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Abstract

Development of new high temperature electrolytes is hindered by lack of infor-
mation about their thermodynamic solution properties, which must be deter-
mined through experiments or modeling. Current models, however, are unable
to accurately predict the behavior of the complex multicomponent liquids that
make up such electrolytes, and gathering sufficient experimental data for a full
analysis is lengthy and expensive. Even if the properties of an electrolyte are
well-determined, the link between theirthermodynamics and the extent of code-
position that will occur during electrolysis remains unclear. Previous endeavors
aimed at linking the difference in deposition potential AE of two elements to
their codeposition behavior focused on binary cathode alloys that formed ideal
solutions. Herein, this approach is generalized to multicomponent cathodes ex-
hibiting real solution (a; # x;) behavior. Through this methodology, targeted
experimental data and classical Gibbs energy curves can be used in combination
to map out the thermodynamic nature of complex electrolytes. To facilitate this
effort, a new thermodynamic reference state for activity is derived that allows
one to determine electrolyte activities directly from AFE. The merits of this ap-
proach are tested against experimental case studies and compared to traditional

standard state assumptions.
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1. Introduction

Production of metal by electrochemical means is an attractive pathway to-
wards a greener metals industry because electrical energy is used directly for
reduction. It is currently the method of choice for production of reactive metals,
such as aluminum, magnesium, and the rare earths, and it is widely used for
winning and refining other metals such as zinc, nickel, copper, silver, and gold.
Except in notable cases, such as praseodymium-neodymium production from
a mixed oxide [1], the electrolyzed product tends to be a nearly pure metal.
Purification tends to be achieved through either pre-processing to ensure a pure
electrolysis feedstock, as in the Bayer process for aluminum production [2], or by
carefully selecting a supporting electrolyte insoluble to unwanted species, such
as silver and gold in copper anode electrorefining [3].

Recently, new electrochemical technologies are pushing the boundaries of pro-
cessing conventions. Novel high temperature electrolytes such as molten sul-
fides [4, 5] and oxides [6] generally have greater solubility for a wider range
of elements than their aqueous counterparts. Furthermore, being novel, these
electrolytes have many unknown properties which cause difficulty when trying
to optimize for selectivity. In these cases, the purity of the final metal product
cannot be guaranteed a priori, and many experiments are required to effectively
develop the new technology. Challenges with maximizing cathode purity are
not limited to emerging technologies, and are of great interest in recycling tech-
nologies, particularly in the area of nuclear waste where it is not practical to
have multiple separate pre-processing steps [7].

In cases where multiple reduction reactions may occur, little is known about the
quantitative link between electrolyte chemistry and cathode product [8], and the
electrochemist is either forced to return once more to extensive experimenta-
tion or make simplifying assumptions. One such common assumption maintains
that if two species are further than 200mV apart on the standard state electro-
chemical series, then the more reactive species will not contribute at all to the

reduction reaction. Conversely, if the standard state reduction potential of two



species are closer than 200mV, ¢odepositionwillioceur (957102 The major issue
with this assumption is its use of pure standard state (a=1) thermodynamic
convention, which neglects all effects of concentration and chemical interaction
and treats both the electrolyte and the cathode as if they were completely pure.
If the concentrations of the species in the electrolyte and cathode are known,
the electrochemical series may be adjusted to an ideal series. For an oxidized

species AX being reduced to metal A and gaseous X such that:

A" +ne” — A (1)

X" = X +ne” (2)
we can find its ideal decomposition potential via the equation:

E’id _ Eo _ g i TAPX
nkF TAX

(3)

Where E° is the standard state decomposition potential of AX for a system con-
taining = concentration of A and AX, and a partial pressure p of anodic product
X2 Although this formalism improves upon standard state, it does not take into
account interactions between AX and other species in the electrolyte, or A and
other metals in the cathode. Although certain metallic systems can be approx-
imated as nearly ideal, most electrolytes are eutectic systems with interactions
that have significant deviations from ideality. These interactions, typically rep-
resented by the Raoultian activity coefficient (), are particularly important
when one considers the fact that in commercial electrolytic processes, the sup-
porting electrolyte is present in far greater concentrations than the electroactive
species. For example, in the Hall-Heroult process, Al;Oj3 is present in the range
of 2-3 wt%, dissolved in a cryolite supporting electrolyte [11]. Such concen-
trations are common across other technologies, such as rare earth electrowin-
ning [12]. At these concentrations, the molecules of electroactive species are
completely surrounded by molecules of supporting electrolyte (i.e. solvated): an
alumina-cryolite interaction is statistically far more common than an alumina-

alumina interaction. Therefore, the effect the supporting electrolyte has on the
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chemistry of the electroactive species must be considered, and the assumption
of standard state behavior can no longer be used. [nragueouselectrochemistry;
the effect of the electrolyte on electrochemical behavior can be captured in the
activityrof therproton; as documented in electrochemistry textbooks. However,
the relationship between electrolyte and electrochemical behavior becomes less
clear in high temperature, nonaqueous electrochemistry. The role of the sup-
porting molten salt electrolyte on the electrochemical series has been observed
[13], and in certain cases the changes are so severe that the series becomes in-
verted: a species previously thought to reduce first may now be second or third
in the series [14]. These changes are not always intuitive, and optimizing sep-
aration between two electroactive species in the presence of a bulk supporting
electrolyte has been the subject of many experimental studies [15-17].

To predict how the electrochemical series changes and its consequences on elec-
trolysis, the activities of the electroactive species in both their oxidized and
reduced form should be quantified. This may be accomplished through one of
three main methods. The first method is direct activity measurements, such
as electrochemical potential difference measurements (formerly emf). While by
far the most accurate of the three methods, it requires multiple experiments at
various temperatures and concentrations to accurately map out the system. In
addition, all direct activity experiments require a thermodynamic and electro-
chemical reference. This is particularly challenging for certain high temperature
molten electrolytes, such as chlorides, fluorides, and sulfides, which tend to react
not only with a reference or ion-selective membrane, but also with containment,
introducing further experimental unknowns.

The second method for quantifying activity is employing first-principles calcula-
tions such as density functional theory (dft). While first-principles calculations
have generated a lot of excitement due to their promise in linking atomic-level
phenonoma to macroscopic materials properties, they struggle to calculate en-
tropic interactions that are important in high temperature liquids.

The final method for quantifying activity is the CALPHAD method (CALcu-
lation of PHAse Diagrams) [18]. The CALPHAD method is unique in that it
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takes experimental measurements and fits them to equations of statistical ther-
modynamics or linear expansions of classical thermodynamics. It then generates
an expression of total Gibbs energy, from which thermodynamic properties may
be derived. It is fundamentally an interpolation method, and thus has difficulty
predicting properties in areas far from the original interpolation, or in systems
where limited data is available.

All three methods for quantifying activity have their relative strengths and
weaknesses. For certain electrolytes that are high temperature, reactive, and
understudied, these weaknesses overlap and frustrate attempts to understand
these solutions’ thermodynamic properties. An alternative method tailored to
the challenges of high temperature electrolytes is needed. In his paper "The con-
version of phase diagrams of solid solution type into electrochemical synthesis
diagrams for binary metallic systems on inert cathodes", G. Kaptay proposed
a type of phase diagram, called an "equilibrium electrochemical synthesis di-
agram" (eesd), which links the equilibrium relationship between metals in the
cathode to the reduction potential of the electrolyte. [8]. Kaptay’siworkfocused
on the theoretical aspect of eesd derivation, which he derived for an ideal bi-
nary solution, although equations were also shown regarding application to real
solutions.

Equilibrium electrochemical synthesis diagrams link easily observable results
such as cathode composition to the less obvious thermodynamic properties of
a novel electrolyte. The premise arises from the isothermal, isobaric thermody-
namic equilibrium between two solutions. As seen in Figure la, two solutions
«a and 3, both containing elements A and B, and separated by a hypothetical
permeable membrane allowing A and B to pass through, may be considered to
be in chemical equilibrium, where p* = uiﬁ and ¢ represents A or B [19]. If one
measures the chemical potential 1%, they will also have measured ui, and can
use the Gibbs-Duhem relation to calculate p% and u%. Figure 1b shows an ex-
tension of this case, where in order to cross the permeable membrane, elements

A and B must undergo a redox reaction. The chemical potentials of A and B
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in a and 8 are now linked by the relationship:

pA+ ik — nbx = AGY (4)
AG,

AE) =-——4 5

A o (5)

Where AE', is the electrochemical potential of the reduction reaction AX —
A+ X, with X being the species oxidized at the anode and A being the species
reduced at the cathode (Eq. 1 - 2). u9 y, the chemical potential of species AX
in « (electrolyte), is an unknown quantity that is a function of two independent
variables, ui and AE". With two unknowns and one equation (Equation 4),
1% x cannot be determined. If the second species, B, is reducing as well, then
there will be a unique potential Eg at which the co-reduction of both elements
A and B takes place, as shown in Figure 2. If the mixing of A and B are
energetically favored, then co-reduction of A and B will lower the Gibbs energy
of reaction such that Fg takes place at a more positive potential than either
E4 or Ep alone. By taking this mixing behavior into account, it is possible
to link the difference between E’ and Ej to the AG} in § (cathode). The
derivation of this relationship is given in [8], and leads to:
rzp*xnp*x '+« AEg — AGZL%

AEg =
5 Flzgng + (1 — zp)n4

(6)

where AEp = Ep — E4, (i.e. the difference between B and A on the electro-
chemical series), AEs = Eg — E4, and n; are the number of electrons required
to reduce species i.

If AEg is maximized as a function of concentration of A and B in the cathode,
and A and B are assumed to form an ideal solution as metals, AEg can be
determined directly as a function of the cathode composition, written here in
terms of xp:

RT

AEp = —_
B nAnBF

[nplnzp —naln(l —2zp)] (7)

This relationship is undoubtedly powerful in linking the alloying chemistries of

the cathode to the properties of an unknown electrolyte, here represented by
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AFEp. However, it is limited to cathodes that form only ideal solutions and
are comprised of only A and B. In order to account for a full range of possible
behavior, including phase separation between A and B and the use of additional
"host" metals in the cathode, the derivation should generalized. Herein, this
relationship will be re-derived for the general case of a multicomponent cathode
behaving as a real solution ap # zp. Additionally, a new thermodynamic
reference state is derived that allows one to determine the activities a4 x and

apx directly from AFEp.

2. Calculations

2.1. Generalization to Actual Ternary Solution

Consider a ternary system of three elements: A, B, C. Elements A and B
can be reduced from the electrolyte into the cathode, while element C' is a stable
cathode host which does not interact with the electrolyte. The concentration of
A, the more noble element, is taken as the dependent variable so concentration
can be reframed in terms of B and C only. In addition, although for this
derivation C is assumed to be a single element (the cathode is modeled as three
components), C can also be any compound or alloy of fixed concentration, as
long as it does not contain either A or B. The Gibbs energy of mixing A, B,
and C to produce a liquid cathode is given by:

G?7 is the standard state Gibbs energy of pure element ¢ at the temperature and
pressure of electrolysis. G! is the Gibbs energy of a liquid cathode phase created
by alloying A, B, and C. It can be represented by

(1—zp—2c)GY +2pCGs+2cGL+RT[(1—2p—zc) Inas+xpInag+zcInac]

(9)



Where G! is the Gibbs energy of element 4 in the pure liquid state !.

Element A reduces at cathode potential E4, B at Ep, and both will co-reduce at
a common potential Eg (Figure 2). Following the convention of Kaptay, A is a
more "noble" species than B, reducing at less negative potentials [8]. If mixing
is favorable, there will be an energetic drive for A and B to reduce together at
Egs. The shift from E4 (or Eg) to Eg can therefore be directly equated to the
contribution of A and B to the Gibbs energy of mixing:

AG™* = —xpnpF(Es—Ep)—(1—2p —xc)naF(Es—Ea)+1cAGE™ (10)

where

AGE™ = G4 + RTlnac — G (11)

and n; is the number of electrons necessary to reduce species i, as in Equations
1 - 3. We can expand and then simplify Equation 10 with the relations AEg =
Ep — E4 and AEg = Eg — Ey, as illustrated in Figure 2. This leads to:

AGmZI = —xpnplFEs+ xgngFEp — (1 —TrB — $c)?’LAF(AES) (12)
+ chGanx + (l‘BTLBFEA — J:BnBFEA)

AG™ = —xpngFAEs+xpngFAER — (1 —Ipg— CCC)nAF(AEs) Jr:L'cAGgm
(13)

AG™* = —[(1 —xp —xc)na +2pnpF]AEs +xpnpFAER +chGg” (14)
We can rearrange to separate AFEg:
[(1 — g — mc)nA + xBnBF]AES =xpngFAEp + chGgLim — AGM*® (15)

We can substitute in for AG™* using Equation 8 and expanding G' accord-

ing to Equation 9. We also expand AGZ® in a similar way.

LIf pure 7 is liquid at the temperature of interest, Gy = Gé. If pure ¢ is solid, but forms a

liquid solution with a cathode alloy, G # Gﬁ
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[(1—2p —xzc)na +xpnpF|AEs = xgngFAER +xc(GlC —Gg+ RTlnac)
—(1—2p—2c)(GY — G4+ RTInay)
—2p(Gls — G4 + RT'Inap)
—20(GL — G + RT'Inac)
(16)

Simplifying Equation 16 and solving for AFEg we have

AEs (17)
_xpnpFAER — rp(Gly —G%) — (1 —2p —20)(GY — GY) — RT(zplnap + (1 — x5 —2¢)Inaa)

(1—zp —2c)naF +xgngF

Equation 17 evaluates AFEg as a function of concentration of A, B, and C,
while taking into account the chemical interactions caused by alloying. Because
C' does not interact electrochemically, its direct chemical contributions drop out
of the equation, and it is only the activities of A and B that determine AFEjy.
Because A and B are alloyed with C, the contribution of C is contained in
the respective activity coefficients of A and B, 74 and ~yp. This simplification
will hold for any non electroactive cathode species, meaning that more complex
chemistries can be incorporated.

At a certain concentration of xp and xc, AFEg will be maximized. This is
equivalent to minimizing AG™**. For a fixed cathode host composition z¢, we

can find the maximum AFEg with respect to zpg with the equation:

0AEg

=0 18
T (18)
Solving for AFEp and simplifying gives:

naAGY —npAGY —ngRTIn[(1 —zp — x¢)va) + RT In[zpys]
Fnang

AEp =
(19)

Where AG3® refers to the change in energy when moving from the standard
state of species i at a given T to a liquid state. This is the generalized version
of Equation 7 that can be applied to any cathode chemistry. It details how the
composition of the cathode can influence to what extent codeposition can oc-
cur. When plotting zp against AEg, an equilibrium electrochemical synthesis

diagram is created. For clarity of plotting, x5 is better plotted against —AFEg.

10



In this notation, more positive potential differences favor the element A with a
more positive potential. Inordertofacilitate comparisonwithrotherequilibrium
diagrams (e.g. phase diagrams), the eesd’s in this paper are rotated from the
original design of Kaptay, placing concentration on the x-axis. An example of
an electrochemical synthesis diagram plotted in this way for a general system
A and B at temperature T is given in Figure 3.

Equilibrium electrochemical synthesis diagrams provide a quantitative relation-
ship between two metals’ willingness to alloy in the cathode and the difference
in the electrochemical potentials required to reduce them. Two metals with
favorable mixing properties, such as Pr and Nd, will have a very steep curve,
indicating that very large potential differences |AEg| >> 0 are needed to avoid
codeposition (Figure 4). On the contrary, two metals that phase separate, such
as Ni and Ag, will have a horizontal curve in the region of phase separation, and
a much shallower curve overall (Figure 5). This indicates that for there to be
significant codeposition, AEp ~ 0. The tendencies of Ni and Ag to avoid mix-
ing in the cathode result in a higher energetic barrier to codeposition. This eesd
indicates it is far easier to electrochemically separate Ag from Ni in a molten

salt than it would be to separate Pr from Nd.

2.2. Deriving a New Reference State

Electrochemical synthesis diagrams, as shown in Figure 3, provide a quan-
titative relationship between the energetics of mixing of two metals and the
difference in their electrochemical potentials. To construct a simple eesd, this
potential difference, AEp, is left generalized. Looking in more detail, we see
AFEpR is a function of the standard state electrochemical potentials of A and B,
as well as their activity in the electrolyte, here designated by the notation ax,

apx, where X is the anionic species in the electrolyte. We have:

T T
—AEB:EA—EB:E;;— RFlllan—(E%—ilnan) (20)

na npl

Although in most cases, the standard state electrochemical potentials E9
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and E% are known, the activities a4x and apx are often unknown. Direct
experimental measurement of activity is possible, but difficult if codeposition
of A and B is favored. In this case an ion-selective membrane must be used.
If the supporting electrolyte reacts with either the membrane or the reference,
the activity measurements will be compromised. Unfortunately, many high-
temperature supporting electrolytes are highly reactive, and a compatible mem-
brane or reference may not be available.

In such cases, we propose a new thermodynamic reference state. When report-
ing activity, two reference states are commonly used. The first, Raoultian, is
the simplest mathematically. It references activity to a pure state. In such
cases, as the material approaches purity (zr — 1), activity a — 1, and the
activity coefficient v — 1. The second, Henrian, references activity to some
fixed dilution. The Henrian activity coeflicient f is constant if the material is
sufficiently dilute. In a Henrian reference state, f = 1 when x is sufficiently
dilute. In this region, a = z[20]. Herein, we propose a third reference state,
the Wagner-Allanore reference state. This reference state is derived specifically
for multicomponent solutions where direct activity measurements are difficult.
It is a relative reference state where the activities of two species dissolved in
a complex solvent are measured relative to one another (e.g. two electroactive
species in a multicomponent supporting electrolyte).

The ratios of two activities in a solution remain constant regardless of which

reference state is used [20]. Therefore,

A
as’ _ a5 (21)
WA T R
Just as alR = v,;x;, we can define:
%WA = PiXi (22)

Where p; is the Wagner-Allanore activity coefficient of 7, and x; is the relative

composition of i. Considering the A — B pseudobinary, we define:

TA
XA rA+ TR ( )

12
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We can then expand Equation 21 as:

PBXB YBTB

= (24)
PAXA  YAZA
In this new reference state, we set py = 1 such that afflVA = x4, giving:
PBXB _ YBTB (25)
XA YATA
Noting that:
XB _TB (26)
XA TA
We can simplify and arrive at the relation:
B
pp =2 (27)
YA

Equation 27 demonstrates the utility of the this new reference state. It
captures how the chemical potential of species A and B vary with respect to
each other, as well as how other components in the solution may effect this
relationship. For example, if A and B are dissolved into solvent C', and solvent
C' tends to bond with A (y4 < 1), while phase separating with B (yg > 1),
then y5 > v4 and pp > 1. In certain cases, exact calculation of v4 and ~p is
impractical or difficult, but pp can be easily measured by using an eesd diagram
in combination with Equation 20. Since pp is all that is needed to determine if
the electrolyte solution properties favor codeposition or purification, reframing
activity in this reference state is particularly useful to electrochemists. The
Wagner-Allanore reference state can be converted to a Raoultian reference state
via the equation:

ag = a‘éVA'yA (28)

The conversion factor, 4 is a function of composition x 4. Because the com-
position coordinate x is relative as well, there are no limits on how dilute or

concentrated A and B can be in the solvent. Thus, this new reference state has
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several significant advantages over Raoultian and Henrian states. First, because
it is a relative reference state, not an absolute reference, it is easier to measure
experimentally, particularly when very reactive solutions are involved. Second,
because it measures the pseudobinary between A and B, there are no conditions
on concentration. A Raoultian reference state is the simplest mathematically
and experimentally when a material is very concentrated. A Henrian reference
state is the simplest mathematically and experimentally when a material is very
dilute. By defining a new composition coordinate y, species A and B can be
at any dilution without losing information. Although the exact, independent
activities of A or B cannot be determined, much of the information about the
solution is still retained, such as how A and B interact with each other and
with their solvent. Figure 6 shows a comparison between activities reported in

a Raoultian, Henrian, and Wagner-Allanore reference state.

3. Model Application Results

Although production of a pure metal through electrolysis is typically achieved
by using a pure feedstock or selective solvent, there are certain cases where
two species are soluble and present in amounts that make codeposition pos-
sible, notably in nuclear waste processing and in rare earth metal production
[1, 7, 12, 21]. In order to test the utility of equilibrium electrochemical synthe-
sis diagrams and the Wagner-Allanore reference state, experimental results for

these case studies are compared to predictions from our new model.

8.0.1. Nickel-Cobalt

The first case study focuses on nickel-cobalt separation in a LiCl-KCl molten
salt electrolyte. This is an important system in the nuclear industry, where Ni
steam generators are contaminated by Co-60, hindering their recyclability. Choi
et. al investigated the ability to electrochemically separate Ni from Co in a

molten salt solution at 823K [21]. Therstandard=staterdecomposition potential
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of liquid NiCls to Ni is -798mV, while the standard-state decomposition poten-
tialof liguid CoClsis=998mV: Note that both NiCly; and CoCls are solid in their
pure state, yet soluble in liquid LiCl-KCl. For this reason, thermodynamics of
the liquid should be used. The difference in decompositionpotential between Ni
and Co, ER; — Eg,, is 200mV. On the electrochemical synthesis diagram shown
in Figure 7 a, a 200mV potential difference corresponds to approximately 0.25
mol%Co alloyed into the Ni cathode.

In their investigation of reduction potential peaks through cyclic voltammetry,
Choi et al measured a potential difference of 185mV when both NiCly; and CoCly
are present each at 2wt% in the supporting electrolyte [21]. On an electrochem-
ical synthesis diagram, a 185mV difference corresponds to approximately 0.37
mol%Co. Chronopotentiometry experiments of this electrolyte during which
electrolysis was run at 50mA, 200mA, and 500mA revealed an experimental
cathode concentration of 0.22, 0.53, and 1.17 mol%Co. Figure 7 b compares
the Wagner-Allanore activity coefficient calculated for each experiment, com-
pared with the predicted coefficient from the synthesis diagram. There is strong
agreement between the predicted activity coefficient and that measured with a
low current density (50mA). As current density increases, the amount of Co in
the Ni cathode increases, and the measured activity coefficient strays from its

equilibrium thermodynamic prediction.

3.0.2. Praseodymium-Neodymium

The second case study, praseodymium-neodymium alloy production from a
mixed rare earth oxide, was chosen for several notable reasons. First, Pr-Nd
electrolysis takes place in a molten fluoride electrolyte into which NdoOs and
PryO3 are dissolved. The anion here is the oxide ion, which is different from the
anionrof the'supporting electrolyte;thefluoriderion. The additional interactions
between the two anions create additional complications that hinder modeling
efforts and frustrate attempts to measure thermodynamic properties. By re-
framing the solution properties of the oxyfluoride electrolyte into the relative

Wagner-Allanore reference state, this confusion is easily avoided and the ener-
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getic effect the molten fluoride has on the dissolved oxide species is captured by
p- Second, the conditions under which Pr-Nd electrolysis take place are propri-
etary, with few papers available discussing the process in sufficient detail [12].
Without information about the actual electrolyte composition used, and with
process conditions (temperature, current density, atmosphere) unknown, it is
difficult to replicate the conditions in a laboratory setting in order to gather
thermodynamic data. CommerciallyravailablerCALPHAD models of therelec:
trolyte are limited to binary fluoride systems, and even then, available models
are extrapolated from the data of better understood systems [22]. An alternate
method of investigating the thermodynamic properties of this electrolyte would
clearly aid researchers in understanding more about Pr-Nd alloy production
methods.

The Pr-Nd metallic system is well enough understood to build a binary CAL-
PHAD model (Figure 4), which can be used to generate an electrochemical
synthesis diagram for the system. At 1323K, standard state decomposition
potential of liquid ProOgz to liquid Pr is -2.363V, while the standard state de-
composition potential of liguid Nd2Og to liguid Nd is -2.372V. The difference in
potentials between Pr and Nd, AEp, — AENg, is 8mV. On an electrochemical
synthesis diagram, a 8mV potential difference corresponds to approximately 45
mol%Nd alloyed into the Pr cathode (Figure 8). For an oxide composition ratio
66 mol%Nd - 33 mol%Pr, a cathode composition of 71 mol%Nd - 29 mol%Pr
was measured [1]. Despite Pr occupying a more cathodic potential on the stan-
dard state electropotential series, the cathode was more enriched in Nd. From
this data, pnd,0, is calculated to be 4.8. png,0, > 1 shows an energetic penalty

to mix NdOj3 in the electrolyte relative to ProOs3.
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4. Discussion

4.1. Nickel-Cobalt

Figure 7 compares the amount of Co predicted in the Ni cathode after
electrolysis with experimental results. The predicted value of 0.25 mol% is cal-
culated using an eesd that relates Eni — Fc, to the thermodynamics of a Ni-Co
alloy. Without experimental data, Eni — Eco is unknown, however, it can be
approximated by using the standard state values ER; | and E¢,, ;. A liquid stan-
dard state takes into account the change in Gibbs energy upon dissolving solid
NiCly and CoCls into molten chloride electrolyte. Even when there is no infor-
mation available regarding the electrolyte, using an eesd allows one to take into
account the contribution of Ni-Co mixing in the cathode. The value this addi-
tional information can be seen in the agreement between the predicted value of
0.25 mol% Co and the experimental value of 0.22 mol%Co achieved during low
current density electrolysis.

The difference between the measured reduction potentials of Co and Ni during
cyclic voltammetry is 225mV, corresponding to 0.37 mol%Co in Ni. This is
slightly higher than provided by the standard state case, and higher than the
composition measured after electrolysis at 50mA. Without data on the equilib-
rium exchange between Co and Ni in molten chloride, one cannot determine
if this difference is due to solution interactions or kinetic and mass transport
effects that arose during electrochemical operation. However, there is some ev-
idence to suggest that non-thermodynamic effects play a non-negligible role in
the final experimental result. First, Ni-Co alloy is solid at 823K, which will
inevitably hinder diffusion of Co into Ni and effect the alloy chemistry. This is
one possible reason why the 50mA case is lower than both model predictions.
Furthermore, higher current density during electrolysis corresponds to higher
concentration of Co in the cathode (Fig. 7). Higher current densities during
electrolysis can push the cell into an operation regime limited by mass-transfer.
If there is locally increased concentration of CoClsy in the vicinity of the cath-

ode, for example, then pcoci, will be higher at the electrode interface than in
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the bulk solution. In fact, as current density increased from 50mA to 500mA,

calculated pcoci1, was observed to increase correspondingly.

4.2. Praseodymium-Neodymium

Although considerably less information is available on Pr-Nd alloy produc-
tion through electrolysis, important insights can be gained by comparing model
predictions to published data. Figure 8 shows more Nd was reduced than Pr, al-
though Pr is the more cathodic metal. There are several reasons this may occur.
First, from the experimental data, pnda,0, ~ 4.8. If this value is representative
of equilibrium conditions, then there is an energetic penalty for mixing NdOs3
into the electrolyte. Since the value of this increased Gibbs energy of mixing is
measured relative to ProOsg, there is a driving force to reduce the concentration
of Nd2Og in the electrolyte while increasing the concentration of ProOg. This
will result in increased production of Nd metal.

An alternative explanation considers that although Pr is the more cathodic
metal on the electropotential series for ozides, Nd is the more cathodic metal
for the fluoride series. Both PrF3; and NdFj3 are present in the fluoride sup-
porting electrolyte [12]. If PrF5 and NdF5 were being reduced preferentially
instead of the oxides, a more Nd-rich alloy would be the result. However, in or-
der for rare earth fluorides to be reduced in steady state, thesfluoriderion should
be oxidized at the anode, typically producing perfluorinated compounds (PFC)
when the electrolyte is a molten oxyfluoride. Literature studying PFC emis-
sions in Pr-Nd electrolysis cells have noted that they are on average 2-3 orders
of magnitude lower than COs production [12, 23]. Even if all PFC emissions
were the result of NdF3 electrolysis, there would not be enough Nd produced
from fluoride to account for the change in cathode composition.

A final explanation for the increased production of Nd could be the result of
mass transport limitations inside the electrolysis cell. NdyOj3 is present at nearly
double the concentration of ProOg. At the high current densities used for elec-
trolysis, it is entirely plausible that in the vicinity of the cathode, there was an

even greater concentration difference between Nd2O3 and Pr3O3 [12]. This ex-

18


Mary Elizabeth Wagner


planation concurs with the results of the Ni-Co case, where concentration of Co
was noted to increase with current density. Furthermore, available thermody-
namic models for the LiF — PrF3 system and the LiF — NdF3 system suggest Nd
and Pr behave similarly in the electrolyte, which would result in an equilibrium
p =~ 1. It is critical to note, however, that this is only for the thermodynam-
ics of the molten fluorides. To the author’s knowledge, there is currently no
commercially available data, experimental or modeled, for the Pr — Nd — O sys-
tem. Further experimental investigation is necessary in order to determine if
Nd enrichment in the electrolyte is the result of thermodynamic or transport

phenomena.

5. Conclusion

As the drive for more innovative electrochemical technologies increase, so
will the use of new and understudied electrolytes. When insufficient experimen-
tal data is available, it is common to approximate that electrolytes will exhibit
standard state or ideal solution behavior. Without any quantitative model for
when codeposition will occur in electrolysis, issues of cathode contamination
are often avoided entirely by pre-purifying electrochemical feedstock or limiting
the electrolyte to solutions previously studied and understood to be selective
by nature. By considering the thermodynamic properties of the electrolyte and
cathode solutions, and understanding how these properties will govern interac-
tions between the two solutions, new insights on which alloy will be produced
during electrolysis may be gained. By generalizing the theory of electrochemi-
cal synthesis diagrams to accommodate any solution, the relationship between
reduction potential and cathode metallurgy can be elucidated. By re-framing
the activity of electrolytes into a new, relative reference state, synthesis dia-
grams can be used as a tool to directly probe the thermodynamic properties of
electrolytes, a task that was previously frustrated by the complex and reactive
nature of these electrolytes. As seen in two different case studies, use of synthe-

sis diagrams in conjunction with the Wagner-Allanore reference state allows the

19



experimentalist the opportunity to gain new insights into the behavior of their

system, and to use those insights to guide further development.
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Figure 1 a) exchange of species A and B through a permeable membrane
separating solutions o and . b) species A and B must undergo a redox reaction

in order to exchange between the metal and electrolyte
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Figure 2 Hypothetical placement of E4, Ep, and Eg on electrochemical

potential series. In this example, E,..; = 0.
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Figure 3 Equilibrium electrochemical synthesis diagram for an arbitrary
binary system A-B, where A is the more noble element on the electrochemical

potential series, and A and B form a completely miscible metallic solution.
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Figure 4 Equilibrium electrochemical synthesis diagram for the Pr—Nd /ProO3—
Nd3Og3 system at 1323K. At this temperature, Pr and Nd form a completely

miscible liquid.
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Figure 5 Equilibrium electrochemical synthesis diagram for the Ag—Ni/AgCl,—
NiCl; system at 1773K. At this temperature, Ag and Ni phase separate to form

two different liquid solutions.
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Figure 6 Comparison of Raoultian, Henrian, and Wagner-Allanore refer-
ence states. Henrian activities are scaled according to the value of 7., while
Wagner-Allanore activities are scaled according to the activity coefficient of
A, v4, which may not be constant with concentration, unlike in the Henrian
case. The composition coordinate of the Wagner-Allanore reference state is also

rescaled along the A — B pseudobinary
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Figure 7 a) Electrochemical synthesis diagram for Ni — Co/NiCly — CoCly
system at 823K. b) Wagner-Allanore activity coefficient p for CoCly. O: Values
calculated for: ER; — Eg, = 0.2V (from standard state), and EY; — Eg, =
0.185V (from cyclic voltammetry peaks). =: experimental concentration of
Co in Ni cathode after chronopoteniometry at 50mA/em?, 200mA/cm?, and

500mA/em? [21]
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Figure 8 Electrochemical synthesis diagram for for the Pr — Nd/PryO3 —
Nd;Og3 system at 1323K with: O: predicted concentration of Nd in Pr based on
E%, = E{4 =0.008V, +: calculated from experimental results [1]
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0.185V (from cyclic voltammetry peaks). =: experimental concentration of
Co in Ni cathode after chronopoteniometry at 50mA/cm?, 200mA/cm?, and

500mA/em? [21]
Figure 8 Electrochemical synthesis diagram for for the Pr — Nd/Pr,O5 —

Nd;Og3 system at 1323K with: O: predicted concentration of Nd in Pr based on

E%, = E}q =0.008V), +: calculated from experimental results [1]
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