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Figure S 1 – A photo of the sample (Cr powder in KCl-MgCl2) for the X-ray diffraction experiment.
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Figure S 2 – X-ray nano-tomography image of the pristine micro-sized Cr particle: (A) pseudo 2D cross-
sectional view, and 3D volume rendering view. The pristine particle is irregular in shape with a small 
amount of internal cracks or voids, but it is still a solid particle, suggesting that most of the pores after 
molten salt corrosion are from the dissolution of Cr. (C) The surface morphology of the Cr particles imaged 
by SEM.
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Density functional theory (DFT), ab initio molecular dynamics (AIMD), and phonon calculations

All density functional theory (DFT) calculations were performed using Vienna Ab Initio Simulation 

Package (VASP) version 6.2.1.1-4 The gradient-corrected functional of Perdew-Burke-Ernzerhof (PBE)5, 6 

was employed, which has previously been shown to accurately describe the ground state properties of 

chromium.7-11 While the PBE functional generally underestimates band gaps due to self-interaction error12, 

the system studied herein—Cr metal (no band gap) and molten MgCl2-KCl (very high band gap)—is largely 

unaffected by this deficiency. However, the effects of self-interaction error would need to be addressed for 

systems containing narrow band gaps (e.g., transition metal ions dissolved in molten salt) using methods 

such as DFT+U13, 14 or Perdew-Zunger self-interaction correction12, 15. Valence electrons were expanded 

with plane waves and core-valence interactions were approximated with the projector augmented wave 

(PAW) method.16, 17 In all cases, a plane wave kinetic energy cutoff value of 360 eV was used. Geometry 

optimizations were considered converged when the energy difference between two consecutive ionic steps 

was less than 10-4 eV. Electronic energy was considered converged when the energy difference between 

two consecutive self-consistent field (SCF) cycles was less than 10-5 eV. During phonon calculations, the 

SCF convergence criterion was increased to 10-8 eV instead. The Pulay mixing scheme18 was used for 

charge density mixing during SCF calculations. During unit cell optimizations, the lattice length was the 

only degree of freedom due to symmetry. For slab optimizations, a vacuum gap of at least 20 Å was used 

to prevent self-interaction while all atomic positions were relaxed with fixed lattice parameters. The k-point 

mesh used in each calculation is described in their corresponding sections. Antiferromagnetism (AFM) was 

considered by enabling spin polarization and initializing the ordering of the magnetic moments in the 

appropriate alternating pattern. Paramagnetic systems were approximated by disabling spin polarization, 

which is referred to in the main text as “nonmagnetic.” The justification for this approximation is provided 

in the section below.

Surface energies were computed using the following,
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𝐸𝑠𝑢𝑟𝑓 =
𝐸𝑠𝑙𝑎𝑏 ‒ 𝑁 𝐸𝑏𝑢𝑙𝑘

2𝐴
, #(1)

where Eslab is the total energy of the optimized slab, N is the number of chromium atoms in the slab, Ebulk is 

the energy per chromium atom in either bcc or -Cr phases, and A is the surface area of the slab system.

Adsorption energies for a KCl ion pair on relevant surfaces were computed herein using the following,

𝐸𝑎𝑑𝑠 = 𝐸 𝐾𝐶𝑙
𝑠𝑙𝑎𝑏 ‒ 𝐸𝑉𝑎𝑐

𝑠𝑙𝑎𝑏 ‒ 𝐸𝑉𝑎𝑐
𝐾𝐶𝑙,#(2)

where  is the energy of the slab with KCl adsorbed onto the surface,  is the energy of the optimized 𝐸 𝐾𝐶𝑙
𝑠𝑙𝑎𝑏 𝐸𝑉𝑎𝑐

𝑠𝑙𝑎𝑏

surface in vacuum, and  is the energy of a KCl contact ion pair in vacuum. The energy of a geometry-𝐸𝑉𝑎𝑐
𝐾𝐶𝑙

optimized KCl ion pair was computed with the same box size of the corresponding slab to eliminate the 

spurious contribution resulting from the interaction between the neighboring periodic images. The 

potassium pseudopotential included semi-core 3s and 3p states as valence states. Multiple placements of 

ions were tested for each surface and the most stable configurations are reported herein. K and Cl ions were 

confirmed to have negligible spin densities for spin-polarized calculations.

The average coordination numbers of Mg2+ and Cl– with Cr surface atoms were computed with

𝐶𝑁(𝑋,𝐶𝑟) =
1

𝑁𝑋
∑

𝑖,𝑗

1 ‒ (𝑟𝑋𝑖,𝐶𝑟𝑗

𝑟0 )12

1 ‒ (𝑟𝑋𝑖,𝐶𝑟𝑗

𝑟0 )24

,#(3)

where Xi represents the ith Mg2+ or Cl– interfacial ion,  is the interatomic distance between the ith X 
𝑟𝑋𝑖,𝐶𝑟𝑗

ion and the jth Cr atom, NX is the total number of interfacial X ions, and  is the reference interatomic 𝑟0

distance that determines the radius of included atoms (herein, we set ).𝑟0 = 3 Å

Approximating Paramagnetic States as Nonmagnetic
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Experiments were executed at 700 °C, well above the Néel temperature (37 °C) where bcc Cr becomes 

paramagnetic. One of the most accurate approximations of the paramagnetic state is the so called 

Disordered Local Moment (DLM) approximation.19 In this approximation the paramagnetic state is 

modeled as a binary alloy with one component’s magnetic moment ordering in the opposite direction. 

Applying the DLM approximation to bcc Cr, the two atoms in the unit cell are labeled as Cr(0,0,0) and 

Cr(0.5,0.5,0.5) and the two components have the following magnetic ordering:

Component A: +0.5 mB Cr(0,0,0) and -0.5 mB Cr(0.5,0.5,0.5)

Component B: -0.5 mB Cr(0,0,0) and +0.5 mB Cr(0.5,0.5,0.5)

The electronic structure of the A0.5B0.5 alloy can be solved using the coherent potential approximation 

(CPA).20-22 As was demonstrated previously,19 the self-consistent solution for Cr converges to a 

nonmagnetic state, in a contrast to Fe or Co, which is typical for weak magnets. Recently, Belozerov, et al. 

confirmed this finding using calculations that deployed a completely different approach.11 Using state-of-

the-art dynamical mean-field theory (DMFT) calculations, they were able to confirm that chromium is 

indeed a weak magnet with no formed local moments.

Taking into consideration the above discussion, we conclude that non-magnetic Cr is an adequate 

description of the bcc phase at 700 °C. The -A15 phase, however, has been found to be paramagnetic at 

all temperatures.23 This could be explained by fact that the -A15 phase does not fulfill the Stoner 

criterion24, which must be satisfied to form magnetic moments in itinerant magnets. According to the Stoner 

criterion, the product of the density of states at the Fermi energy (N) calculated in the nonmagnetic state 

and the exchange integral (I) should be greater than one. However, for the -A15 phase, N = 0.8 St/eV/atom 

and I = 0.7 eV.25 As expected, attempts to converge the -A15 phase to either ferromagnetic or 

antiferromagnetic states resulted in a nonmagnetic state. Thus, all calculations of the -A15 phase were 

performed without spin polarization.



Page 7 of 16

Bulk Optimizations

The bcc and -A15 Cr conventional cells were computed to have cubic cells with a lattice parameter of 2.86 

and 4.54 Å, respectively, and their corresponding symmetry space groups are  and . The 𝐼𝑚3̅𝑚 𝑃𝑚3̅𝑛

Brillouin zone was sampled using a -centered k-point mesh of 16×16×16 and 12×12×12 for bcc and -Cr, 

respectively.

Surface Energy Prediction

Slab models of each surface were generated from optimized unit cells and cleaved along appropriate 

directions using MedeA program.26

Equilibrating Systems in AIMD Simulations

AIMD simulations of KCl and MgCl2 on (110)-bcc and (200)--A15 surfaces were performed for ~12 ps 

each. The time series of potential energies for both systems are shown in Figure S3a,b. Block averaging27 

was used to assess the convergence of system energy, whereby the potential energies of all frames in a 

simulation are split into N consecutive blocks of size M and the mean values are computed for all blocks. 

The standard error of the mean can be computed from these mean values of potential energies. For 

correlated data (e.g., AIMD timeseries), the standard error of the mean will rapidly increase and then plateau 

as the block size (M) increases, which provides an estimate of the decorrelation time. Using the last 5 ps, 

the standard errors (of the mean potential energy) for increasing block sizes were computed and are shown 

in Figure S3c. The standard errors seem to plateau for block sizes of ~500+ frames, suggesting that the 5 

ps window is stable. The (200)--A15 system exhibits similar behavior when using an additional 2 ps (i.e., 

the last 7 ps), suggesting that the (200)--A15 system reached an equilibrated state after ~5 ps. Although 

the (110)-bcc system needed ~7 ps to equilibrate the system’s potential energy, analysis in the main text 
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was performed on the last 7 ps for both systems. The conclusions presented in the main text were confirmed 

to be consistent with analysis that was performed on only the last 5 ps. 

Figure S 3 – Potential energy during AIMD simulations of the KCl-MgCl2 mixture on (a) (110)-bcc and 
(b) (200)--A15 surfaces. (c) Standard errors from block averaging, where block size refers to the number 
of frames in each block.

Phase Thermodynamics

Phonon calculations were performed for bcc and -A15 Cr bulk systems to estimate temperature-dependent 

thermodynamic quantities such as the vibrational entropy and free energy using phonopy code.28

Potassium Chloride (KCl) Adsorption 

To provide the initial understanding of how molten potassium chloride (KCl) can influence the stability of 

the chromium phases, we have computed KCl adsorption energies for (100)-bcc, (110)-bcc, and (200)--

A15 using Equation (2). The subsets of facets were chosen for each phase due to their greater stability over 

other facets and thus were more likely to be present in physical systems. In each case, multiple adsorption 

structures were tested and the most favorable structures for each surface are shown in this work. For both 

(100)-bcc and (200)-A15, larger supercells were used to more closely match the dimensions of the (110)-

bcc surface. Instead of 3×3 and 2×2 supercells of (100)-bcc and (200)--A15 in Figure 5A for surface 

energy calculations, larger 3×5 and 2×4 supercells were adopted for (100)-bcc and (200)--A15, 
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respectively. This was necessary to avoid direct interaction between the ions in adjacent unit cells and attain 

lower absorption energies. The self-interaction of the KCl ion pair with neighboring images was further 

mitigated by using the corresponding box size for each slab system to compute the energy of an optimized 

KCl ion pair (i.e., KCl in the absence of the Cr slab). In doing so, we can establish qualitative trends in 

adsorption energy. The k-point meshes used for each slab system are listed in Table 1, while isolated KCl 

optimizations were performed with a 1×1×1 k-point mesh. Following adsorption optimizations, dipole 

corrections were computed and applied along the surface-normal direction for the optimized KCl-slab 

systems.
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Figure S 4 - The diffraction pattern with Rietveld refinement of bcc Cr at 700 ℃. (A) A representative of 
diffraction pattern collected for reaction at 14.0 min with Rietveld refinement. (B) The lattice parameter 
evolution of bcc Cr at 700 ℃ in Ar environment for ~14 min. The lattice parameter was 2.875 Å and did 
not change.
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Figure S 5 – The diffraction intensity of bcc Cr (110) at 4.7 deg, the strongest peak, decreased in molten 
KCl-MgCl2 (50-50 mol.%) at 700 ℃, which indicates that the bcc Cr reacted in the molten salt.
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Figure S 6 – The Rietveld refinement for the dataset collected at 0, 53.3 and 710.3 min. At 0 min, bcc Cr 
was used for fitting. During the reaction, both bcc and -A15 Cr crystal structures were used.
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Figure S 7 – The Fourier transform of the in situ EXAFS to k-space.
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Figure S 8 – XANES spectra of bcc Cr at room temperature and reacted at 81.8 min emphasizes the 
difference of Cr structure after reaction in molten salt, which is consistent with the X-ray diffraction results.
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