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1. Experimental Methods:
1.1 Material Preparation:
Sol-gel Method:

Some of the perovskite oxides were synthesized by using a modified Pechini method.! First,
stoichiometric amounts of nitrate-based precursors were added with 5 ml of deionized water in
a beaker, followed by adding citric acid with a molar ratio of 2.5:1 (citric acid:precursors) and
another 25 ml of deionized water. The solution was stirred at 300 rpm for 30 min on a hotplate
at 40°C. After that, ethylene glycol was added to the solution with a molar ratio of 1.5:1
(ethylene glycol:citric acid) to form a mixture in the gel form. The solution was stirred for 3-4
hours at 80°C till a gel-like mixture is obtained. The resulting mixture was dried at 130 °C
overnight. This was followed by calcination in a muffle furnace at 1000 °C for 10 hours to form
the perovskite phase. Ca,AIMnOs.5 was first pre-calcined at 450 °C for 3 hours, then calcined
at 1250 °C for 24 h in a tube furnace, with the first 12 hours in air and the remaining 12 hours
in a N, atmosphere.

Composite Material Preparation:

Metal oxides and salt mixtures were mixed and ground in a mortar. Then, a small portion of
the particles was separated for TGA-DSC experiments, and the rest of the powders were
pelletized in a 6 mm L.D. pellet dies at 10 MPa for 5 min with a hydraulic press. This was
followed by sintering in a muffle furnace at a temperature 50 °C above the melting point of the
salt. This step was to ensure the uniform mixing of the salt and perovskite within a liquid phase.
For example, a composite material that includes eutectic salt NaF-CaF, with a melting point of
810 °C was sintered under the following heating procedure: heating up to 710 °C from room
temperature at a heating rate of 3 °C/min, then to 860 °C at a rate of 1 °C/min, and holding at
860 °C for 1 h. This was followed by cooling down to room temperature at a heating rate of 3
°C/min. Then, the pellets were crushed into fine particles for XRD analysis.

For thermal conductivity measurements, two identical pellets were created for LSF1, LiF-NaF-
CaF,, and the composite material LSF1:LiF-NaF-CaF, LiF-NaF-CaF, was produced by mixing
individual salts with 15 grams of 3 mm balls in a high-energy ball mill for 1 hour. To prepare
the composite material, the salt mixture was combined with salt-grinded LSF1 in a mortar with
the salt:oxide weigh ratio of 0.6:0.4. The powders were pelletized in 30 mm L.D. pellet dies at
40 MPa for 1 hour. Due to its fragile structure, the pelletizing duration for LSF1 was increased
to 2 hours, and the sample was calcined at 1000° C for 3 hours to improve the pellet strength.
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1.2 TGA-DSC Analysis:

The second cycles were used for the determination of melting/crystallization enthalpy and
temperature since the first cycles, which removed the effects of thermal history, were not
representative.>? Melting/crystallization enthalpy was calculated using a linear baseline
method. The total energies obtained from integration were divided by the sample weight at the
onset of the phase transition. Melting temperature was determined from the onset temperature
which is the intersection of the extrapolated baseline with the leading edge, while the
crystallization point was identified as the temperature where the heat flow curved deviates from
the horizontal baseline.*

For SCFM2:NaF-CaF,, the reduction and oxidation capacities of SCFM2 were determined
from the weight changes (%) during gas switches in each cycle. Assuming equal salt
evaporation during both ramp-up (reduction) and ramp-down (oxidation) steps, the total weight
loss per cycle was found by calculating the difference between the weight at the start and end
of each cycle. Oxidation capacity was corrected by adding half of this weight loss while
reduction capacity was adjusted by subtracting the other half. For the first 10 cycles, mean
values and standard error bars, obtained from three repeated measurements, were provided in
Figure 3b. Due to large error bars in the 3™ cycle, possibly caused by the buoyancy forces
during the first gas switching, the results are provided starting from the 4™ cycle. Error bars
decayed in the following cycles, suggesting that the effect of buoyancy forces diminished over
time.

1.3 Estimation of Overall Energy Storage Density:

The total energy storage density of composite materials, AH iy (kJ/kg), including latent heat,
thermochemical heat, and sensible heat can be calculated as follows:

T
AHtotal =Wy AHlatent + fCSdT + fCIdT + Wo AHchem + fCodT
T
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where AH gtent (kJ/kggar), and AH cpem, (kJ/kgoxide), are respectively latent and thermochemical

energy densities. T, and Ty represent upper and lower temperature limits (K) and T is the

C

melting temperature (K). ~s and Gy are the heat capacities of salt in solid and liquid phases

(kJ/kg/K), respectively while Co is the heat capacity of oxide (kJ/kg/K). Ws and Wo denote the
mass fractions of salt and oxide, respectively.

AH gpen was obtained from the TGA-DSC experiments as described above. A maximum of
10% deviation (provided as percentage error bar) was obtained between repeated
measurements. Melting enthalpies were used as the latent heat in the determination of overall
energy density since the accuracy in the measurement of crystallization enthalpy can be
affected by factors such as supercooling or fast heat dissipation.* For example, in the case of
LSF1: Li;MoOQy, the solidification peak was not even formed (Figure S26,27, and 31) even
though the endothermic peaks in subsequent cycles indicate the melting of Li,Mo0Qj,.

Thermochemical energy density, AH e, (kJ/kgoxide) for SCFM2:NaF-CaF, can be determined
by integrating partial molar enthalpy over a specific range of non-stoichiometry, as described
in our previous study.’ In that study, we used the Van’t Hoff method to determine partial molar

enthalpy changes at various non-stoichiometry levels. Here, we calculated AH cpem using our
previously obtained enthalpy data over the nonstoichiometric range corresponding to the

weight changes of SCFM2 in each cycle. For redox cycling of SCFM2:NaF-CaF,, DSC does

AH

not provide a reliable estimation for =" chem since limited heat transfer from continuous oxygen



exchange over time limits the sensitivity of the DSC method. However, for LSF1: Li,MoQO,,

thermochemical energy density, AH cpem was determined from DSC measurement using the
exothermic peak observed during oxidation. The rapid heat transfer from fast oxidation ensures
that DSC is reliable in that case.

Sensible heat was found based on the estimated heat capacities of oxide and salt. The heat
capacity of SCFM2 and LSF1 at high temperatures were approximated as 0.84 and 0.54

kJ/(kg-K), respectively, using the equation of Cp =3 RNgom/Moxige as in the study of

Imponenti et al.® To estimate the heat capacity of molten salts mixtures, we used the additive
principle, which is commonly used in the literature.”?® For chloride salts, this method showed
a maximum deviation of 11% from the experimental data.® The sensible heat for NaF-CaF, and
LiF-NaF-CaF, was calculated using the Shomate equation constants of individual salts from
the NIST database.” The equations for the solid phase were integrated from the lower
temperature limit to the melting point and the equations for the liquid phase were integrated
from the melting point to the upper temperature. Dulong-Petit method, another common
approach for the estimation heat of capacity of alkali fluoride salts®!0, resulted in sensible heat
values of up to 12% higher than the additive method. Even though the Dulong-Petit method
was considered a good method, it does not account for temperature dependence. For Li;M00Q,,
sensible heat was estimated as ~86 kJ/kg,;; by additive principle using the NIST database on
Li,0 and MoOs. For a similar structure, Li,W_9 012sM0¢ 012504, the sensible heat was calculated
as ~104 kJ/kg.; over the same temperature range, based on experimental data from the study
of Matskevich et al.!!

1.4 Thermal Conductivity Measurements:

Thermal conductivity measurements were performed using a 13.2 mm diameter C-Therm Hot
Disc sensor, which consists of nickel encapsulated within Kapton. In this study, the samples
with a diameter of 30 mm and a thickness of ~4 mm can be considered thin slabs. For each
measurement, identical pellets were placed on both sides of the sensor, with foam as a
background material to satisfy the semi-infinite boundary condition.'> During the
measurement, a compression stand maintained uniform contact between the foam, the samples,
and the sensor. The power supply was controlled using the C-Therm software, and the average
temperature increase for the sensor was measured. The measurements were repeated 3 times.

The temperature increase was fitted using the Ansys Transient Thermal model. Similar models
have been used for bulk and thin film materials.!>"!* The extremity boundaries of the model
were thermally insulated. The power input to the nickel heater and simulation time were set to
match the experimental conditions to ensure consistency. Then, the volume-average
temperature increase of the nickel was obtained. The thermal conductivity of each sample was
determined based on the established thermal properties of nickel, Kapton, and foam as well as
the measured density and specific heat capacity of the samples at room temperature. The
density of the pellets was measured as 4.6, 2.08, and 2.82 g/cm? for LSF1, LiF-NaF-CaF,, and
LSF1:LiF-NaF-CaF,, respectively. A heat capacity of 0.4 kJ/kg-K was used for LSF1 based on
the literature values of similar perovskite oxides at room temperature.'>'® The heat capacities
of LiF-NaF-CaF, and LSFI1:LiF-NaF-CaF, were estimated as 1.23 and 0.92 kJ/kg-K,
respectively using the additive principle and NIST database.” Error bars of the thermal
conductivity measurements were up to 15%.

2. Relative stability of the fluoride salts:

Table S1 shows the relative stability of fluoride phases in selected chemical spaces with 3
elements. The stabilities were assessed by comparing the DFT-calculated formation energies
from phase diagrams generated using Material’s project.!” While this practical approach offers



a useful guideline for understanding the instability issues, it has specific limitations. First, a
chemical space including 3 elements is not representative of the real system. A more accurate
prediction would require considering a broader chemical space including all the relevant
elements to account for the thermodynamic favorability of oxide phases in addition to fluorides.
In such chemical space, formation energies of all identified phases need to be included. The
complexity of formed phases requires additional DFT calculations for the formation energies
of such phases since they may not be included in the Materials Project’s database. In addition,
a more accurate stability analysis should use a convex hull analysis by evaluating how much a
material’s energy can be reduced by decomposing into more stable competing phases.!® While
such complex analysis is beyond the scope of this study, it can provide valuable guidance for
the future design of ROMS composites.

Table S1. Relative stability of fluoride phases based in selected chemical spaces based on
DFT formation energies (eV/atom) These results are obtained from Materials Project’s
database and phase diagram tool"

Chemical Space Stability Comparison
Ca-Li-F CaF, (-4.224)>LiF (-3.166)
Sr-Li-F StF, (-4.233)>LiF (-3.166)
Li-Na-F LiF (-3.166)>NaF (-2.939)
Ca-Na-F CaF, (-4.224)>NaF (-2.939)
La-Li-F LaF; (-4.492)>LiF (-3.166)
K-Ca-F CaF,; (-4.224)>KCaF5(-3.725)>KF (-2.936)
K-Na-F NaF (-2.939)> KF (-2.936)

3. TGA-DSC Results:

Regarding SCFM2:NaF-NacCl, significant weight loss (16.6 wt.%) was observed, which caused
a dramatic decrease in the heat of fusion of NaF-NaCl over 4 cycles as presented in Figure S9.
This can be attributed to the high vapor pressure of NaCl and the evaporation of the molten salt
at high temperatures.!® The heat of fusion and melting peak point were determined as ~341
kJ/kgga: and ~672 °C while the theoretical values are 572 kJ/kgg,; and 675 °C?0, respectively.
No O, uptake was obtained from SCFM2. These results can be explained by chemical
interactions between NaF-NaCl and SCFM2 during the experiment. Even though the sample
was found to be compatible, phase segregation in both perovskite and salt phases might have
occurred during 4 cycles in this experiment. This would also explain the mismatch between the
measured and theoretical heat of fusion and melting point.

The measurement for LSF1: Li,CO3-Na,CO;_ was conducted in a 50%CO,/50%Ar atmosphere
as previous research indicated carbonate salts can be more stable in a CO, atmosphere.?! The
heat of fusion was measured as ~239 kJ/kgg,; which was lower than the theoretical heat of
fusion (370 kJ/kgs.y). That might indicate the decomposition of carbonated salt even though
50% CO, was introduced into the atmosphere. On the other hand, Figure S25 shows that the
peaks corresponding to the phase change of MgF,-NaF-CaF, completely disappeared in a few
cycles. In the compatibility test via XRD analysis, a peak that indicates an interaction between
LSF1 and LiF-NaF-MgF, was not seen. However, the phase of MgF, was also not seen in the
XRD pattern (see Figure 3b). This was either caused by the small fraction of MgF, or its
evaporation during the sintering. The latter possibility can also be supported by the heat flow



measurement as the disappearance of the peak might be explained by the degradation of the
eutectic phase of MgF,-NaF-CaF, (Figure S25a).
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Figure S1. TGA-DSC Measurements for SF:LiF-NaF with the weight ratio of 0.5:0.5
750 °C (a) Heat Flow (mW) (b) Weight (mg)
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Figure S2. TGA-DSC Measurements for SBF:LiF-NaF with the weight ratio of 0.5:0.5 at
575-725°C (a) Heat Flow (mW) (b) Weight (mg)
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Figure S3. TGA-DSC Measurements for NaF-CaF, and SCFM2: NaF-CaF, with the weight
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Figure S4. TGA-DSC Measurements for NaF-CaF, at 670-820 °C under 100% Ar (a) Heat
Flow (mW) (b) Weight (mg) Weight (mg) represent the total weight of NaF-CaF, (~4.35 mg)
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Figure S6. Melting and crystallization enthalpy for SCFM2:NaF-CaF, with the weight ratio
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Figure S10. TGA-DSC Measurements for LiF-NaF-CaF, at 525-675 °C under 100% Ar (a)
Heat Flow (mW) (b) Weight (mg)
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Figure S11. TGA-DSC Measurements for LSF1: LiF-NaF-CaF, with the weight ratio of
0.5:0.5 at 525/20%0,-675 °C/Ar (a) Heat Flow (mW) (b) Weight (mg)
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Figure S12. TGA-DSC Measurements for LSF1: LiF-NaF-CaF, with the weight ratio of
0.4:0.6 at 525/20%0,-675 °C/Ar (a) Heat Flow (mW) (b) Weight (mg)
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Figure S15. TGA-DSC Measurements for LSCoM2: LiF-NaF-CaF, with the weight ratio of
0.5:0.5 at 525/20%0,-675 °C/Ar (a) Heat Flow (mW) (b) Weight (mg)
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Figure S16. TGA-DSC Measurements for LSFCo: LiF-NaF-CaF, with the weight ratio of
0.5:0.5 at 525/20%0,-675 °C/Ar (a) Heat Flow (mW) (b) Weight (mg)
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Figure S17. TGA-DSC Measurements for LSFCo: LiF-NaF-CaF, with the weight ratio of
0.4:0.6 at 525/20%0,-675 °C/Ar (a) Heat Flow (mW) (b) Weight (mg)
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Figure S18. Comparison of weight percentages for LSFCo and LSFCo: LiF-NaF-CaF, with
the weight ratio of 0.5:0.5 at 510/20%0,-660 °C/Ar
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Figure S19. Melting and crystallization enthalpy for LSF1: LiF-NaF-CaF, with the weight
ratio of 0.4:0.6 at 510°C/20% O,-660°C/Ar during 100 cycles
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Figure S21. TGA-DSC Measurements for LSF1:Li,MoO,4 with the weight ratio of 0.5:0.5 at
580/20%0,-730 °C/Ar (a) Heat Flow (mW) (b) Weight (mg)
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Figure S22. TGA-DSC Measurements for LSF2:Li;MoO,4 with the weight ratio of 0.5:0.5 at
580/20%0,-730 °C/Ar (a) Heat Flow (mW) (b) Weight (mg)
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Figure S23. TGA-DSC Measurements for LSF2:Li,Mo00,4 with the weight ratio of 0.6:0.4 at
580/20%0,-730 °C/Ar (a) Heat Flow (mW) (b) Weight (mg)
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Figure S26. TGA-DSC Measurements with long reduction time for LSF1: Li;MoO, with the

weight ratio of 0.5:0.5 at 580/20%0,-730 °C/20%H, (a) Heat Flow (mW) (b) Weight (mg)
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Figure S27. TGA-DSC Measurements with short reduction time for LSF1: Li,MoO, with the

weight ratio of 0.5:0.5 at 580/20%0,-730 °C/20%H, (a) Heat Flow (mW) (b) Weight (mg)
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Figure S29. TGA-DSC Measurements with long reduction time for LSF1 at 580/20%0,-730
°C/20%H, (a) Heat Flow (mW) (b) Weight (mg)
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Figure S30. TGA-DSC Measurements with short reduction time for LSF1 at 580/20%0,-730
°C/20%H, (a) Heat Flow (mW) (b) Weight (mg)
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Figure S31. TGA-DSC Measurements with short reduction time for LSF1: Li,MoO, with the
weight ratio of 0.6:0.4 at 580/20%0,-730 °C/20%H, for 5 cycles (a) Heat Flow (mW)
(b) Weight (mg)
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Figure 32 Overall energy density (kJ/kg) for LSF1: Li,MoO,4 with the weight ratio of 0.6:0.4
at 580/20%0,-730 °C/20%H, for 5 cycles Latent heat is the measured melting enthalpy from
DSC. Thermochemical heat is measured using DSC during oxidation. Sensible heat is based
on estimated heat capacities though additive principle using NIST database®

Table S2. Measured melting/crystallization enthalpy (kJ/kgs,) and melting/crystallization
points (°C) of composite materials The weight ratios of eutectic salt mixtures are provided in
Table 2. Melting/Crystallization enthalpies and temperatures were determined from the
second cycles.

Sample Name Melting Melting Crystallization  Crystallization
(weight ratio) Enthalpy Temperature Enthalpy Temperature

(kJ /kg sah‘) (0 C) (kJ /kg salt) (0 C)
+10% + 10%
LiF-NaF-CaF, 622.93 609.69 620.26 612.76
Li;MoOy, 281.49 693.40 261.94 627.05
NaF-CaF, 561.80 804.67 580.26 808.02
NaF- 532.47 797.91 467.41 804.93
CaF,:SCFM2
(0.4:0.6)
LSCoM2: LiF- 549.55 605.17 582.95 604.55
NaF-CaF,
(0.5:0.5)
LSF1: LiF-NaF- 542.73 603.36 569.61 608.46
CaF, (0.5:0.5)
LSF1: LiF-NaF- 579.74 606.66 613.30 613.21
CaF, (0.4:0.6)
LSF2: LiF-NaF- 544.00 600.06 552.48 602.44
CaF, (0.5:0.5)
LSFCo: LiF- 537.41 602.98 553.08 602.66
NaF-CaF,
(0.5:0.5)
LSFCo: LiF- 595.05 606.73 617.56 606.00

NaF-CaF,



(0.4:0.6)

LSF3: LiF-NaF- 466.54 600.88 480.76 602.37
CaF; (0.5:0.5)
LSF1: 254.59 685.08 244.19 616.09
Li;M004(0.5:0.5)
LSF2: 252.46 687.55 236.08 615.98
Li;M004(0.5:0.5)
LSF2: 219.95 688.18 211.47 613.46
Li;M004(0.6:0.4)
LSF1: Li,CO;- 222.79 482.80 238.75 478.85
Na,CO05(0.5:0.5)
SCFM2: NaF- 340.84 672.13 332.96 690.45
NacCl (0.5:0.5)
SF: LiF-NaF 489.30 615.28 51491 621.84
(0.5:0.5)
SBF: LiF-NaF 597.57 603.74 672.85 615.49
(0.5:0.5)

4. Post-experimental XRD:

:3r, 3Cag ;MnO,
o:5r,Fe,054
:Cay 81,0
# NaF
:CaF,
V:Zr0,

Intensity (a.u.)

Figure S33. Comparison of fresh and spent (after 100 cycles between 670°C/20% 0,-820°C/Ar
) SCEM2:NaF-CaF; (0.4:0.6) There is some uncertainty in identifying the minor peak as the
Cay¢Sr.20 phase as the peak intensities for the composite material are relatively low due to
the presence of inert YSZ, which could not be separated from the composite after the
experiment.

5. Results related to micro-structure of oxide and composite materials:

In the long-run test, porous perovskite oxide particles were used in the composite materials.
The porous structures were formed by applying the salt grinding method, which notably
increased the Sggr from 2.23 m?/g to 11.10 m?/g, as presented in Table S3, and also enlarged
pore width and volume. Although the sharp increase at high P/P? in the adsorption isotherm
curve (Figure S34a) indicates that the material is macroporous??, the BET method was selected
for surface area measurement. This surface area obtained via this method primarily accounts
for mesopores (2-50nm) which can provide better support by providing favorable capillary



force to avoid salt leakage.?? The porous structure of salt-grinded LSF1 can be seen in Figure
34b.

Table S3. Comparison of Sggt (m?/g), pore width (nm) and pore volume (m?/g) before and
after the application of salt-grinding method

Sample Sger  Average  Pore Volume (m3/g)
(m%*g)  pore
width
(nm)
LSF1 2.23 16.07 0.009
Salt-grinded LSF1 11.41 28.56 0.081
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Figure S34. For salt-grinded LSF1 (a) Adsorption/desorption isotherm (b) SEM image

The ratio selection for the long-term tests of SCFM2:NaF-CaF, and LSF1: NaF-CaF,-LiF were
made by visual inspection of the pellets with 50, 60, and 70% salt ratios. When the salt
percentage was above 60%, cracks and salt leakage were seen in the pellets of both composites.
Therefore, 60% salt and 40% oxide were used for the sake of stability in the long-term

experiments. The demonstration for the pellets of LSF1: NaF-CaF,-LiF is provided in Figure
S3s.




(b)

Figure 35. The samples of LSF1: NaF-CaF,-LiF with the mass ratios of 0.5:0.5, 0.4:0.6, and
0.3:0.7 from left to right, respectively (a) Before sintering (b) After sintering at 660 °C

(b)
Figure S36. EDX images of (a) porous LSF1 after applying the salt grinding method (b)

LSF1: LiF-NaF-CaF2 (0.4:0.6) after sintering, which corresponds to the morphology of
composite material after 1 cycle (c) LSF1: LiF-NaF-CaF2 (0.4:0.6) after 100 cycles
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