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The transport properties of [O] in dissolved rare-earth oxyfluorides provide an important theoretical basis
for optimizing anode reactions during molten salt electrolysis in fluoride systems for rare-earth metal
production. In this study, the solubility of NdOF in (LiF-CaF,)e,. Was investigated, and the electrical
conductivity and density of the saturated NdOF system were measured. The self-diffusion coefficients
and radial distribution functions of the ions in the system were analyzed using first-principles molecular
dynamics. The transport number of dissolved O*(i) ions in the saturated (LiF—CaF;)eut —NdOF system was
determined using the coulometric method, providing a comprehensive analysis of the variation in the
migration rate and diffusion coefficients of dissolved O*(i) ions. The results showed that the solubility of
NdOF in the (LiF-CaFp)ey. System, along with the electrical conductivity and density of the saturated
system, exhibited linear variations in the temperature range of 1123-1373 K. The transport number,
migration rate, and diffusion coefficient of dissolved O*(i) ions underwent non-linear changes with
increasing potential within the range of 3.0-4.5 V, reaching a maximum in the range of 3.75-4.25V,

while still increasing linearly with temperature. When the [temperature-potential] was in the [1200 K1 -
Received 19th December 2024 35 V1] th iarati t d diffusi fficient of O*) i the highest with th
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potential playing a dominant role in the diffusion coefficient of O*(i) ions. The radial distribution function

DOI: 10.1035/d4ra08877h values of the ions in the system indicated that Nd*(i) ions had the strongest restraining effect on the
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1. Introduction

The application of rare-earth functional metal materials
continues to expand, with market demand increasing every
year.! Pr-Nd alloys, as raw materials for NdFeB magnetic
materials, have become the main product in rare-earth metal
applications.> Currently, molten salt electrolysis is the main
method for the industrial preparation of Pr-Nd alloys, and the
carrier for electrolysis is the fluoride-rare earth oxide molten
salt system. According to statistics, the current efficiency of Pr-
Nd alloys prepared by molten salt electrolysis generally ranges
from 85% to 90%. The main factor affecting the current effi-
ciency is the anodic gas generated by the reaction between
oxygen ions and the carbon anode during anodic oxidation in
the electrolysis process, which leads to anodic effects and
anodic degradation.® E. Stefanidaki et al.** studied the Nd-F-O
complex ions and anodic process of the LiF-NdF;-Nd,O;
system. The results indicate that NdOFx(x_l)_ and Nd20Fx+3(‘
*~1- might be formed, with the most reasonable mononuclear
complex ions being NdOF,*~ and NdOF;s*~ and the binuclear
ones being Nd,OF,;,°~ and Nd,OF"", as identified through
Raman spectroscopy. Meanwhile, neodymium oxyfluorides and
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dissolved O*(i) ions during the diffusion process.

Nd-F-O complex ions were oxidised at the anode to oxygen,
which was evolved before the oxidation of F~ ions. In this work,
NdOF and Nd-F-O complex ions, which are involved in the
anodic reaction process in the LiF-NdF;-NdOF system during
electrolysis, are presented as O*(u) ions. According to the
research results in (ref. 6 and 7), it is indicated that the low
solubility of NdOF can lead to a decrease in current efficiency
and the formation of electrolytic cell sludge.

Therefore, the study of the transport characteristics of O*(i)
ions in the (LiF-CaF,)c.~-NdOF system has important guiding
significance for controlling the anode effect, improving current
efficiency and optimizing the anodic process.*® However, due to
the complexity and diversity of dissolved O*(u) ion groups in
high-temperature molten salt systems, the established models
of O*(u) ion transport behaviour still need to be continuously
improved to enhance accuracy and practicality.’ The main
purpose of this work is to systematically investigate the nature
of dissolved O*(u) ion transport in the (LiF-CaF,)ey~NdOF
molten salt system and to provide a new scheme for analyzing
the transport and migration laws of dissolved O*(u) ions. In this
study, the solubility, conductivity, density, and ion mobility
number of the (LiF-CaF,)e,~NdOF molten salt system were
determined experimentally, and the mobility and diffusion
coefficients of O*(u) ions in the solvated state of the system were
calculated using Einstein's equation." Based on the first-
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principles molecular dynamics method,"** the interaction laws
and self-diffusion coefficients of the dissolved ions M* in the
system were analyzed. The results of the study can elucidate the
variation patterns of the transport number, migration rate, and
diffusion coefficient of complex O*(u) ions with temperature
and potential coupling in the (LiF-CaF,)cy~NdOF system,
providing a more comprehensive theoretical basis for the opti-
misation of the transport process of O*(u) ions.

2. Materials and methods
2.1 Solubility-conductivity-density measurement methods

Analytically pure LiF (99.99% metals basis, CAS No. 7789-24-4,
Macklin) and CaF, (99.99% metals basis, CAS No. 7789-75-5,
Macklin) were dried at 423 K for 36 h to remove water under an
argon-protected atmosphere. A mixture of 50 mol% Nd,O;
(99.99% metals basis, CAS 1313-97-9, Macklin) and 50 mol%
NdF; (99.99% metals basis, CAS 13709-42-7, Macklin) was
ground in a glove box, then placed in a BN crucible and vacuum
dried at 673 K for 24 h. Subsequently, the mixed powder was
heated at 1123 K for 6 h under argon protection and cooled with
liquid nitrogen to obtain NdOF powder.

Under argon protection, dehydrated LiF and CaF, were
uniformly mixed according to a molar ratio of LiF : CaF, = 79:
21 and then heated to a set melting temperature. NdOF was
subsequently added to form a supersaturated (LiF-CaF,)eyc.—
NdOF molten salt. Samples of the saturated molten salt super-
natant were drawn using a tungsten capillary and cooled. The
solubility of NdOF was determined by analyzing the Nd content
of the samples using inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES).

The conductivity meter was calibrated using a standard
resistance solution. The molten salt was heated to a set
temperature after being placed in a boron nitride conductivity
cell. A molybdenum probe connected to the conductivity meter
was then inserted into the molten salt and calibrated for depth.
The resistance of the molten salt was measured by performing
the probe lifting procedure at a constant temperature, and the
conductivity of the molten salt system was calculated according
to eqn (1).

The density of the molten salt system was determined using
the Archimedes method. A precision electronic balance was
used to measure the mass M; (g) of the molybdenum probe in
air and the mass M, (g) after immersion in the molten salt, from
which the density of the molten salt was calculated using eqn
(2). The molybdenum probe was connected to a steel wire and
suspended on a precision electronic balance, with the center
position adjusted to test the pure water density at 293 K to
calibrate the measurement system. The sample to be measured
in the crucible was heated to a predetermined temperature and
then maintained at a constant temperature for 20 min, with the
molybdenum probe position kept the same as that of the cali-
bration experiment. The density measurement program was
then run to perform the measurement.

- 5(%)
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p = (M — M)V (2)

where ¢ is the electrical conductivity (s cm '), A is the internal
cross-sectional area of the conductivity cell (cm?), Z is the total
circuit resistance (Q), L is the length of the conductivity cell
(em), p is the density of the molten salt (g em ™), and V is the
volume of the calibrated molybdenum measuring head (cm?).

2.2 Migration count measurement methods

The transport number #j,) of the O*(u) ions is defined as the
ratio of the charge current u of the O*(u) ions to the total current
I'passing through the electrolyte, which is equivalent to the ratio
of the total charge Qo) released during the oxidation of the O*(u)
ions to the total charge Q passing through the electrolyte, as
shown in eqn (3).

tio) = Qo Q (3)

The measurement device is shown in Fig. 1. The main
structure consists of a two-chamber slot separated by a porous
boron nitride plate to isolate the cathode and anode chambers.
Excess NdOF was added to a tungsten crucible in the cathode
chamber to ensure that the molten (LiF-CaF,)., was satu-
rated. The W cathode was introduced into the cathode
chamber after melting the molten salt at an elevated temper-
ature under argon protection and held for 30 min, whereas the
high-purity graphite anode was introduced into the anode
chamber after the mass (M;) was determined using an elec-
tronic balance. The anode and cathode were connected to a DC
power supply, setting a constant-pressure electrolysis and real-
time plotting of the potential-current curve. According to the
data provided in the literature,” the emission of per-
fluorocarbons (CF,, C,Fe) and the concentration of NdOF in
anode chamber were managed to stay between 0.5 and 1.5%.
Meanwhile, the critical voltage and anode current density were
maintained at less than 0.3 A cm > and 4.5 V, respectively.
After 2 h of electrolysis, the graphite anode was cooled, and the
mass was remeasured (M,). The total electric charge Q of the
electrolyte was obtained by integrating the potential-current

Fig. 1 Schematic representation of the transport number measuring
device.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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curve, while the total electric charge Qo) released by the O*(u)
ions was calculated by accounting for the consumption of the
high-purity graphite anode (M;-M,) in the reaction to produce
CO/CO,. Referring to the results of the literature,”>'® the
reaction of generating CO and CO, gases mainly occurred at
the anode in the experiment, and the proportional relationship
of CO/CO, changed with variations in temperature and
potential during the experiment. The off-gas from the anode
chamber was continuously analyzed by taking 1 L min~" from
the cell atmosphere and pumping it at 353 K through the FT-IR
spectrometer (Gasmet, Ansyco), which was calibrated for the
proportion of CO/CO, gases.

2.3 Principles and methods of molecular dynamics
calculations

The main process and parameter settings for molecular
dynamics calculations are as follows:

(1) Based on Gaussian 16 software package, the LiF, CaF,, and
NdOF molecules were optimized using the B3LYP method and
mixed basis sets (i.e., Li, Ca, O, and F using the 6-311G* basis set
from Pople'”*® and Nd using the SDD pseudopotential basis set).

(2) Packmol software' was utilized to randomly populate
a cubic box of length 145.0 nm with the optimized 79 LiF,
21CaF, and two NdOF molecules, serving as a (LiF-CaF,)eyc.—
NdOF preprocessing model.*® Periodic boundary conditions
were applied, and an NPT ensemble was enforced, employing
a Nosé-Hoover thermostat to maintain the target temperature.
The pressure was set at 1.013 x 10° Pa.

(3) The ab initio molecular dynamics (AIMD) calculation
was performed using the CP2K software package.”"*> All atoms
in the system were described using the DZVP-MOLOPT-SR-
GTH basis set.>*** Li and F valence electrons were treated as
outer electrons, Nd atomic 3d/4f/6 s orbital electrons were
considered to be valence electrons, and the remaining core
electrons were described using Perdew-Burke-Ernzerhof
pseudopotentials. All electrons were treated using the
Grimme-D3 dispersion correction.”® Self-consistent field
convergence was achieved using the orbital transformation
method with an accuracy of 10~° Hartree. Geometric optimi-
sation was performed using the L-BFGS minimisation algo-
rithm with the convergence criteria shown in Table 1, with
a step size of 1 fs (TIMESTEP), running for 10 000 steps (STEP),
and an operation time of 10 ps. The maximum value of the
grid precision cutoff was set to 600 Ry, and the REL_cutoff was
set to 60 Ry.”**’

(4) The radial distribution function (RDF) is the ratio of the
particle number density function between A-B particles and the
average particle number density, as shown in eqn (4).

Table 1 Convergence criterion of geometric optimization (unit a.u.)

Convergence terms MAX_DR RMS_DR MAX_FORCE RMS_FORCE

Convergence 3x10% 1.5x10°% 45x10* 3 x10*

criteria values

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(4)

where pg(r) is the density of particles B at a distance r from
particle A and (pz(7max))10cal 1S the average density of particles B
within a shell of radius r,,, centered at particle A. The 7y
value was considered as half the box length, with the time
averaged in the calculations.

(5) Post-processing analyses were performed using VMD
software and VASTA software.

3. Results and discussion

3.1 Solubility-conductivity-density patterns of the (LiF-
CaF,)cy.~NdOF system

The solubility of NdOF in the (LiF-CaF,)ey,. molten salt system
in the range of 1123-1373 K and the change rule in density and
conductivity of the (LiF-CaF, )y, system in the saturated state of
NdOF are shown in Fig. 2. The results of linear fitting of the
mean values of the data obtained from three parallel experi-
ments corresponding to solubility, density and conductivity
tests are shown in Fig. 2(a)—(c), respectively, corresponding to
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Fig. 2 Variation in (a) solubility of NdOF in (LiF—CaF;)eut. molten salt
and (b) density and (c) conductivity of the saturated system with
increasing temperature.

RSC Adv, 2025, 15, 10691-10699 | 10693


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08877h

Open Access Article. Published on 07 April 2025. Downloaded on 2/12/2026 12:59:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

descriptive statistics with mean errors of 1.77%, 1.25% and
2.54%, respectively. The relatively high measurement error of
conductivity is mainly attributed to the expansion of the
molybdenum probe at high temperatures, resulting in an error
in the length of the conductivity cell during the measurement
process. Additionally, the difference in conductivity of the
molybdenum probe at high temperatures compared to ambient
temperatures also has an effect on the measurement results.
Fig. 2(a) shows that the solubility of NdOF (Snqdor) in the (LiF-
CaF,)ey.. Molten salt system is in the interval of 2.27-3.82 wt%
in the temperature range of 1123-1373 K, which is in accor-
dance with the linear increasing relationship eqn (5). Fig. 2(b)
and (c) show that the density (p) of the saturated (LiF-CaF,)eyc—
NdOF molten salt system conforms to the linear decreasing
relationship eqn (6) in the interval of 2.33-2.88 g m® in the
temperature range of 1123-1373 K, whereas the conductivity (o)
conforms to the linear increasing relationship eqn (7) in the
interval of 6.87-7.88 S cm ™.

Sxdor = 6.28 x 107> T — 4.38 (5)
pdor = —3.65 x 1077 T+ 5.21 (6)
ondorF = 2.78 x 107> T + 2.61 (7)

3.2 Patterns of changes in transport number and migration
rate of O*(u) ions

The transport number of active O*(u) ions in the saturated (LiF-
CaF,)eu:~NdOF system under varying potential (3.0-4.5 V) and
temperature (1073-1323 K) conditions is presented in Table 2.
The corresponding transport number of O*(u) ions is converted
into migration rate under the corresponding potential-temper-
ature conditions through eqn (8), as shown in Fig. 3. The curves
in Fig. 3(a) show that the active O*(u) ion migration rate of the
saturated (LiF-CaF,)e,~NdOF system in the temperature range
of 1073-1373 K varies nonlinearly with potential in the range of
3.0-4.5 V. The potential reaches a maximum value of O*(u) ion
migration rate in the range of 3.75-4.25 V and the potential
beyond this range causes the O*(u) ion migration rate to
decrease. In the 3.0-3.75 V range, the active O*(u) ions in the
system are subjected to a stronger electric field, while the rate of
electrode reduction on the surface of the graphite electrode
continues to increase, and both the transport number and

Table 2 Transport number of dissolved O*(i) ions
temperature—potential conditions

under varying

Potential (V)

Temperature (K) 3V 3.25V 35V 375V 4V 425V 4.5V
1073 0.179 0.219 0.295 0.319 0.352 0.338 0.260
1123 0.218 0.256 0.331 0.356 0.391 0.377 0.296
1173 0.261 0.296 0.362 0.388 0.424 0.409 0.331
1223 0.299 0.337 0.395 0.418 0.455 0.441 0.366
1273 0.343 0.382 0.431 0.452 0.488 0.477 0.407
1323 0.385 0.428 0.462 0.481 0.513 0.499 0.446
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migration rate of the active O*(u) ions increase as the potential
increases. When the voltage is 3.75-4.25 V, the electric reduction
of O*(u) ions on the graphite anode surface reaches equilibrium,
and the Faraday current reaches an extreme value (i.e., the O*(u)
ion migration rate and transport number are extremely high).
When the potential exceeds 4.25 V, the non-Faraday current in
the system increases, and the free F(i) ions and Li(1)/Ca(u) ions
become carriers, which leads to a decrease in the transport
number and migration rate of O*(u) ions. Additionally, as the
potential increases, the anodic current density increases, and the
desorption resistance of CO/CO, gas molecules formed after the
reduction of active O*(u) ions on the carbon graphite electrode
surface increases. The concentration polarization and electro-
chemical reaction polarization on the electrode surface are
enhanced, and more inactive ions in the system participate in the
charge-transfer process, further decreasing the transport
number and migration rate of the O*(u) ions.

The coupling law projection diagram of the migration rate of
active O*(u) ions in the saturated (LiF-CaF,)e . -NdOF system at
1073-1323 K and 3.0-4.5 V can be obtained by differential
fitting of the data in Fig. 3(a), as shown in Fig. 3(b). It can be
observed that when the temperature—potential is in the [1200 K
1-3.5 V1] region, the migration rate of O*(u) ions is at its
maximum. The high temperature accelerates volatilization of
the molten salt medium and disrupts the equilibrium of the
electrolytic system. Simultaneously, when the potential exceeds
5.0 V, the (LiF-CaF,).,.. base medium approaches the decom-
position potential and loses its stability. Therefore, the
continued application of higher potentials drastically reduces
the current efficiency.

Therefore, by controlling the system potential in the range of
3.75-4.25 V while constraining the temperature at 1250-1350 K,
the O*(u) ion migration rate can be controlled in the ideal range
of 70 x 107 * m* vV '-s.

wi = (ot Fe; (8)

where ; is the migration rate of O*(u) ions (m* V™"-s), ¢ is the
conductivity (S m "), F is Faraday's constant (96 485 C mol '), ¢;
is the concentration of O*(i) ions (mol m™?%), and ¢; is the
transport number of O*(u) ions.

The fitted relationships and kinetic parameters of O*(u) ion
migration rate according to temperature under varying poten-
tials are listed in Table 3, indicating that the active O*(u) ion
migration rate of the system increases linearly in the range of
1073-1323 K at 3.0-4.5 V. Since an increase in temperature
directly increases the kinetic energy of O*(u) ions, the ion
migration rate increases. Through logarithmic fitting analysis,
the activation energy for O*(u) ion migration at varying potentials
was calculated. It can be seen that as the potential increases from
3.0V —> 325V — 3.5V — 3.75V — 4.0V, the corresponding
migration activation energy gradually decreases. As the potential
increases from 4.0 V. — 4.25 V — 4.5 V, the corresponding
migration activation energy also decreases with increasing
potential, consistent with the trend in the migration rate.

Overall, the transport number and migration rate of O*(u)
ions are synchronized with the changes of temperature and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Change in dissolved state O*(i) ion migration rate (a) with increasing potential and (b) temperature—potential fitting projections.

Table 3 Linear fitting relationship of migration rate—temperature of O(i) ions at varying potentials

Potential (V) Diffusion coefficient Inyw; - 1T Prefactor (J mol ™) MEA (J mol ™)
3.0 wi=-919 x 10 %+1.19x 10T Y = —13.95 - 3428.32X 8.74 x 1077 28 503.05
3.25 wi=-819x10°+116 x 107°T Y = —14.27 - 2893.47X 6.35 x 1077 24 056.31
3.50 wi=-259%x10°%+785x 10" T Y = —15.14 - 1628.87X 2.66 x 1077 13 542.43
3.75 wi=-137x10%+718 x 1071 T Y = —15.27 - 1405.19X 2.34 x 1077 11 682.75
4.00 wi=—2.65x10"°+6.78 x 107" T Y = —15.33 - 1224.78X 2.20 x 1077 10182.82
4.25 wi=—-825x10"+7.04 x 107 T Y = —15.29 - 1314.64X 2.29 x 1077 10 929.92
4.50 wi=-511x10°%+952x 107" T Y = —14.79 - 2139.55X 3.77 x 1077 17 788.22

potential, and the trends are consistent. The migration rate of
O*(u) ions is closely correlated with the conductivity of the
system, which in turn is strongly correlated with the tempera-
ture of the system and the microforms and states of the O*(u)
ionic groups, as well as the interactions between the ions of the
system. From the coupling relationship of O*(i1) ion migration
rate with temperature and potential, it can be seen that the
O*(n) ions in the system are in a dynamic process. Therefore,
dynamic control of the temperature-potential-concentration-
component composition to drive the decomposition and
miniaturization of the complex O*(u) ion clusters during the

electroreduction process is the key to ensuring that the trans-
port number and migration rate of O*(u) ions are in an opti-
mized state.

3.3 Change law of self-diffusion coefficient of ions in the
system

Fig. 4(a) shows the optimized electron density localization
function planar filling of the structure of the saturated (LiF-
CaF,)eu.~NdOF system calculated using AIMD, indicating no
obvious electron density around the Li/Ca/Nd/O/F atoms in the
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Fig.4 Patterns of variation in (a) ELF planar color-filling diagrams and (b) M* ion self-diffusion coefficients for the saturated (LiF—CaF;)e . —NdOF

system.
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system and no stable ionic bonds between the metallic elements
(Li/Ca/Nd) and the non-metallic elements (O/F), which exist as
discrete ions (denoted as M*, where M = Li/Ca/O/Nd/F).

Based on the data obtained from the AIMD calculations, the
coordinates of motion of the system M* ions corresponding to
time can be tracked, and the root-mean-square displacements
(MSD), corresponding with the extent of change in the position
of the atoms over time with respect to the reference point, can be
calculated using eqn (9). Subsequently, the self-diffusion coeffi-
cient of M* ions in the (LiF-CaF,)e, ~NdOF system can be
calculated using the limiting expression of the Einstein formula
in eqn (10). The calculated results are shown in Fig. 4(b) and
indicate that the self-diffusion coefficient of the M* ions in the
system increases linearly with temperature. At the same
temperature, in descending order, the self-diffusion coefficients
are D(Li) > D(F) > D(Ca) > D(O) > D(Nd), where D(O) and D(Nd) are
significantly lower than D(Li)/D(Ca)/D(F) in the molten salt
medium. Since the diffusion coefficient-diffusion activation
energy is in accordance with the Arrhenius equation (eqn (11)),
which is transformed into the logarithmic relationship (eqn (12))
and then linearly fitted to InD - (1/7), the diffusion activation
energies and prefactors of the various M* ions in the system can
be obtained; the results are shown in Table 4. The diffusion
activation energies of the Nd(m) and O*(u) ions in the system are
similar and relatively high, while those of Ca(u) and F(1) are
similar. Li(1) exhibits the lowest migration barrier.

MSD — <|x(z) _ x0|2> _ % ZN; <’x<f>(;) — x<i>(0)|2> 9
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— i 1 2
D = lim [Z_dt <|x(t) — x| >] (10)
E
D = Dyexp (_ﬁ) (11)
E
In D=1In D()— ﬁ (12)

where d is the MSD dimension, which is 3 in this study; ¢ is time
(s); ([#())?) is the mean square displacement; D is the diffusion
coefficient of ions (cm* s™); E is the activation energy for ion
diffusion (J mol™); and R is the ideal gas constant (8.314 ]
mol ' K.

3.4 Change pattern of O*(u) ion diffusion coefficient

Based on the migration rate data of O*(u) ions in the saturated
(LiF-CaF,)eut~NdOF system, the diffusion coefficients of the
O*(n) ions under varying potential-temperature conditions can
be calculated from the Einstein equation (eqn (13)). Combined
with the O*(u) ion self-diffusion coefficient data in Fig. 4(b),
the O*(u) ion diffusion coefficient of the saturated (LiF-
CaF,)ey;~NdOF system can be obtained by varying the
temperature and potential, as shown in Fig. 5(a). It can be
observed that the O*(u) ion diffusion coefficient increased
nonlinearly with increasing potential between 3 and 3.75 V in
the temperature range of 1123-1373 K. After reaching
a maximum at 3.75-4.25 V, the diffusion coefficient tended to
decrease as the potential increased. The data in Fig. 5(a) can be
differentially fitted to obtain the variation rule of the O*(u) ion

Table 4 Linear fitting relationship and relevant parameters of diffusion coefficients of M* ions

Ions Diffusion coefficient InD - 1T Prefactor (J mol ) DEA (J mol )
Li(1) Dyj=-2.08x10*+233x107" T Y = —5.46 - 4928.08X 4.25 x 1073 40 972.06
Ca(u) Dea=—-131x10""+143 x 1077 T Y = —5.67 - 5378.31X 3.45 x 107 44715.27
Nd(III) Dyg = —5.56 X 10°°+569 x 1078 T Y = —5.49 - 7005.16X 413 x 1073 58240.90
o(m) Do=—-829x107°+859 x10°°T Y = —5.32 - 6642.99X 4.89 x 107° 55229.82
F(1) Dp=-118 x 107 *+1.98 x 107" T Y = —5.38 - 5314.39X 4.61 x 10 44183.84
1323 = " Diffusion caefficient /(em <)
5.0E-5- (a) | (b) R, 4.980E-5
ases N\ | e / i ]
1323K rrsf S R i 4.475E-5
aesk T/ X\ e » !
£ 1273K - s==0) B : I 3.970E-5
E 2 . i Y
= 35ESF 1223K 3 123p RS . - 3.465E-5
E g i ;
£ 30ES: \1173" Z \ | 2.960E-5
£ 123K 2
& 25E-5 £
: 1073K = ~ 2.455E-5
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& 15e-5|
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1.0E-5|
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Fig. 5 (a) Relationship between temperature and potential and (b) projection of temperature—potential coupling of O*(i) ion diffusion coeffi-

cients in (LIF—CaFj)eut —NdOF system.
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Table 5 Linear fitting relationship and related parameters of diffusion coefficient—temperature for O(i)* ions in the system at varying potentials

Potential (V) Diffusion coefficient fits InD - 1/T fit Prefactor (J mol ) MEA (J mol ")
3.0 D=-731x10"°+8.29x10°T Y = —6.71 - 4617.05X 1.22 x 1073 38386.15
3.25 D=-717x10"+8.48 x10 T Y = —7.02 - 4082.19X 8.94 x 10°* 33939.33
3.50 D=-4.85%x10"+7.00x 10T Y= —7.90 - 2817.60X 3.71 x 107* 23425.53
3.75 D=-443x10°+6.83 x 10 T Y = —8.03 - 2593.91X 3.26 x 10°* 21565.77
4.00 D=-418x10"+6.89 x 10 8T Y = —8.09 - 2413.51X 3.07 x 10°* 20 065.92
4.25 D=-434x10"+6.91x 10 °T Y = —8.05 - 2503.36X 319 x107* 20 812.94
4.50 D=-5.89 x 10 °+7.65 x 10 ° T Y = —7.55 - 3328.27X 5.26 x 1074 27 671.24

diffusion coefficient under the coupling conditions of
temperature and potential, as shown in Fig. 5(b). Under
a potential not lower than =3.50 V and temperature not lower
than =1223 K, O*(u) ions exhibit a higher diffusion rate with
diffusion coefficients that are more sensitive to potential
changes. Fitting the data in Fig. 5(a) from the perspective of
temperature-diffusion coefficients at corresponding poten-
tials reveals that under 3.0-4.5 V, the diffusion coefficients of
the O*(u) ions linearly increase within the temperature range
of 1123-1373 K. Table 5 presents the linear expressions.
Furthermore, by fitting D — (1/7) and performing logarithmic
transformation, the trend in the activation energy change of
O*(u) ions under varying potentials is Ez gv > E3z5v > E35v >
Es75v > Eqov < Ezasv < E4 sy, further indicating the existence of
a minimum value in the diffusion barrier of O*(u1) ions between
the potentials of 3.75-4.25 V.

In summary, the diffusion coefficients and mobilities of
dissolved O*(u) ions are covariant at certain temperatures, and
the diffusion of O*(u) ions is more sensitive to potential
changes. This is mainly attributed to the increase in the
concentration gradient due to the directional motion of O*(i)
ions under the action of the electric field, and the increase of
the polarization rate and the dipole distance of O*(u) ion clus-
ters induced by the external electric field, which results in the
activation and decomposition of complex O*(u) ion clusters to
form smaller groups.

D = u; kgTlq (13)
where D is the diffusion coefficient of ions (m> s %), kg is the
Boltzmann constant (1.38 x 10> J K '), T is the absolute
temperature (K), g is the ionic charge (C), and u; is the migration
rate of O*(u) ions (m* V~'-s).

3.5 Analysis of O*(u)-M* radial distribution function of the
system

The radial distribution function [RDF, g(ry*)] between O*(u)-
M*jons in the system can be calculated from the M* ion motion
trajectory data in the saturated (LiF-CaF,)e,-NdOF system
using AIMD, which in turn allows the average first coordination
radius (Ry*) and truncation radius (ry*) between M*-O*(u) ions
in the system to be determined. The O*(u)-M* interion migra-
tion energy barrier V(M*) can be obtained using eqn (14); the
results are listed in Table 6.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 6 Data on the radial distribution function of the saturated
(LiF—CaF5)eyt, —NdOF system

Average coordination Cut-off
M*-0* radius/A radius/A V(r)/kJ mol "
Li-O 1.85 2.95 23.47
Ca-O 2.25 3.35 34.54
F-O 3.05 4.55 8.95
Nd-O 2.05 3.55 53.53

Fig. 6(a) and (b) show the RDF curves (mean) and migration
energy barriers V(M*), respectively, between O*(ir)-M* ions in
the 1123-1373 K range for the saturated (LiF-CaF,)ec,;~NdOF
system. Combined with the data in Table 5, it can be observed
that the average coordination radius between O*(u) ions and
cations in the [Nd*(ur)/Ca*(u)/Li*(I)] system is close to the value
of the truncation radius. Owing to the small radius of Li*(I), the
first coordination layer between O*(u) and Li*(I) is tighter.
Although the radius of the Ca*(u) ion is smaller than that of
Nd*(m), the electrostatic interactions between O*(u)-Nd*(ur)
and O*(u)-Ca*(u) are stronger, resulting in a slightly tighter first
coordination layer between O*(u)-Nd*(m) and O*(u)-Ca*(u).

Overall, owing to the electrostatic repulsion between the
[O*(u)/F*(I)] and O*(u) ions, the first coordination radius and
truncation radius between the system cations [Nd*(u)/Ca*(i)/
Li*(I)] and O*(u) are larger than that between the anions [O*(i)/
F*(I)] and O*(u), and the first coordination layer is looser. The
average migration energy barriers V, between the O*(u)-M* ion
pairs are in the order V(Nd*) > V(O*) > V(Ca*) > V(Li*) > V(F*),
indicating that Nd*(u) has the strongest hold on the diffusive
migration of O*(u), whereas the hold of F*(I) is the weakest. It is
noteworthy that the interactions between the O*(u) ions are
much stronger than those between the F*(I) and O*(u) anions
owing to the stronger nucleoelectric repulsion between O*(u)
and O*(u), as well as the stronger interactions between Nd*(ur)
and O*(u) during solvation and dissociation of the NdAOF
molecule; the F*(I) ions have a weaker direct interaction on
O*(u) in the system.

V(r) = RTIng(r) (14)
where R is the ideal gas constant (8.314 ] mol ' K'), T'is the
absolute temperature (K), and g(r) is the ion pair radial distri-
bution function value.
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Fig. 6 (a) Mean values of radial distribution functions and (b) migration energy barriers V(M*) for O*(1)—M* in the saturated (LiF—CaF5)ey: —NdOF
system.

4. Conclusion

In the temperature range of 1123-1373 K, the solubility of
NdOF in the (LiF-CaF,)ey. system increases linearly within the
range of 2.27-3.82 wt%. The density (p) of the saturated (LiF-
CaF;)eut-NdOF system decreases linearly with increasing
temperature in the range of 2.33-2.88 g m?®, while the
conductivity increases linearly with increasing temperature in
the range of 6.87-7.88 S cm ™ *. The mobility number/mobility/
diffusion coefficient of active O*(u) ions in the saturated (LiF-
CaF;)eut. ~NdOF system varies nonlinearly with potential in the
3.0-4.5 V/1073-1323 K range, where the O*(u) ion mobility
reaches a maximum at 3.75-4.25 V. At a certain potential, the
migration number/migration rate/diffusion coefficient of O*(u)
ions in the saturated (LiF-CaF,)ey~NdOF system increased
linearly in the temperature range of 1073-1323 K and is more
sensitive to potential changes. When the temperature and
potential exceeded 1200 K and 3.5 V, respectively, the migra-
tion rate of O*(u) ions reached its maximum. The values of the
radial distribution function between ions in the saturated
(LiF-CaF,)eyuc ~NdOF system indicate that the Nd*(ui) ions have
the strongest hold on the migration and diffusion of the
solvated O*(u) ions.
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