-off regions revealed a
higher concentration of Cr than the nominal composition of the oxide scale. This observa-
tion indicates that the oxide scale likely has a multilayered structure, with an inner layer
enriched in Cr that may be covered by additional oxide layers consisting of different phases.

The cross-sectional SEM images in Figure 3 illustrate the oxide layers formed on
the AISI 301LN surface after exposure to base salt and molten salt nanofluids for 1000 h.
Post-corrosion analysis revealed that the oxide scales were predominantly continuous and
compact. However, some defects such as pores, voids, and vertical grooves at the interface
between the inner and outer oxide layers were observed (Figure 3a), which are often linked
to the formation of LiFeO2-containing corrosion products [81–83]. Notably, as shown in
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Figure 3b,c, the oxide layers formed on the samples immersed in molten salt nanofluids
exhibited a remarkably lower concentration of such defects compared to those exposed to
the base salt. Furthermore, the oxide scale thickness on AISI 301LN immersed in molten
salts containing SiO2 nanoparticles was significantly reduced compared to that in the pure
molten salt. In addition, at the end of the corrosion tests, the base molten salt exhibited
a considerably more intense coloration compared with the SiO2-containing molten salt
nanofluids, suggesting a higher concentration of dissolved metallic species generated
during the corrosion process and the subsequent formation and dissolution of metal oxide
compounds. This finding indicates a more pronounced corrosion mechanism in the base
salt environment, characterized by increased metal dissolution and oxide formation. The
higher amount of corrosion-derived species detected in the base salt further suggests that
the oxide scale formed during exposure was likely more extensive than that observed after
testing, as part of the oxide layer may have been removed due to dissolution, spallation, or
chemical interaction with the molten salt.

 

Figure 2. Surface SEM images of AISI 301LN after immersion for 1000 h in salt nanofluids with:
(a–c) <20 nm SiO2 nanoparticles and (d–f) <50 nm SiO2 nanoparticles; and (g–i) base salt.

 
Figure 3. Cross-sectional SEM images of the oxide scales formed on AISI 301LN after 1000 h exposure
to: (a) base molten salt, and molten salt nanofluids with: (b) <20 nm and (c) <50 nm SiO2 nanoparticles.
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Figure 4 presents cross-sectional SEM images alongside EDS elemental maps showing
the oxide layers formed on stainless steel surfaces after 1000 h of exposure to both base
molten salt and salt nanofluids. The corrosion process resulted in a characteristic multi-
layered oxide structure for all samples, but with some differences in the distribution of
alloying elements. The scales formed on the samples immersed in salt nanofluids displayed
significant incorporation of Si-containing oxides, along with a remarkable enrichment of
Ni in the outer oxide layer (Figure 4a,b). In contrast, as shown in Figure 4c, the outer
layer of the sample immersed in the base molten salt was predominantly enriched in Fe,
whereas the inner layer contained higher concentrations of Cr and Ni. It is well established
that the incorporation of Cr and Ni oxides into these oxide layers significantly enhances
corrosion resistance by forming effective barriers that hinder further oxidation. Therefore,
the synergistic effect associated with SiO2 addition suggests that salt nanofluids promoting
the enrichment of Cr- and Ni-rich scales may provide superior protective performance
compared with the base molten salt.

 

Figure 4. Cross-sectional SEM images and EDS mapping of the oxide scales formed on AISI 301LN
after 1000 h exposure to molten salt nanofluids with: (a) <50 nm, (b) <20 nm SiO2 nanoparticles, and
(c) base molten salt.

Figure 5 displays the XRD spectra of the reference AISI 301LN after 1000 h exposure to
base molten salt and molten salt nanofluids. For the sample exposed to the base molten salt,
the predominant corrosion products are lithium ferrites, such as LiFeO2, Li(Fe,Ni)O2 and
Li(Cr,Fe,Ni)O2. These phases were identified through complementary SEM–EDS and XRD
analyses (Figures 4 and 5). Their formation is characteristic of stainless steels exposed to
Li-containing molten salts and arises from the outward diffusion and selective oxidation of
Fe, Ni, and Cr, followed by subsequent reactions with lithium species present in the molten
salt [56,84]. The relatively sharp and intense ferrite-related peaks suggest the formation
of a continuous but chemically complex oxide scale. LiFeO2 was predominantly formed
in the Fe-rich outer layer, whereas Li(Cr,Fe,Ni)O2 was developed within the Cr/Ni-rich
inner layer. Doping with SiO2 nanoparticles led to the appearance of new peaks attributed
to Fe2SiO4. These results suggest that SiO2 nanoparticles do not remain chemically stable
within the molten salt matrix and that the corrosion products undergo further chemical
reactions. For both <20 nm and <50 nm SiO2 nanoparticle-containing nanofluids, Fe2SiO4

phase was identified, accompanied by lithium ferrites. The presence of the silicates demon-
strates that SiO2 nanoparticles dissolved or reacted within the molten salt environment and
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subsequently participated in corrosion product formation. Compared with the base salt,
the relative intensity of lithium ferrite peaks was reduced, particularly for the <20 nm SiO2

nanofluids, suggesting a partial suppression of Fe-rich oxide formation. This behavior was
attributed to the development of Si-rich oxide phases that acted as diffusion barriers for Fe
and Cr cations. Furthermore, the differences observed between the nanofluids containing
<20 nm and <50 nm SiO2 nanoparticles indicate a particle-size-dependent effect on phase
evolution. The finer nanoparticles promote stronger silicate formation, consistent with
their higher surface area and enhanced reactivity in the molten salt. This results in a more
complex but potentially more protective corrosion scale. Overall, the XRD results indicate
that nanoparticle additions significantly modify the corrosion-induced phase evolution of
AISI 301LN in molten salts. Whereas the base salt primarily promotes lithium ferrite forma-
tion, SiO2 nanofluids lead to the formation of iron silicates with implications for oxide scale
morphology and transport properties. In the nanofluids, the inner and outer oxide layers
exhibit higher Cr and Ni contents, respectively, compared with the base salt, contributing to
a reduced corrosion rate through stabilization of the oxide scale via nanoparticle–substrate
interactions, in agreement with previous studies [56]. No adverse effects related to air
microbubbles, such as porosity or scale defects, were observed, likely due to the high
operating temperature of the molten carbonate salts.

Figure 5. Top-surface XRD spectra of the pristine AISI 301LN and after 1000 h exposure to base
molten salt and molten salt nanofluids. The symbols denote the phases: ▲ Li(Cr,Fe,Ni)O2; # LiFeO2

and Li(Fe,Ni)O2; • Fe2SiO4.

3.3. Nanoindentation Tests of the Oxide Scales

The nanoindentation technique was employed to investigate the effect of nanopar-
ticles on the hardness of oxide scales and the related microstructural changes in AISI
301LN steel during corrosion testing in molten salts. In particular, the hardness values
were obtained near the oxide-steel interface, and at the inner and the outer layers of the
oxide scales after 1000 h of corrosion testing (Figure 6). The hardness of the bulk AISI
301LN steel for all samples after corrosion tests exhibited similar values to those of the
as-received material. Quantitatively, this bulk hardness of AISI 301LN was approximately
2.8 ± 0.1 GPa. This value aligns with reported hardness ranges for other AISI 300 series
austenitic stainless steels typically used in concentrated solar power (CSP) applications,
such as 310 (2.5–2.7 GPa) [85], 316L (2.8 ± 0.1 GPa) [86,87], and 347 (2.3–2.6 GPa) [88] typi-
cally used for CSP applications. Notably, an increase in hardness was observed near the
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oxide-steel interface, which can be attributed to residual stresses and phase transformations,
particularly martensitic transformations, induced by rapid cooling from the furnace to
ambient temperature. Therefore, there was no significant change in the overall hardness of
the steel after the 1000 h corrosion period, aside from localized increases near the oxide
interface. In comparison, the oxide layers formed in the presence of salt nanofluids demon-
strated a notable increase in hardness, approximately 30–40% higher than those formed
in the base salt. This enhancement is consistent with the denser and more compact oxide
morphology observed by SEM, which exhibited a substantially lower density of pores,
voids, and interfacial defects. The chemical composition and phase distribution within the
oxide scales remained largely similar across different conditions, with the exception of the
incorporation of Si-containing oxide phases in the nanofluid samples. The incorporation
of these Si-containing phases promoted the development of a mechanically more robust
oxide scale. Previous studies have shown that harder and denser oxide scales exhibit
greater resistance to crack initiation and spallation, thereby preserving the integrity of the
protective barrier and limiting the formation of diffusion paths for oxidizing species and
metallic cations [66,89,90]. Consequently, the enhanced hardness observed in the nanofluid
samples reflects improved mechanical integrity and barrier effectiveness, contributing to
superior corrosion resistance. Therefore, assessing the hardness via nanoindentation offers
valuable insights into the quality and protective efficacy of oxide scales formed during
high-temperature corrosion processes, complementing the microstructural observations
and confirming that the addition of SiO2 nanoparticles contributes to improved oxide-scale
integrity and long-term corrosion protection.

Figure 6. Hardness at the bulk, near the oxide-steel interface, and at the inner and the outer layers of
the oxide scales formed on AISI 301LN after 1000 h exposure to base molten salt, and molten salt
nanofluids with <50 nm and <20 nm SiO2 nanoparticles.

3.4. Mechanism of Corrosion Mitigation

The incorporation of SiO2 nanoparticles into the oxide scale is influenced by particle
size and provides a mechanistic explanation for the improved corrosion resistance of AISI
301LN stainless steel exposed to molten salt-based nanofluids. To complement the XRD
and SEM–EDS elemental mapping analyses, cross-sectional SEM–EDS line scans were
performed to determine the Si distribution across the oxide scale. Figure 7 presents the
Si concentration profiles measured after 1000 h of exposure at 600 ◦C. In both cases, Si
enrichment is detected within the oxide scale, particularly toward the outer region, con-
firming the incorporation of Si derived from the nanoparticles. However, the oxide formed
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in the nanofluid containing <20 nm SiO2 nanoparticles (Figure 7a) exhibits a higher Si
concentration and a more continuous profile than that obtained with <50 nm SiO2 nanopar-
ticles (Figure 7b), indicating more efficient transport and incorporation of the smaller
nanoparticles. The enhanced and more homogeneous Si enrichment promoted by the
smaller nanoparticles is expected to favor the formation of dense, chemically stable mixed
oxides that act as effective diffusion barriers to oxygen and aggressive ionic species. This
particle-size dependence can also be rationalized by considering the much larger number
of nanoparticles and the higher specific surface area provided by the nanofluids containing
<20 nm SiO2 nanoparticles at the same weight fraction. The increased interfacial area
enhances nanoparticle/molten-salt interactions and promotes faster interfacial reactions,
leading to a more efficient incorporation of Si-containing species into the growing oxide
scale. This improved barrier effect is consistent with the lower corrosion rates observed for
the nanofluids containing <20 nm SiO2 nanoparticles, highlighting the beneficial role of
nanoparticle size in promoting protective oxide scale development.

Figure 7. Concentration profiles (in normalized arbitrary units) across the oxide-steel interface
obtained from EDS line scans for the Si using: (a) <20 nm SiO2, and (b) <50 nm SiO2 nanoparticles for
AISI 301LN after a 1000 h corrosion test at 600 ◦C under salt nanofluids. The inset SEM micrographs
show the scanned line.

From the analytical results, several key observations can be made:

(1) The surface concentration of Si-containing oxide phases is notably high, well above
the XRD detection threshold, indicating substantial incorporation of Si species into
the oxide structure.

(2) The oxide scale comprises a complex mixture of Cr-, Fe-, and Ni-rich oxides inter-
spersed with Si-containing oxide phases, forming a reticulated nanostructure that
enhances the mechanical stability and barrier properties of the oxide scale.

(3) The outer oxide layer exhibits a significantly higher Si concentration compared to
the inner layer, suggesting that SiO2 nanoparticles or their compound derivatives
preferentially participate in the outer-scale formation through reaction or adsorption
mechanisms at the molten-salt/oxide interface.

These findings are consistent with the surface chemistry of SiO2 in molten carbonate
media. According to the Lux–Flood acid–base concept, SiO2 behaves as an acidic oxide
capable of reacting with oxide ions (O2−) present in oxide-rich carbonate melts to form
silicate species. These species subsequently react with Fe-rich oxides within the corrosion
scale, promoting the formation of thermodynamically stable Fe–Si mixed oxides, such
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as Fe2SiO4, thereby increasing the chemical stability and compactness of the protective
oxide layer.

All the above-mentioned observations suggest that SiO2 nanoparticles actively partici-
pate in the corrosion process through both physical incorporation and chemical interaction
with the oxide scale, rather than behaving as inert fillers. Figure 8 summarizes the main
mechanistic steps, explaining the incorporation and the positive effect of the SiO2 nanopar-
ticles into the protective oxide scale:

(1) Adsorption/diffusion step: SiO2 nanoparticles diffuse from the molten salt toward
the oxide surface driven by concentration and chemical potential gradients. Upon
arrival, these preferentially adsorb at high-energy sites such as defects, pores, and
grain boundaries in the outer oxide layer. The adsorption is thermodynamically
favored by surface energy minimization and occurs through interfacial interactions
ranging from weak van der Waals forces to stronger electrostatic or ionic bonding,
depending on the molten salt and oxide chemistry.

(2) Reaction step: At high temperature, the silicate species generated from SiO2 react with
pre-existing Li-oxides (e.g., Li2O or Li2CO3) and Fe-rich oxides at the oxide-steel inter-
face, leading to the formation of thermodynamically stable Fe–Si mixed oxides (e.g.,
Fe2SiO4). The larger specific surface area of the <20 nm nanoparticles accelerates these
interfacial reactions, promoting the development of an interconnected, reticulated
oxide nanostructure that strengthens and stabilizes the outer oxide scale.

(3) Stabilization step: The newly formed complex oxide layer, consisting of Fe2SiO4 and
mixed phases for SiO2 nanofluids, progressively stabilizes into a dense, interwoven
structure. This stabilized network remarkably reduces oxygen permeability through
the oxide scale, acting as an effective protective barrier that limits further interaction
with both oxygen and the molten salts. Therefore, the dissolution of metal oxides (e.g.,
LiFeO2, Li(Fe,Ni)O2, and Li(Cr,Fe,Ni)O2) within the scale is significantly inhibited,
thereby substantially enhancing overall corrosion resistance.

Figure 8. Schematic illustration of the oxide-scale formation mechanism on the AISI 301LN surface
after 1000 h exposure to molten salt nanofluids, indicating the main mechanistic steps: (a) adsorption
and diffusion of the nanoparticles, (b) reaction, and (c) stabilization of the oxide scale, and elucidating
the role of SiO2 nanoparticles in corrosion mitigation.

These results indicate that nanoparticle incorporation proceeds through a synergistic
interplay of diffusion, precipitation, and chemical reactions for SiO2 nanoparticles. This
mechanistic incorporation not only modifies the microstructural characteristics of the
oxide scale but also enhances its protective action in aggressive molten salt environments.
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This mechanistic interpretation explains the superior corrosion resistance observed for
the nanofluid with <20 nm SiO2 nanoparticles, whose higher particle density and larger
specific surface area promote more efficient interfacial reactions and the formation of
compact Fe–Si mixed oxides. The relative contribution of each step in the mechanism is
governed by both the exposure temperature and the alloy composition. These findings are
in agreement with recent studies [61–65,70], which highlighted that surface modifications
and nanoparticle additions can synergistically stabilize passive oxide films in aggressive
carbonate environments. Some of these steps are common to other oxide-scale formation
mechanisms in molten-salt environments. For carbon steels tested at low temperatures,
the processes of diffusion [91] and precipitation [66,92] played an important role in the
inclusion of nanoparticles into the oxide layer. In addition to these mechanisms, for stainless
steels in high-temperature nanofluids, the nanoparticles in molten salt reacted to produce
stable mixed oxides [49,56,93].

4. Conclusions
The corrosion resistance of AISI 301LN stainless steel for thermal energy storage

applications was investigated by immersing the alloy in three eutectic carbonate molten-
salt-based nanofluids, obtained by doping with SiO2 nanoparticles (<20 nm and <50 nm),
using the most commonly reported nanoparticle concentration in the literature (1 wt.%), at
600 ◦C for 1000 h. The main conclusions are summarized as follows:

(1) The carbonate molten salt nanofluids with SiO2 nanoparticles significantly en-
hanced the corrosion resistance of AISI 301LN. The corrosion rate was reduced from
0.32 ± 0.09 mm/year in the base molten salt to 0.18 ± 0.07 mm/year for the salt
nanofluids with <50 nm SiO2 nanoparticles, and 0.15 ± 0.06 mm/year for <20 nm
SiO2 nanoparticles, showing nearly 50–60% reduction across all salt nanofluids.

(2) Microstructural, chemical and mechanical analyses revealed remarkable differences
between the oxide scales formed in nanofluids and those developed in the base molten
salt. In the later one, the oxide scale consisted primarily of Li(Cr,Fe,Ni)O2 in the inner
layer and LiFeO2 in the outer layer. In contrast, the oxide scales formed in SiO2

molten salt nanofluids contained significant amounts of Si-containing phases, mainly
Fe2SiO4, which were concentrated in the outer layer. These observations suggest that
the presence of the Si-containing oxides in the outer oxide scale induced the formation
of Li(Fe,Ni)O2 and decreased defects such as pores and voids. Consistent with this
interpretation, the hardness of the outer oxide scale increased by ~30–40%, improving
its mechanical integrity.

(3) Based on the experimental observations, the corrosion mitigation mechanism in
SiO2-doped molten salts is proposed to involve to the formation of acicular and
reticular nanostructures composed of Si-containing oxides and corrosion products.
These structures may contribute to stabilizing and densifying the oxide scale, thereby
enhancing its compactness and protective effectiveness and potentially limiting the
outward diffusion of Cr and Ni from the substrate and the peel-off of the oxide scale.

(4) Molten salt nanofluids containing SiO2 nanoparticles smaller than 20 nm developed
a slightly harder outer oxide layer compared with those incorporating <50 nm SiO2

nanoparticles, which is consistent with a lower defect concentration (e.g., pores and
voids), suggesting a slightly more effective corrosion mitigation mechanism and
superior protective performance.
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