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ABSTRACT

We report the results of constant-potential molecular dynamics simulations of the double layer interface between molten 2LiF-BeF, (FLiBe)
and 23LiF-6NaF-21KF (FLiNaK) fluoride mixtures and idealized solid electrodes. Employing methods similar to those used in studies of
chloride double layers, we compute the structure and differential capacitance of molten fluoride electric double layers as a function of applied
voltage. The role of molten salt structure is probed through comparisons between FLiBe and FLiNaK, which serve as models for strong and
weak associate-forming salts, respectively. In FLiBe, screening involves changes in Be-F-Be angles and alignment of the oligomers parallel
to the electrode, while in FLiNaK, the electric field is screened mainly by rearrangement of individual ions, predominantly the polarizable

potassium cation.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0097697

I. INTRODUCTION

Molten salts are effective high-temperature solvents and ther-
mal transport media that find use in a variety of applications.
Nuclear energy is one application of interest that utilizes high-
temperature molten halide salts. The fluoride salt-cooled high-
temperature reactor (FHR) is a nuclear reactor under development
that uses 2LiF-BeF, (FLiBe) as a primary coolant,” the molten
salt reactor (MSR) is a nuclear reactor that uses a fluoride (such
as FLiBe + actinide fluorides) or chloride molten salt mixture as
liquid fuel,’ and the affordable, robust, compact (ARC) fusion
reactor uses FLiBe as a tritium breeding blanket.* The thermo-
physical and thermochemical properties of molten salts enable
reactor designers to produce heat at high temperature and near-
atmospheric pressure. These characteristics help boost power con-
version efficiency for electricity production, diversify the energy
products produced by nuclear reactors, simplify implementation
of high standards for reactor safety, ease the demonstration

of safety for reactors in development, and improve economic
competitiveness.”

During the Molten Salt Reactor Experiment (MSRE), which
ended in the 1970s, corrosion of metal alloys by molten salt was
extensively studied and corrosion control strategies were proposed.’
As nuclear reactors today are being developed for commercial-
ization, corrosion control continues to be a topic of relevance to
the economic performance and design of the reactors. In order to
understand and, hence, predict and control corrosion processes in
molten salt,’””"" a detailed understanding of the electrochemical
double layer that forms at the metal/molten salt interface is essential.
The structure of the metal/salt interface informs the charge transfer
model for corrosion, the reaction mechanisms that occur at the
metal/salt interface, and the rates and mechanisms of transport of
oxidants and corrosion products. By understanding the potential
dependence of the double layer capacitance, we can begin to develop
models for the molecular structure of the double layer and the
relationship between melt chemistry, fluoroacidity, and the role

J. Chem. Phys. 157, 094705 (2022); doi: 10.1063/5.0097697
© Author(s) 2022

157, 094705-1


https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0097697
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0097697
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0097697&domain=pdf&date_stamp=2022-September-2
https://doi.org/10.1063/5.0097697
https://orcid.org/0000-0001-5884-102X
https://orcid.org/0000-0003-3648-3959
https://orcid.org/0000-0001-7043-817X
https://orcid.org/0000-0003-1502-1296
https://orcid.org/0000-0002-7548-9678
https://orcid.org/0000-0003-3302-1142
https://orcid.org/0000-0002-8968-321X
mailto:mdasta@berkeley.edu
https://doi.org/10.1063/5.0097697

The Journal

of Chemical Physics

of the double layer in corrosion mechanisms. This fundamental
knowledge then enables the generation of corrosion models that
can predict the sensitivity of corrosion performance to changes in
salt chemistry, to the presence of ionizing irradiation, and to the
occurrence of nuclear transmutation reactions and nuclear decay
reactions at the metal/salt interface.

Experimental investigations of the double layer in molten
salts are complicated by high temperatures, material compatibility,
air sensitivity, toxicity, and limited availability of reference
electrodes.'”"” Mean-field treatments of electric double layers
common to other solvents typically assume dilute concentrations
of electrolytes, a framework strictly inapplicable to molten salts.'®
As a result, molecular simulation has emerged as a powerful tool
for understanding molten salt double layers, beginning with the
pioneering work of Heyes and Clarke'” on molten alkali chlorides.
Subsequent studies have extended this approach to account for
constant-potential boundary conditions’’ and ionic polarizability,”’
which allow for more faithful comparison with experimental results.
For example, experimental differential capacitance measurements of
the molten chloride interfaces with Mg have shown good agreement
with simulation results of molten chloride interfaces with idealized
electrodes.””

Recently, experimental studies of molten fluoride salt/electrode
interfaces have reported capacitance values that are orders of
magnitude larger than those reported in molten chloride
interfaces.””*” Molecular simulation of molten fluoride interfaces
may help the understanding of these results. We are unaware of
previously published computational studies of fluoride double layers
similar to those undertaken for molten chlorides.”"*" Furthermore,
we note that the existing studies of molten salt double layers tend
to focus on weakly associated melts. Weakly associated ionic melts
such as eutectic LiF-NaF-KF (FLiNaK) are not found to form
long-lived associates between the cations and fluoride anions,
with their structure being best described by weakly coordinated
complexes.”” Strongly associated salts possess associates stable
on picosecond timescales, such as FLiBe in which BeFﬁ_ has a
cage correlation time near 20 ps.”*”’ Furthermore, these complex
ions can form extended structures of interconnected fluoride
coordination environments such as Be,F, dimers and trimers and
longer polymers.”*”" " It is unclear to what extent the strength of
the associates and degree of polymerization will impact the structure
of the double layer in molten fluorides.

In this work, we use the recently developed SEM-Drude
polarizable ion model** to conduct constant-potential molecular
dynamics simulations of FLiNaK and FLiBe double layers. Sam-
pling these trajectories allows us to directly compare the FLiNaK
and FLiBe double layers in terms of ionic density profiles, differ-
ential capacitance, and in-plane structure as a function of distance
normal to the interface. Importantly, the current results, employing
model electrodes, yield differential capacitance values similar to
those reported for other halide melts.” " We discuss possible
experimental effects that could lead to the much larger values
previously reported for fluoride salts.

Il. SIMULATION METHODOLOGY

Molecular dynamics simulations of molten 2LiF-BeF,
(FLiBe) and 23LiF-6NaF-21KF (FLiNaK)*® confined between

ARTICLE scitation.org/journalljcp

immobile model electrodes were executed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)
software package.”” The electrodes were constrained to a constant-
potential difference via the method of Siepmann and Sprik,*
initially implemented into LAMMPS by Wang et al*!' and later
extended by Tee and Searles.”” Electrode charges were treated as
Gaussian distributions with width 1.979 A™' and were updated
every ten time steps. In order to model ion-ion interactions within
the salt, we employed the SEM-Drude model developed by Sharma
et al,”* which adapts the Drude oscillator model proposed by
Lamoureux® to include damping terms necessary for accurate rep-
resentation of molten salt interactions. Details of the salt interaction
potential, fitting procedures, and used parameters are given in the
supplementary material. Long-range electrostatic interactions were
evaluated using a standard Ewald summation with an accuracy
of 107%. Short-range interactions were evaluated with a cutoff
radius of 15 A. The ion-dipole damping potential was evaluated
via tabulation. Short-range interactions between the salt ions and
the electrode atoms were chosen such that the electrode interacts
with the salt ions as if it were fluorine. This is analogous to the
convention used for simulations of molten chloride interfaces,”"*
allowing for more direct comparison between the presently studied
molten fluoride systems and previous published results for molten
chlorides.

Bulk simulations (periodic in all directions) of FLiBe and
FLiNaK in the NPT ensemble at 973 K and zero pressure were
equilibrated using a three-chain Nose-Hoover barostat and thermo-
stat until a steady volume was reached. Following bulk equilibration,
three FCC (100) planes of model electrode atoms were placed 2 A
in the z direction away from each end of the simulation cell. The
electrode has associated lattice constant of 4.093A and 4.067 A for
the FLiNaK and FLiBe simulations, respectively, such that eight unit
cells matched the length of the x and y dimensions. Periodic bound-
ary conditions in the x and y directions were maintained but turned
off in the z direction. The final dimensions of the FLiBe cell was
32.746 A in the x and y dimensions with 64.45 A separating the
planes of electrode atoms closest to the melt. The final dimensions of
the FLiNaK cell was 32.50 A in the x and y dimensions with 63.965 A
separating the planes of electrode atoms closest to the melt. The
FLiBe and FLiNaK simulation cells contained a total of 5166 and
3600 salt ions, respectively. Thus, the cell volumes are similar but
the ion count is smaller for FLiNaK due to its lower ionic density. A
schematic of the final setup for FLiBe is illustrated in Fig. 1.

Production runs were executed in the NVT ensemble at 973 K
using a three-chain Nose-Hoover thermostat with a time step of
0.5 fs. The interfacial simulations were allowed to equilibrate for
250 ps at an applied potential difference of 0.0 V. The potential
was then increased incrementally, with 50 ps of equilibration time
for each subsequent incremental value of the potential, except for
FLiNaK at low target potentials, where 100 ps intervals were used in
the equilibration. In the equilibration, the magnitude of the incre-
ments in voltage ranged between 0.2 and 0.7 V in magnitude, with
smaller voltage increases at lower applied potentials. The snapshot
after each 100 ps equilibration was used to seed production runs at
each voltage, during which data were collected for 1.5 ns. Produc-
tion runs were executed for electrode potential differences of 0.0,
0.2,0.5,0.8,1.0,1.2, 1.5, 1.8, 2.0, and 3.0 V. For further clarification,
plots of the electrode charge density as a function of time during the
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FIG. 1. (a) FLiBe simulation cell setup. Visualization generated by OVITO.4> (b)
Schematic of electrochemical notation used throughout the text. Dashed vertical
lines correspond to the position of electrode layers nearest the melt.

equilibration process for the 3.0 V production runs have been
included in Sec. IV of the supplementary material.

Statistically independent runs for FLiBe and FLiNaK at 0.0 and
3.0 V were executed with the same procedure as the production
runs, but with initial coordinates reflected about all three axes. No
statistically significant differences between the results reported
below for the initial production runs and those derived from these
independent runs are observed, as demonstrated for the ion density
profiles and surface charge density data included in Sec. III of
the supplementary material. In order to determine whether sta-
tistically sufficient sampling was performed, production runs were
divided into five sequential time bins and surface charge density as a
function of interfacial potential difference was calculated for each
bin. The spread in the data between each bin is low, indicating
that statistically sufficient sampling was measured. Details on this
analysis are included in Sec. II of the supplementary material. In
addition, the equilibrium electrode atom charge time autocorre-
lation functions for an applied potential of 0.0 V were calculated
and are included in Sec. IV of the supplementary material. These
results demonstrate that although the timescale for decay of charge
fluctuations was slightly longer for FLiBe relative to FLiNaK, for
both systems, sampling was averaged over timescales multiple orders
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of magnitude larger than the timescale for electrode charges to
decorrelate.

lll. RESULTS AND DISCUSSION
A. lonic density profiles

Tonic density profiles were constructed by averaging a his-
togram of ionic positions over 1.5 ns of dynamics, sampled every
100 fs. Figure 2 shows the density profile for each ionic species as well
as the net charge density profile of FLiBe and FLiNaK at electrode
potential differences of AV = 0.0, 1.0, and 3.0 V. Positive (negative)
potentials were applied to the electrode with a positive (negative)
z coordinate. The net charge density profiles were obtained via a
charge weighted sum of all ions and dipoles. All net charge density
profiles display the oscillating behavior reported by Heyes and
Clarke."” In FLiBe, these charge density oscillations exponentially
decay with a screening length of ~3.4 A, this length exhibits little
dependence on applied potential at both the negative and the
positive electrode. In FLiNaK, the charge density oscillations decay
with a screening length of ~5.4 A at the positive (and neutral) elec-
trode and 2.0 A at the negative electrode. While FLiNaK’s screening
length varied significantly depending on electrode polarity, it
displayed little dependence on the applied potential. This insensitiv-
ity of the screening length to applied potential is in agreement with
studies on binary chloride interfaces.”""*

While the screening length varied little with applied potential
in both FLiBe and FLiNaK, the magnitude of the charge density
oscillations increased with applied potential. The behavior of the
ion density profiles can be attributed to properties of the individual
ions and the salt systems as a whole. For instance, lithium (nonpo-
larizable) displays below-stoichiometric density at distances 3-7 A
from electrodes of either polarity in both salt systems. In the same
region of the FLiNaK double layer, excess potassium (polarizable)
is found. Nonpolarizable species are ill-suited to screen electric field
in comparison to their polarizable counterparts; therefore, we find
that the double layer is depleted in the less polarizable cation. It
may then come as a surprise to find beryllium (nonpolarizable)
enriched at 3-7 A from electrodes of both polarizations in FLiBe.
However, beryllium ions are tightly bound inside of tetrahedral BeF,
coordination complexes,”**"** and these complexes are polarizable
by tetrahedral orientation, bond-angle changes, and polarization of
individual fluoride ions in the potential model.

B. Voltage profiles

The net charge density (p q) can be related to the electrostatic
potential profile using Poisson’s equation,

iy = Pal®), (1)

&o

The net charge density profiles in Fig. 2 were averaged over the
x and y dimensions, so Poisson’s equation can be collapsed into one
dimension,

ﬂ __Pq(z)
dz2 &

2
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FIG. 2. lonic density and net charge profiles of FLiBe and FLiNaK at electrode potential differences of AV = 0.0, 1.0, and 3.0 V. Net charge obtained from a charge weighted
sum of all ions and dipoles. lonic density in units of number of ions per A%; net charge in units of e~/A®. Vertical dashed lines correspond to the plane of electrode atoms

closest to the melt.

The net charge density profile was numerically integrated using the
one-sided Green’s function method presented by Wang et al.,*”

¥Y(z) =Ciz+C — ifz (z-2")pqg(2")dZ, (3)
& J-1/2

where L is the simulation cell box length in the z dimension and
Ci, C, are constants solved for by applying the constant electrode
potential boundary conditions

AV
2

AV

\P(z)|z=—L/2 = 0 \P(z)|z=L/2 =5 (4)

with AV corresponding to the potential difference between the
electrodes.

We note that while the constant-potential method enforces
the applied potential only between atoms of the respective
electrodes, the potential becomes invariant after three layers of
electrode atoms.*” Therefore, applying constant-electrode potential
boundary conditions to the simulation cell edges and the electrode
atoms should be equivalent. This procedure was applied to the
net charge density profiles of FLiBe and FLiNaK at all simulated
electrode potential differences in order to generate Fig. 3. All poten-
tial profiles reach a constant value far (>10A) from the interface,
indicating that the electric double layer screens electric fields at each
simulated potential difference. However, it appears that the inner
layer of electrode atoms in Fig. 3 are held at a potential differ-
ence slightly less than the applied value. This is an artifact of the
finite-size bins used for averaging the charge density data to cal-
culate the Poisson potential. The plotted value corresponds to the
average potential within a bin of width 0.1 A. The empty space
within that bin that does not contain electrode atoms is not con-
strained to the applied potential difference. This effect is not typically

noticeable in constant-potential simulations of ionic liquids, """ but
it has been observed in constant-potential simulations of molten
salts.*® A possible reason for this discrepancy is high temperatures
allowing charged species to approach the electrode more closely,
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FIG. 3. Poisson potential profiles for FLiBe and FLiNaK at all simulated electrode
potential differences.
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FIG. 4. Surface charge density (top) and differential capacitance (bottom) of FLiBe
and FLiNaK as a function of AY.

causing potential variations within the bin containing the inner
electrode plane to be more significant.

A finite potential difference between the electrode and the
bulk salt in the middle of the simulation cell exists even at zero
applied potential for FLiBe and (to a lesser extent) FLiNaK. Based on
previously published simulations of double layers for chloride
salts,”"”" this is caused by differences among the salt constituents
in the ion-electrode short-range interactions, allowing for some
charged species to approach the electrode more closely than oth-
ers even in the absence of applied potential. On average, this results
in a buildup of charge near a neutrally polarized electrode and,
therefore, creates finite potential difference. Vatamanu et al.”® tested
this explanation by simulating the double layer of a hypothetical
CI"-CI~ system where cations and anions had identical size and
identical short-range interactions with the electrode. While simu-
lating this system at zero applied potential, they found no potential
difference between the electrode and bulk. Modeling results by
Painter et. al.”’ also illustrate an effect of ion-cation differences
on the potential at zero charge (PZC). In our simulated FLiBe and
FLiNaK, the absolute value of the bulk potentials is determined by
the chosen convention for treating electrode-ion short-range repul-
sions, and the larger variability among the ionic sizes among the
ions in FLiBe than among the ions in FLiNaK results in a larger
magnitude, nonzero bulk potential at zero applied voltage across the
electrodes: —0.7 V for FLiBe and close to zero for FLiNaK (Figs. 4
and 3).

C. Differential capacitance

Each interface between the electrode and the molten fluoride
can be treated as a parallel capacitor with potential drop

AY = ¥ — ¥, (5)

where W is the electrode potential (+AV/2) and Wp is the average
potential of the bulk molten fluoride (the center of the profiles given
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by Fig. 3). AY is shown schematically in Fig. 1. The recorded values
of the electrode atom charges can be summed and averaged over
time in order to find the mean surface charge density (o) associated
with the capacitor. The differential capacitance is given by

do

0= 5wy

(6)

We solved for Cp as a function of AY using a procedure similar to
Vatamanu et al.’® involving the fitting of 0(A¥) to a third-order
polynomial. Cp(AY) was found by taking the first derivative of this
polynomial. The result of this procedure is shown in Fig. 4.

To determine the optimal order of a polynomial to minimize
the residuals errors without overfitting, a k-fold cross-validation test
was used, as discussed in Sec. II of the supplementary material. The
differential capacitance that employs a third-order fit closely agrees
with the results from employing a fourth-order fit (as in Vatamanu
et al) near the PZC where data are densely populated, but it
disagrees by up to 15% further from the PZC where data are sparsely
populated. Based on the cross-validation analysis, this difference
is interpreted to be a result of the fourth-order model overfitting
the data in the range of potentials with a denser sampling, and
it is for this reason that we based the results here on a third-
order polynomial fit. Although the approach was not pursued in
the present work, we note that an alternative method for com-
puting capacitance is the linear-response framework presented by
Scalfi et al.,”” which would avoid the ambiguities of the polynomial
fitting.

The calculated values of differential capacitance range from
5.8 to 7.8 uF/cm? for FLiNaK and from 3.8 to 6.0 F/cm” for FLiBe,
and they have a dependence on AY. The differential capacitance
values are on the same order of magnitude as reported in previous
simulation studies of chloride molten salts"””**" and also similar to
though somewhat smaller than values experimentally measured for
single-component molten halide melts.”

FLiNaK displays a higher differential capacitance than FLiBe at
all simulated potentials. This can be attributed to a greater ability to
screen electric fields due to the higher polarizability of individual
cations as well as weaker tendency to form strong associates in
the internal structure, implying greater freedom to rearrange. It
is unclear how much of the differential capacitance is governed
by the structure of the double layer as opposed to the chemistry
between the salts and the electrode. A study by Pounds et al.’!
used density functional theory to fit the salt-electrode interactions
of a molten LiCl interface with Al. Doing so resulted in a dif-
ferential capacitance of 10.2-10.4 yF cm™> at 1200 K. Vatamanu
et al. modeled the same LiCl interface while treating salt-electrode
interactions as if the electrode interacted as the system anion (the
same convention used in this paper), and reported a capacitance of
4.1 yF cm ™ at 900 K. Although the disparate temperatures com-
plicate directly comparing the values, these results indicate the need
for future work predicting the differential capacitance of molten
fluorides with a chemically accurate description of salt-electrode
interaction.

The modeled differential capacitance minimum falls around
AY = -0.6 V for FLINAK and 0 V for FLiBe. In FLiNaK, the polar-
izable cation, K, contributes predominantly to shielding, and above
+0.6 V polarization, Li (nonpolarizable) also begins to contribute.
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In FLiBe, the double layer consists of a similarly sized population of
oligomers as in the bulk, but the Be—-F-Be angles are larger (i.e., the
oligomers are more stretched out), and the oligomers preferentially
align parallel to the electrode. The structure in the double layer in
FLiBe is further discussed in Sec. III E with regard to changes to the
in-plane radial distribution of ions and the changes that occur in the
oligomer geometry in the FLiBe double layer.

The calculated capacitance can be compared with differential
capacitances measured through electrochemical experiments. Dif-
ferential double layer capacitance can be measured” through
Electrochemical Impedance Spectroscopy (EIS),” Cyclic Voltam-
metry (CV),””” and Galvanostatic Charge/Discharge Methods
(GCDMs).”” Experimental work aimed at estimating double layer
capacitance needs to (i) use inert electrodes to prevent reactions at
the electrode-electrolyte interface; (ii) verify by current-potential
scans that no reactions are occurring in the window of voltage
used for the measurement; (iii) use a thermodynamic reference
electrode to allow for the quantification of the electrode potential;
and (iv) measure the dependence of the capacitance on the voltage
applied between the reference electrode and the working electrode.
Examples of studies following these criteria are seen for Room-
Temperature Ionic Liquids (RTILs)** but to the knowledge of the
authors are absent for molten fluorides.

While for molten fluoride salts, there are no CV nor GCDM
studies attempting to measure differential capacitance, there are
three corrosion studies” * that report EIS data that can be used to
estimate a magnitude for differential capacitance. The differential
capacitance inferred from these EIS studies on FLiNaK is sum-
marized in Table I. Unfortunately, none of the studies report the
potential dependence or the potential. The main purpose of these
studies was to explore corrosion behavior in fluoride melts and not
to measure the capacitance of the double layer. The experimental
design of these studies is, therefore, not optimized to calculate
the double layer capacitance, and it does not have the experi-
mental features highlighted above. Most notably, all three studies
use non-inert working electrodes (Cr* and stainless steel'”") that
undergo corrosion reactions at the interface with the salt. As a
result, the capacitance measured in the studies is affected by the
reactions at the electrode surface and is not representative of the
double layer capacitance considered in the current simulations;
thus, a comparison to the modeling results presented here is not of
relevance.

ARTICLE scitation.org/journalljcp

D. In-plane radial distribution

The in-plane ordering of ions was quantified using a radial
distribution function (RDF) modified to measure density correla-
tions in the directions parallel to the electrode, as proposed by Heyes
and Clarke.'” While a standard RDF corresponds to relative density
within a spherical shell in the three-dimensional interval r + dr, the
tangential RDF corresponds to the relative density of particles within
a cylindrical shell in the two-dimensional interval r + dr. The height
of this cylindrical shell is given by the parameter Az, which is the
width of the interval of z coordinates under consideration,

dn,

e = 7
2nrdrpAz @

g(r)

Here, p corresponds to the local density of the radial ion and dn, is a
function that counts the number of ions within a cylindrical shell of
thickness dr and within the considered z coordinates. Equation (7)
was calculated near and far from the interface every 100 fs, averaged
over 1.5 ns, in order to generate Fig. 5. Our choice of Az balanced
two competing factors. A value of Az comparable to the distance
between peaks in the charge density profile (roughly 2.2 A for FLiBe
and 2.9 A for FLiNaK) allows for sampling of an entire ionic layer.
However, r in the tangential RDF measures distance in the x, y plane.
Therefore, a Az greater than the nearest neighbor distance will result
in a nonzero tangential RDF at low r because it would count more
than one ionic layer in z, making the tangential RDF difficult to
interpret. We, therefore, choose a Az = 1.5 A in order to sample the
majority of an ionic layer in both FLiBe and FLiNaK without having
the value of Az exceed the nearest-neighbor separation of Be or Li
with F.

The tangential RDF shape and peak heights display little depen-
dence on applied potential or electrode polarization. The shape
of the FLiBe tangential RDF far from the interface shows qualita-
tive agreement with the bulk radial distribution function.”® Nearest
neighbor peaks corresponding to weakly associated cation-ion pairs
in both FLiBe and FLiNaK (i.e., Li-F, Na-F and K-F) increase near
the interface, indicating tighter coordination within the double layer
of the typically weak associates. In FLiNaK, second-nearest neighbor
pairings do not display changes in peak positions.

In contrast, peak heights corresponding to second-nearest
neighbors in FLiBe (such as Be-Li and Be-Be) increase in height,

TABLE |. Differential capacitance of molten fluoride salts from experimental studies. In all studies, the capacitance is extracted
through fitting of EIS with an R-(CPE-R) fitting circuit.*>° In all studies, data are collected at the open circuit voltage, which
likely varies and is not quantified relative to a thermodynamic reference potential. None of the studies performed cyclic
voltammetry to verify that reactions are not contributing to the measured capacitance.

Molten salt Working electrode Temperature (K) Cp (4F/cm?)
FLiNaK?’ Stainless Steel 316 973 0.2 x 10°
FLiNaK** Stainless Steel 316 923 16.4"
FLiNaK + 0.2 wt. %CrF3%° Cr 873 205 x 10°°
FLiBe + 0.2 wt. %CrF;>’ Cr 873 0.8 x 10°°

*Inconsistencies in the reported electrolyte resistance and electrode surface area preclude recalculation of the result.
®Cp not reported in the study* and calculated here based on the reported fitting circuit parameters.
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FIG. 5. Tangential radial distribution functions of FLiBe and FLiNaK near and far from the interface at zero applied potential.

and the Be-Be tangential RDF develops a second peak at roughly
23 A separation (Fig. 6). In the bulk, there is no Be-Be peak until
2.8 A. These modifications to the second-nearest neighbor peaks
demonstrate FLiBe rearranging its medium-range inter-oligomer
order in the double layer (second-nearest neighbors and further).
However, the intra-oligomer order does not appear to change,
characterized by the Be-Be peak centered at roughly 5 A. Thus, the
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FIG. 6. Beryllium-beryllium tangential radial distribution functions near and far from
interface at zero applied potential.

screening electric field is mediated by rearrangement of the individ-
ual oligomers and modification of oligomer shape, which is further
discussed in Sec. III E.

E. FLiBe oligomer geometry

In order to further assess the changes in FLiBe medium-range
order within the double layer, we analyze the length and geometry
of chains of BeF; associates (i.e., “oligomers”). Oligomer geome-
try statistics were collected every 100 fs by constructing graphs of all
beryllium and fluorine ions. Connections were added between each
fluorine-beryllium pair within 2.0 A of each other. No changes in
the distribution of oligomer chain length near or far from the inter-
face were observed; however, we report changes in the geometry
of molecules larger than monomers, as shown in Fig. 7. The rel-
ative frequencies of Be-F-Be connection angles were measured in
order to quantify the tendency of BeF4 chains to occupy “jagged”
or “stretched” states. In both the bulk and double layer regions,
Be-F-Be connections with angles below ~ 25° were highly unfa-
vorable, corresponding to the volume exclusion of ions within the
BeF; molecules. In the bulk region, the most likely connection angle
was ~125°, agreeing with ab initio calculations, but angles lower
than 125° until ~75° remained relatively favorable in disagree-
ment with ab initio calculations.”® In the double layer Be-F-Be,
connections become biased toward wider angles, indicating a ten-
dency for oligomers to stretch out in comparison to their bulk
counterparts.
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In addition, we measure the orientation of dimers relative to the
electrode by measuring the angle between a vector drawn between
two connected beryllium ions relative to the (x,y) plane. A dimer
with ideal “bulk” behavior should be isotropic, with no bias toward
any particular orientation between parallel and perpendicular. We
find that this is true for the bulk region of our system up until
~ 45°, where the distribution begins to decay, indicating a lasting
effect of the interface on oligomer orientation beyond the length-
scale of our simulation size. In the double layer, parallel orientations
become heavily biased, in agreement with the intuition of similarly
charged ions layering parallel to the interface in the double layer.
The changes to the Be-Be tangential RDF in the double layer can be
qualitatively explained by these angular distributions. The increase
in peak height can be attributed to the bias in parallel orientations
of oligomers. The tangential RDFs are calculated only considering
ions separated within a cutoff z separation, as defined by Eq. (7).
Biasing the orientations of oligomers to be parallel to the elec-
trode increases the probability that two beryllium ions will have a
difference in z coordinate that does not exceed this cutoff. Because

ARTICLE scitation.org/journalljcp

the Be-F first nearest neighbor peak is so tight, the absolute value of
the separation between beryllium ijons within an oligomer is con-
trolled by the Be-F-Be connection angle. The segregation of the
bulk Be-Be peak into two separate peaks can be attributed to the
biasing of the Be-F-Be toward higher angles and resultant bimodal
distribution shown in Fig. 7.

IV. CONCLUSIONS

Employing constant-potential molecular dynamics approaches
demonstrated previously for chloride salts, we present simulation
results for the structure and capacitance of the double layers between
fluoride molten salts and model electrodes. Specifically, we compare
results for FLiBe and FLiNaK fluoride mixtures, chosen as model
systems that are known to form strong and relatively weak associates
in the molten state, respectively.”*”” The results show that the polar-
izability of the cations and the formation of associates may dictate
the mechanism by which charge is screened in the electric double
layer. While weakly associating melts are free to screen electric field
by rearranging ionic positions, strongly associating melts that form
oligomers may screen field by modification of the oligomer ordering
and oligomer structure.

We calculated the double layer differential capacitance as a
function of potential for FLiBe and FLiNaK. It was observed that
FLINAK (a weakly associated melt) has a higher differential double
layer capacitance than FLiBe (a former of strong associates and
oligomers): 5.8-7.8 uF/cm® for FLiNaK and 3.8-6.0 uF/cm® for
FLiBe. The screening length in FLiNaK is on the order of 2.0 A at
negative polarity and 5.4 A at positive polarity. The screening length
in FLiBe is on the order of 3.4 A regardless of electrode polarity.

In FLiNaK, the polarizable cation, K, contributes predomi-
nantly to shielding, and above AY¥ = +0.6, Li also begins to con-
tribute. In FLiBe, the double layer consists of a similarly sized
population of oligomers as in the bulk, but the Be-F-Be angles are
larger (i.e., the oligomers are more stretched out), and the oligomers
preferentially align parallel to the electrode.

This study provides initial results for fluoride molten salt dou-
ble layers using an idealized electrode interaction. Comparison
to experimental results shows slightly lower differential capaci-
tance than 20to 50 yF/cm? that has been previously measured for
chloride, bromide, and iodides melts.”” This is expected, given
that double layer differential capacitance is dependent on the
salt-electrode interaction, and an idealized interaction is treated
here. Future modeling efforts should include the development of
more chemically realistic models of the fluoride/electrode inter-
actions and the use of different metallicity models extending the
constant-potential framework such as a Thomas—Fermi semiclassi-
cal model*® or chemical-potential-equalization approach.”

It would be highly valuable to perform future experimental
measurements,”’ by GCDM, CV, and EIS, of double layer differen-
tial and integral capacitance in molten fluoride salts that generate
potential-dependent capacitance and that carefully verify the
absence of chemical reactions at electrode surfaces that otherwise
can mask the double layer capacitance. Unfortunately, three EIS
studies on FLiNaK and FLiBe are the only measurements to date that
we could find for fluoride salts, and because they do not meet these
requirements, they cannot be used for the purpose of extracting
the double layer capacitance. Finally, experimental measurements of
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double layer capacitance for different electrodes that vary in the
nature of their reactivity with the salt would also be useful in inform-
ing (or validating) the development of the salt-electrode interaction
models.

SUPPLEMENTARY MATERIAL

Further descriptions of the potential model, simulation details,
and results and analysis can be found in the supplementary material.
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