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ABSTRACT: Chemicals enriched in lithium isotopes are of paramount
importance in the current nuclear fission technology, in future nuclear fusion
technology, and in neutron detectors. Currently, lithium isotopes are obtained
by using mercury amalgams, which is a nonenvironmentally friendly procedure.
An interesting alternative is to take advantage of the electrochemical isotope
effect. Here, we take, as the departure point, experimental data that were
already reported for a prospective first stage of an electrochemical process, and
we numerically simulate different scale-up possibilities. We calculate the
minimum number of repetitive stages needed to reach a certain degree of
isotopic enrichment. Second, we improve our simulations, considering that
different operating conditions are used while keeping the same fundamental
electrochemical process: a minimum of 145 stages are necessary to produce a
sample with 90% enrichment in °Li. We conclude with a comparison on the
different electrochemical technologies, in view of the complementary steps
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necessary for scaling up.

1. INTRODUCTION

Lithium has two naturally occurring isotopes, and both of them
are stable: °Li and “Li, with natural abundances of 7.58% and
92.42%, respectively.' Although chemical properties are
directly related to the electronic configuration of the atom,
the mass difference between the isotope nuclei confer slightly
different behavior to molecules and ions containing different
isotopes of the same element. This phenomenon is known as
the isotope effect” Molecules or ions containing different
isotopes of the same element are termed isotopologues.

It is of technological paramount importance to be able to
produce materials with an enriched isotopic abundance, i.e.,
different from the natural abundance. The use of isotopes
covers a wide variety of fields, ranging from radioactive tracers,
nondestructive testing, radiotherapy in human medicine,
nuclear fuels, molecules with substituted isotopes for
mechanistic studies in chemistry and biology, and signature
as tracer in environmental geochemistry.” > Therefore, the
isotopic separation of different elements—uranium, hydrogen,
lithium, and iodine, among many others—is a widely studied
research topic.

The different properties of isotopes of the same element, is
what makes the isotope effect appealing, from a technological
point of view. Interestingly, these differential properties are
also what allows us to produce samples that are enriched in
one isotope over the others, i.e., to partially separate
isotopologues between two phases. The process of isotope
separation bears certain similarities, from a technological point
of view, with other separation process, such as distillation of
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hydrocarbons or liquid—liquid extraction of aromatic com-
pounds. However, because of the chemical and physical
similarities of the species involved, the degree of separation
obtained in one stage is very low, rendering the entire
separation process much more arduous.

In the specific case of lithium, the two stable isotopes display
extreme values of cross section: 940 barns for °Li, vs 0.045
barns for Li.” This nuclear property quantifies the effective
area of collision and the interaction probability with other
particles. Both lithium isotopes are employed in nuclear
technology and research. 'Li has been used for decades in
nuclear fission reactors. Conversely, °Li is envisioned to have a
paramount role in nuclear fusion reactors, a technology under
development. Moreover, °Li is currently used in neutron
detectors present in many high-end technological applications,
such as use in satellites.

In addition to elements lighter than nuclear fuels, neutrons
are also typical products in the reactor core where a nuclear
fission reaction occurs.'” If uncontrolled, scattered neutrons
are dangerous, because they can trigger different unwanted
nuclear reactions. Therefore, to absorb this radiation, a variety
of neutron poisons, which are chemical substances with a high
cross-sectional value, must be used. In pressurized water
reactors, boric acid (3840 barn) is added to water to help
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control the reactivity of the core. To counteract the corrosive
effect of boric acid, small quantities of "LiOH are added as a
pH adjustor. It is important that added LiOH is heavily
enriched in "Li (above 99.99% enrichment), which is highly
transparent to neutrons, because of the very low cross-sectional
value. On the other hand, °Li has a high cross-sectional value,
and under neutron bombardment reacts to produce tritium,
according to reaction 1:

Li+n— *He +°T  (Q=478MeV) (1)
Since tritium is radioactive, it is important that °Li is not
present in pressurized water reactors.

Conversely, neutronic bombardment of °Li is the most
common method to produce tritium in situ.'" In the research
of controlled nuclear fusion, tritium, together with deuterium,
are part of the easiest reaction to develop a fusion process (eq
2):

D +3T - *He + n (Q = 14.1 MeV) (2)

Deuterium is a stable isotope of hydrogen with natural
abundance of 0.015%,'” i.e., its availability is high. Conversely,
tritium (*T) is a radioactive isotope and naturally decays to
3He, emitting beta radiation. Its natural abundance is at trace
levels, with tritiated water having an abundance of ~10718, that
of natural water.'" For this reason, tritium must be produced in
situ in nuclear fusion reactors, and reaction 1 is the easiest way
to do this. Indeed, in prototype nuclear fusion reactors, the
reactor core is supplied with a tritium breeding material,
usually lithium silicates or titanates, that produce tritium
through a nuclear reaction induced by neutron bombardment.
For best space utilization of the breeding blanket and design
considerations, it is necessary that the breeding material is
enriched in °Li, between 30% and 90%.'>'*

A large number of isotope separation methods for lithium
have been tested.”~"” Processes used for other isotopes, such
as uranium or hydrogen, were tested for its application in
lithium isotope separation. Among the possibilities, we find
research articles that investigate molecular distillation in
vacuum,'® liquid—lic%uid extraction,’”™** chemical exchan%e
with different resins,”> "> ion exchange chr0111atography,27_‘0
zone melting and crystallization,”"** and separation by laser
excitation.* ¢

All these separation processes take advantage of the
difference in some particular property between the isotopo-
logues and, as a result achieve a variation in the isotopic
composition after the aforementioned separation process.
Depending on which technique is applied, the enrichment
grade can vary in a relative wide range,” although the
enrichment percentage is never higher than a one-digit figure.
As we mentioned previously, the isotope enrichment of the
final materials must be ~99.99% in the case of "Li, and 30%—
90% for the case of °Li. In view of this, regardless of the
separation procedure, we can ensure that it is necessary to
repeat the process several times in each case. This observation
can be corroborated in different examples of industrial isotope
separation.”’~*

The current market of isotopically enriched "Li samples
consists on the demand for pressurized water reactors and
molten salt reactors. On the other hand, ®Li-enriched samples
are the base material for the synthesis of lithium silicates and
titanates for tritium breeding blankets in experimental fusion
reactors, such as DEMO and ITER, and different types of

neutron detectors. Unfortunately, °Li is also used in the
production of nuclear weapons, which is an application that we
certainly do not encourage. The important market of enriched
materials in °Li and "Li has led to research for the development
of several methods of enrichment. In the particular case of the
United States, the Oak Ridge Y12 plant tested three different
enrichment processes: electrically driven chemical exchange
(ELEX), organic exchange (OREX), and column chemical
exchange (COLEX).*" Of these three alternatives, the only one
that achieved industrial scale was the COLEX process. Its
operation consists of a cascade of stages within an exchange
column where the lithium isotopes are redistributed between
an aqueous solution of LiOH and Li—Hg amalgam that flows
counter-currently. °Li has greater affinity for the mercury
amalgam, while the ’Li isotope is concentrated into the
aqueous solution. The basis of both the fundamental chemistry
and the engineering of the industrial process was reviewed by
Okuyama et al.*’ and Fujie et al."’ The isotopic exchange
reaction is depicted in reaction 3.

"LiHg + °LiOH,,) < °LiHg + 'LiOH,,, 3)

The enrichment process was conducted in the Oak Ridge
Y12 plant between 1954 and 1963, and, during this period, the
domestic demand was supplied and a large stockpile was
accumulated. Because of the hazard to employ large amounts
of amalgam during the separation process (~10 890 tonnes of
mercury), this plant was closed. An extensive report published
by Brooks et al.*' details the magnitude of the environmental
impact by the continuous operation of this enrichment
method. Russia and China still produce °Li and "Li via the
COLEX process. However, the negative environmental impact
of employing large amounts of mercury presents the challenge
to perform research on alternative methods for isotope
separation.

Electrochemistry provides clean solutions for many indus-
trial processes, and the isotope effect is also present in
fundamental electrochemical phenomena. Several researchers
have explored different possibilities to use electrochemistry to
produce lithium samples enriched in either of the isotopes,
including electrodeposition, intercalation in different materials,
and electrodialysis, among others."*~>° In previously reported
work, the enrichment grade after a single stage is low and,
therefore, the isotopic composition of either of the phases is
still unsatisfactory for the produced samples to be employed in
any of the above-mentioned applications. All the work
published so far is clearly of fundamental nature, ie,
electrochemical cells are of very small volume and only a
single enrichment stage is reported. There is a clear lack of
analysis on the prospective scale-up possibilities of the
proposed fundamental electrochemical reactions. In this
Article, we calculate the number of stages that would be
needed to reach the desired and final enrichment grade, for the
different electrochemical methodologies proposed so far. We
also calculate the energy consumption and the costs of the
entire enrichment process until the desired enrichment grade is
attained. These calculations allow us to start bridging the gap
between molecular-level electrochemical separation and large-
scale chemical production.

2. THEORY AND METHODOLOGY

As in any separation process, the efficiency of the isotopic
enrichment is expressed through a separation factor that
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Figure 1. Generic serial process for lithium isotope separation formed by n stages with units in parallel.
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stage:
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AL = »
2L
( *754 )D (4)

where xs;; and x7;; denote the isotopic fractions of °Li and "Li
respectively. The subscripts E and D represent the enriched
phase (head) and the depleted phase (tail), respectively.
Because values for all reported methods so far are very close to
unity, another practical way to present this information is the
enrichment factor (&):

€opi/7n = Aopy — 1 (5)

Different processes that involve species exchange or a redox
reaction are performed in each separation unit. Mass balances
for these systems are focused on the atomic species (in this
case, the lithium isotopes). Consequently, the mass balance
equations become conservation equations, because the
generation terms are nonexistent.

{W} = {input} - {output} + {W} (6)

{input species j} = {output species j} (7)

At the beginning of the process, the lithium source displays
the natural isotopic abundance. The mass balance for the
continuous process is described by eqs 8 and 9:

Equations 8 and 9 hold true at each individual stage. F
represents the input (feed) fluxes. In the general case, there is a
total of m input fluxes. B represents the number of output
fluxes (head and tail) of each stage; and r denotes their total
number. Note that r > m in the general case. When there is
only a single feed in the process, r > m, because the isotopes
must be redistributed in at least two phases. Superscript a
represents the stage number between 1 and n, the final stage.
In the processes described in sections 3.1—3.6, there is a single
feed, and two output fluxes, the head (which is enriched in
SLi), and the tail (which is slightly depleted in L, if compared
to the feed of that same stage). In the process described in
section 3.7, there are two input fluxes and two output fluxes.

In eqs 8 and 9, ¢™ represents the lithium concentrations (all
isotopes together) in each input flux (feed) and, ™ represents
the lithium concentrations in each output flux (head and tail).
«}y and y), represent the isotopic fractions of isotope A in the
different input and output fluxes, respectively. Furthermore,
there is the restriction that, for each element, the sum of all
isotopic fractions, in either the head, the tail, or the feed, must
be equal to one:

for the feed solution:

TRETE (10)
for the head:

ylei +y71Li =1 (11)
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Figure 2. Input—output diagrams for all electrochemical system for lithium isotope separation discussed in the text: (a) lithium electrodeposition
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for the tail:

2 2
Yo o7 =1 (12)

Fluxes, concentrations, and isotopic fractions are shown in
Figure 1. The last important piece of information is the
enrichment grade between stages, i.e, the difference in the
isotopic fraction between stages n and n — 1. This is calculated
using eq 13:

n—1

~ Foy (13)

n

Axe . = x
Li 6Li

We aim to calculate the total number of stages that are
needed for an overall process to reach a certain enrichment
grade. However, we cannot ignore the fact that, for every single
stage, the head and tail have different characteristics than the
feed.

Taking as a departure point the natural isotope abundance,
and the a factor previously reported, eqs 4—13 can be used to
build an equation system that allows us to obtain the
proportion of light and heavy isotopes in every phase after

: . yosolid . solid ,, liquid liqui
the enrichment process: x>, 27/, a0 i

of the processes described in sections 3.1—3.7. The resulting
isotopic fractions in the enriched phase (for example, the solid
in processes described in sections 3.1, 3.2, 3.4, and 3.6) are fed
as the feed values in the next stage (output isotopic fractions of
stage n, are the feed isotopic fractions in stage n + 1). In this
way, we build a hypothetical multistage configuration to reach
a desired enrichment value. This sequence is repeated, using

d
,and x , for any

eqs 4—13, by an iterative loop written in Matlab until the
finalizing condition is fulfilled. The finalizing condition is a
specific isotopic fraction (for example, 0.9 for °Li). Each time
that the cycle is completed, a support array saves the data to
plot the enrichment curve through the entire process and the
variation of the isotopic fractions between consecutives stages.

We started our work by making a literature search of
published articles where different electrochemical methods
have been proposed for the separation of °Li and Li isotopes.
The original experimental data was used to calculate the
enrichment grade for every flux in a multistage process. Beyond
the mathematical formulas, the algorithm is fed with data from
already-published scientific articles (initial solution concen-
tration, volume, isotope separation factor, total charge
delivered, etc.). Figure 1 shows the topology of the separation
units. The scheduling is dependent on the operation mode,
either batch or serial, and the complexity increases with the
number of separation stages. The typical serial process from
Figure 1 displays a variety of fluxes with different compositions.

Calculations were performed under the following assump-
tions:

(1) The reported enrichment factor (a) for a first stage of a
given enrichment process starting with the natural
isotopic abundance remains constant for the following
stages; ie., we assume that the a factor remains
unchanged through the different stages, even though,

for these successive stages, the departure isotopic ratios
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Figure 3. Simulation results for the electrodeposition of lithium on a nickel electrode: (a) enrichment curve per stage and (b) °Li isotopic fraction

variation per stage.

Table 1. Summary of Optimal Operating Conditions and Reported Results for Coulombic Efficiencies, As Reported in the

Original Articles”

Stages for
Enrichment
until
Composition
in °Li
Reaches
energy Coulombic
operation  total charge cut (Li transferred to  consumption®  total cost efficiency temperature
method conditions” per stage (C) 30% 90% enriched phase (%)) (Wh g") (US$ g) (%) °C) ref
electrodeposition (®)% 0.1 54 153 1.99 x 1073 6200 1.09 33 25 44
intercalation into cc/cv 54.5 69 194 1.63 2700 0.47 87 25 45
graphite
delithiation of CcC/cv 3.9 80 224 28.27 5920 1.03 61 25 46
LMO
insertion into CC/CVv 59.4 58 163 5.30 2290 0.40 81 S0 47,48
liquid gallium
insertion into Zn CC/cv 56.3 79 223 6.73 2520 0.44 103.5 25 49
insertion into Sn CC/Cv 28.1 114 323 1.83 6640 1.16 64 25 S0
electrodialysis cC 5.6 x 107 7 16 170 x 107* PDNA* PDNA* NR® NR® 51,52

“The table also gathers our calculations for energy consumption, cost, and the minimum number of stages needed for each technique to reach both
30% and 90% isotopic enrichment in °Li. Calculations for costs and duration take into account the enrichment steps only, omitting all side
processes, such as regeneration of the departing phase. bCV = constant voltage; CC = constant current. “Energy consumption for intercalation
techniques into graphite, Ga, Zn, Sn and delithiation of LMO are only approximate, since we do not have the original voltage data to integrate the
energy consumption at a varying potential point by point. 9PDNA = Potential data not provided to perform calculation. °NR = not reported.

differ considerably from previously tested concentra-
tions.
(2) We suppose a serial process for the electrochemical
process analyzed, without recirculation of streams or
parallel units.
Because of the separation process, we obtain two
outputs (head and tail) in which the initial flux is
distributed but differ in the total mass from the feed.
However, we assume it is possible to retrieve these

()

variables to their initial values automatically: mass and
total Li* concentration, [°Li*] + ["Li*], of the feed in
stage 1. With this assumption, we avoid any effect of the
feed concentration, i.e., we keep the total Li"
concentration constant throughout the entire process.
In a real industrial system, recirculation and the use of
several units in parallel allows this to be done, but a
precise calculation of such an arrangement is beyond the
scope of this work.

3. RESULTS

3.1. Electrodeposition of Metallic Lithium. Black et al.
tested the electroplating of metallic lithium on a nickel
electrode from organic solutions.** The authors reported
results for a 1 M solution of LiClO, in anhydrous propylene
carbonate (PC). The experimental results show that,
effectively, an isotopic enrichment in the resulting phases can
be produced. The lightest isotope is preferentially partitioned
into the deposited metal, while the heavy isotope remains in
the stock solution.

The reaction is performed in a closed system, and Figure 2a
shows the feed, the head and tail of a unit separation. Figure 3a
shows our calculations for the enrichment curves for the metal
phase. The figure plots the isotopic fraction reached versus the
number of repetition of the isotopic separation (stages) for the
different experimental conditions that were previously
reported.** The simulations were run until a maximum
isotopic enrichment of 90% is reached, which is the maximum
recommended value for °Li content for breeding materials in
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nuclear fusion technology. The original experiments were
performed in chronoamperometry mode, applying different
constant overpotential values between 0.01 V and 0.23 V. The
total charge delivered in all cases was 0.1 C, which is a value
that corresponds to a conversion of 0.0047% of the total Li
ions present in solution. The reported Coulombic efficiency of
the deposition process is quite low, between 31% and 46%
(higher for the higher overpotential values), meaning that a
parallel reaction is occurring, most likely solvent decom-
position. Table S1 in the Supporting Information summarizes
the results of our simulations for all the different experimental
conditions reported in the original article. Figure 3b depicts
the isotopic difference through the entire process.

Although the electroplating of lithium has only been
reported for laboratory scale, it is interesting to highlight
that the electrodeposition of metals on cathode surfaces is a
very well-known process at industrial scale, and much previous
expertise might be collected and extrapolated if we were to try
to upscale this process.’® Interestingly, metallic lithium is
currently produced by an electrowinning process, although not
from an organic solution, but from an eutectic melt of LiCl—
KCL* That electrolysis process operates between 6 V and 9 V
and with an energy consumption of 35—40 kWh kg™' Li, a
value similar to the present case (6200 kWh kg™' Li for 153
stages, i.e., on average, 40 kWh kg™ Li per stage; see Table 1),
where the authors worked at a lower voltage, albeit with a
much lower Coulombic efficiency. Several references support
the assumption of the independence of the electrochemical
isotope effect, with regard to the extent of reaction.”® The
isotope fractionation remains constant, provided the reservoir
composition does not present significant evolution. Therefore,
it would be interesting to study the evolution of this reaction
beyond the deposition of only 0.0047% of the feed.

3.2. Electrochemical Intercalation of Lithium into
Graphite. Graphite intercalation compounds (GICs) are
layered structures that allow for the electrochemical insertion
of lithium or other elements into graphite. In the electro-
chemical insertion, lithium remains always in the +1 redox
state, while carbon is reduced upon insertion of lithium.
Graphite intercalated with lithium is the material of choice in
anodes in modern lithium-ion rechargeable batteries.”

nLi* + ne” + C4 < Li,Cq (14)

Yanase et al.”* studied the charge—discharge process of these
electrodes as a possible technique for lithium isotope

separation. Figure 2b is a schematic of the isotope
redistribution in the two phases. This process consists in a
closed system where the initial solution becomes enriched in
’Li, while Li* ions are inserted into the graphite electrode,
which is enriched in °Li at the end of the process. The process
is analogous to the recharge of a lithium-ion battery, ie., a
graphite electrode operates as a cathode where the Li" ions are
inserted. The solution phase was a 1 M solution of LiClO, in a
mix of ethylene carbonate (EC) and methylethyl carbonate
(MEC).

The intercalation procedure was first performed in constant
current regime, until a set potential was reached, and it was
then followed by a constant voltage regime. The process was
tested for different set potentials, and for different total
circulated charge. The experimental & value range was 1.007—
1.025, depending on the set voltage and current values. Figure
4a is a plot of our simulations for the different experimental
conditions versus the number of stages where the process is
repeated. Figure 4b is a plot of the isotopic difference versus
the number of stages. It is interesting to note that several
operating conditions, albeit being very different, show
extremely similar behaviors. It is also important to notice
that, upon the choice of operating conditions, it might be
possible to finish the overall enrichment process for very
distinctive total number of repetitive stages: 175 total number
of stages if operating at 0.02 V and 54.5 C, vs 320 total number
of stages if operating at 0.07 V and 11.8 C. Table S2 in the
Supporting Information summarizes the results of our
simulations for all the different experimental conditions
reported in the original article.

The analysis of the reported experimental data suggests
correlation, to some extent, between the separation factor (@)
and the stoichiometric number m in the formulas Li,C. The
authors observed that the greater the amount of lithium
intercalated in graphite, the larger the isotopic fractionation,
although the correlation is not perfect, and there is quite a
large dispersion in the original data points.*> This suggests the
possibility to improve the isotopic separation efficiency, while
simultaneously recovering a larger absolute amount of lithium
into the graphite, which is a most interesting possibility in the
perspective of an industrial scaleup. Also interesting from the
perspective of a scale-up process is the fact that the
intercalation of lithium into graphite is a very well-known
process, because of the lithium-ion battery industry.
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Figure S. Simulation results for the delithiation of LMO electrode: (a) enrichment curve per stage and (b) ®Li isotopic fraction variation per stage.

Interestingly, the authors also analyzed the possible source
of the isotope effect.**® Their most important assumption is
that this originates from the equilibrium isotope effect on the
overall reaction, ie., the solvation—desolvation process of
lithium ions near the electrode surface, and the reduction of
graphite upon intercalation of lithium ions. Both events are
affected by the presence of the solid electrolyte interface (SEI)
that presents lithium ion conductivity and allows for the
intercalation through this surface film.

3.3. Lithium Release from Lithium Manganese Oxide
(LMO) Electrode. Okano et al.*® proposed a technique also
inspired in the current lithium-ion battery technology.
However, this work was based on current cathodes for
lithium-ion rechargeable batteries, instead of anodes.®’ More-
over, in the work proposed, the reaction that is responsible for
lithium isotopic enrichment is the lithium deinsertion reaction
from the solid structure, i.e., the passage from the solid phase
to the solution phase of lithium atoms. The electrode material
studied is a lithium manganese oxide (LMO) spinel, as
depicted in eq 15:

LiMn,O, < Li,_ Mn,0O, + xLi* + xe” (15)
The authors also worked with the same solvent mixture as in
section 3.2.

Figure 2c depicts an in—out diagram of the proposed
process. Because Li* ions are being deinserted from the LMO
structure, in practice, the process is analogous to the charging
of the cathode of a lithium-ion battery. The lithium release
from LiMn,0O, is performed first in constant current mode,
until reaching a predetermined voltage difference value. From
this point, the ion release is carried out at constant voltage
mode until the desired total electric charge reaches the
predetermined value.

For our analyses of the total number of stages needed to
enrich samples, we only considered four of the experimental
conditions tested by Okano et al. The runs considered are
those that correspond to 2.07, 3.27, 3.90, and 4.16 C of total
charge delivered, and include experiments with and without
lithium in the electrolyte. The resulting enrichment curves for
the process are depicted in Figure Sa, together with those for
the isotopic difference of the phase enriched in °Li in Figure
Sb.

We can observe a large dispersion in the enrichment curves
(see Table S3 in the Supporting Information), because of the
wide range of & values. It is interesting to note that, depending
on the operating conditions of the process, it is possible to

finish the isotopic enrichment to the desired 90% °Li content
in less than half of the total number of stages, when comparing
the two most extreme conditions. We know that, generally, the
heavy isotope is preferentially partitioned into the phase with
stiffer chemical bonds.” If lithium atoms are tightly constrained
into the spinel structure, it is possible that the bonds in the
solvated sphere may be weaker, and this would explain the
preferential partition of the heavy isotope into the electrode.
The observed isotopic fractionation is also originated in the
equilibrium reaction on the solution/electrode interface, and
the partition constant determinates the isotope composition of
both phases.

Interestingly, the authors work with a two-electrode
configuration system, i.e., in the absence of a reference
electrode, which means that the voltage difference is referred to
the counter electrode. Moreover, the absence of a reference
electrode is much more amenable to scaling-up possibilities.
However, the fact that the departing material in each stage is a
solid (LMO) makes it more difficult to envision how to
prepare a new solid enriched in one of the isotopes to use as a
new phase to be further enriched. One possibility would be to
insert Li* into a Li,Mn,0, with x values very close to zero.

In addition, the authors propose to use a graphite counter
electrode to which a negative potential is applied, i.e., Li* will
be inserted into the graphite. We have observed that, above
that potential, this insertion will provoke an isotopic
enrichment of "Li in the liquid phase, i.e., exactly the opposite
from the desired effect (enrichment of "Li in the LMO phase).
It is yet to be established whether another reaction at the
counter electrode, and/or the use of some sort of separator
(impermeable to Li* ions), would increment the a factor for
lithium. Table S3 in the Supporting Information summarize all
our results for the simulations as well as representative data
from the original work.

3.4. Electrochemical Insertion of Lithium into
Gallium. Zenzai et al. proposed the electrochemical insertion
of lithium into, alternatively, solid*” or liquid allium.*®
Because the melting point for gallium (29.76 °C)** is very
close to room temperature, it would be technologically easy to
work in either of the aggregation states. These systems are a
new possibility for lithium isotope separation, generated by the
possibility to prepare lithium—gallium alloys, with formulas up
to LiyGa at room temperature, ie., gallium is capable of
inserting three times more lithium in molar ratio than graphite,
or almost twice more lithium in mass ratio, albeit at a much
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SLi isotopic fraction variation per stage.

higher cost for the electrode material. The electrochemical
intercalation reaction is depicted in eq 16:

Ga + nLit + ne” o Li,Ga (16)

The reported cell consists of a high-purity gallium cathode
working below the melting temperature, or, alternatively, in a
compartment that contains 5—12 g of liquid gallium with a
relatively high contact surface area (0.78 cm?) with the
electrolyte solution. In the liquid phase, the classical ethylene
carbonate (EC) and methylethyl carbonate (MEC) mixture
containing LiClO, is used. In the case of the solid gallium,
experiments with 1 M LiCl in dimethyl sulfoxide have also
been reported. Lithium foils were used both as counter and
reference electrodes. An in—out diagram is depicted in Figure
2d. The electrochemical cell is constructed in a three-electrode
configuration for the measurements. The electrolysis is
conducted in a constant current mode first, until the electrode
potential reaches the 0.02 V value. From this point, the
working mode is changed to constant voltage mode, until
reaching a predetermined total charge value.

In Figure 6a, results for the simulation of °Li enrichment
value are plotted versus stage number. Figure 6b shows the
associated °Li isotopic difference in the gallium cathode. It is
observed that the best performance is achieved with a liquid
gallium cathode, and with the highest value of total charge
tested. Table S4 in the Supporting Information summarize all

our results for the simulations, as well as representative data
from the original work.

No correlation is observed in a graph of the stoichiometric
number n and the @ value. In a first analysis, this would
indicate that the isotopic separation is not dependent on the
amount of lithium intercalated, at least for the quantities tested
by Zenzai et al. No correlation is found either for insertion
time, or current efficiency. The reversibility of the electro-
chemical intercalation process was studied by Tarascon et al.*®
Unfortunately, the very attractive lithium insertion capacity of
gallium is associated with cyclability issues, which, in turn, are
caused by the Li-driven large volume changes.

The a value is associated with the equilibrium constant of
the isotopic exchange reaction,

"Li(Ga) + °Lifyy < °Li(Ga) + 'Lify (17)

The equilibrium constant can be estimated as the reduced
partition function ratio using molecular orbital theory to
calculate the vibrational frequency of the stable species on the
electrolyte and in the cathode. Results obtained by Zenkai et
al.*”** are not in complete agreement with the experimental
result, indicating that other causes may be responsible for the
relatively large isotopic effect.

We see the insertion of Li* ions into gallium as an elegant
approach for the isotopic separation. However, issues with
volume changes might determine that the full alloying capacity
(up to 2 mol of Li atoms per mole of Ga atoms) might not be
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Figure 8. Simulation results for the electrochemical insertion of lithium into tin: (a) enrichment curve per stage and (b) ®Li isotopic fraction

variation per stage.

tully exploitable. A full economic analysis is also mandatory, in
view of the clear differential costs when comparing insertion
into gallium or graphite, particularly if we consider that the full
insertion capacity of gallium might not be usable to our
advantage.

3.5. Electrochemical Insertion into Zinc. Another
possibility as host material for lithium electrochemical
insertion is zinc, which is an interesting alternative because
of its abundance, price, and nontoxicity, and the existence of
Li—Zn alloys has been well-studied.®* In this context, Mouri et
al.*’ reported the isotopic separation associated with reaction
18.

nLi" + ne” + Zn < Li,Zn (18)

Figure 2e depicts an in—out diagram for the proposed
separation system. The lithium sample to be enriched is the
common LiClO, solution in an EC/MEC solvent mixture. The
solid zinc—lithium alloy is enriched in °Li. The electrochemical
reported reactor is a three-electrode system, consisting of
additional lithium foils as both counter and reference
electrodes, in addition to the zinc cathode. Lithium insertion
is performed in an initial constant current (1—5 mA), followed
by a constant voltage (0.02 V) mode. The electrolysis is
continued until the total charge delivered achieves different
values (see Figure 7). Figure 7a depicts our calculations for the
evolution of the °Li fraction in the Zn—Li alloys throughout an
entire cascade process for six selected runs. The shorter
fractionation overall process corresponds to the largest amount
of lithium inserted (highest total charge value, 56.3 C). In
addition, a correlation is observed between the stoichiometric
factor in the final cathode composition (1) and the separation
factor (@),* which is indeed very convenient, in view of future
scale-up activities. Figure 7b depicts the corresponding isotopic
difference curve versus the stage number. Table S5 in the
Supporting Information summarizes all of our results for the
simulations, as well as representative data from the original
work.

Scanning electron microscopy (SEM) and X-ray diffraction
(XRD) analysis verified the formation of the Li—Zn alloys both
in the surface of different types of zinc cathodes and the
diffusion process toward the cathode core. In previous work,
the life cycle of Li—Zn alloys was studied.* A better
performance was obtained by the addition of inert materials
(Fe) at the cathode.

3.6. Electrochemical Insertion of Lithium into Tin.
The last material that has been evaluated for lithium insertion
was metallic tin. The methodology was developed by Yanase et
al.*° Tin compounds have been reé)orted as an alternative to
graphite in lithium-ion anodes.”>®" Various different phases
and stoichiometric structures for Li—Sn alloys have been
reported. A general chemical reaction is given in reaction 19:

(19)

The reported experimental reactor consists of a three-
electrode arrangement. A tin metal wire is used as a cathode,
while lithium foils are used as both counter and reference
electrode. The electrolyte was a 1 M solution of LiPF, in a
mixture of EC and MEC. An in—out diagram is shown in
Figure 2g. The reactor was first operated in constant current
mode (1 mA), until a certain voltage was reached, and from
that point on, the electrolysis continued in constant voltage
mode until the total charge reached a value of 28.08 C.

The enrichment curved for the entire cascade process are
depicted in Figure 8a, and the corresponding isotopic
difference curve are shown in Figure 8b. Table S6 in the
Supporting Information summarizes all of our results for the
simulations, as well as representative data from the original
work.

The most efficient operation mode corresponds to the
experiment where the constant current mode was kept until a
voltage of 0.3 V that was then kept constant. The total
electrolysis time for that experiment was of 33.8 h, and a
current efficiency of 64% was reported.

3.7. Isotope Separation by Electrodialysis through
Embedded Organic Membrane with lonic Liquid. This
technique takes advantage of the different ionic mobilities of
Li* and "Li* cations through an ionic-liquid-impregnated
organic membrane located between the cathode and anode
compartment of an electrodialysis cell. In this cell, water is
both oxidized and reduced at platinum inert electrodes, and
the passage of lithium cations through the membrane is
necessary to keep the electroneutrality of the anodic and
cathodic compartments.”** A highly porous Teflon mem-
brane embedded in PP13-TSFI (ionic liquid) separates the cell
into two compartments, whereby flows a solution with an
equimolar mixture of LiCl and NaCL

This method present maximum values of isotopic separation
~8 and ~10 times larger than the other techniques; as a
consequence, it is not surprising that the number of times that

nLi* + xe” + Sn © Li,Sn
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we have to repeat the process will be much less than the other
methods. The isotopic separation efliciency is inversely
proportional to the applied current density. We certainly like
the idea of working in aqueous media, as opposed to
anhydrous solutions and anoxic conditions. However, we
must admit that we are very puzzled at the unusually high
separation efficiencies reported by the authors. The reported
enrichment factors (¢ = 0.1—0.4) are ~1 order of magnitude
higher than those for other techniques reported here, as well as
for the currently employed large-scale technology for
separation of lithium isotopes, formation of lithium—mercury
amalgams (& = 0.049—0.062).°® Calculations do indeed show
that the isotope effect—and, hence, the separation coeffi-
cient—should be slightly larger in aqueous media than in
organic media.®*®” However, we have not found a suitable
explanation for the astoundingly large increase in separation
factor reported by these authors, compared to that of lithium
amalgamation in mercury. In addition, we are worried about
the instability of the ionic liquid, in which the membrane is
embedded, with no specific chemical attachment or physical
entrapment. It is reported by the authors themselves that,
under the influence of the potential difference, the ionic liquid
molecules tend to migrate. Obviously, this decrease in ionic
liquid composition affects the separation performance, since it
is reported that the ionic mobility of °Li and "Li will be similar
through the organic membrane without the ionic liquid
molecules. The authors also report the dependency of isotope
separation factor versus the loss of ionic liquid. Note that the
worst separation performance and larger losses of ionic liquid
occur for the larger current density values.

Therefore, our calculations are based on data over which we
have serious questions. The enrichment curve for the entire
cascade process is depicted in Figure Sla in the Supporting
Information, and the corresponding isotopic difference curve is
shown in Figure S1b in the Supporting Information. Because of
the unusually high a values, for the best possible scenario, the
desired 90% enrichment in °Li is achieved after, surprisingly,
only 16 stages. Table S7 in the Supporting Information
summarizes all of our results for the simulations, as well as
representative data from the original work.

4. DISCUSSION

In all of the work analyzed here, results are focused on the
enrichment in °Li. The authors of the original experimental
work did focus their work on the enrichment in the lighter
isotope, and we have run the simulations focusing on the
recuperation of the lightest isotope preferentially. A first
conclusion of most enrichment experiments analyzed is the
observation that the mass of the enriched phase is negligible,
compared to the initial mass of reactants. This is observed in
Table 1, where we show the percentage of the lithium ions
present in the original phase that have been transferred to the
enriched phase. The clear exception is delithiation of the LMO
electrode (see section 3.3 above), where over a quarter of the
original lithium presented in the original phase is transferred to
the enriched phase. For all other examples, although the initial
phase is enriched in the heavier isotope (Li), in practical
terms, the relative compositions of “Li and °Li in the initial
phase can be considered to remain invariable, because of the
small fraction of ions that have been transferred. This fact
requires important modifications to the base methodology if
we wish to simultaneously recover samples enriched in both
%Li and "Li, and these modifications are synonymous with a

multiplication of separation stages. However, we must
highlight that, in theory, these techniques could alternatively
be used to prepare samples enriched in either °Li or "Li.
However, for the purpose of recovering "Li-enriched samples,
the methodology should be performed until most of the mass
of the initial phase has been consumed, and, in this case, the
enriched phase will be the initial phase.

The algorithm that we have developed can be equally used
to calculate the number of stages needed to enrich a sample in
’Li. However, since the experimental data used to feed the
simulations only provided experimental results for the a
enrichment factor in °Li, we, instead, focused our work on this
isotope. For better accuracy, it would be ideal to have
experimental data for the a enrichment factor in “Li, which
does not necessarily have the same numerical value as its
analogue for °Li.

There are several important issues to analyze upon thinking
of a scale-up process of a technique that has been successfully
proven at laboratory scale. In our particular case, we are very
much concerned that several of the analyzed articles couple the
reaction of interest for isotopic enrichment with a counter
electrode where metallic lithium is oxidized to lithium
cations.**’ 7% This reaction is simple and most interesting
from the perspective of not introducing species into the
solution that might be difficult to separate later. However, it is
evident to us that there will be an isotopic effect associated
with this electrochemical reaction as well. And, as a
consequence, this reaction, in turn, will produce an isotopic
enrichment, both in the metallic phase and in the solution
phase. It is very surprising that none of the experimental
articles that were reported to have used this counter electrode
have mentioned this possibility. We do not have sound
experimental evidence to assert undoubtedly which of the two
isotopes will preferentially remain in the solid phase and which
one will preferentially migrate to solution upon oxidation of a
metallic lithium electrode, although we have several pieces of
information that strongly suggest the expected partition. First,
there is large experimental evidence that, upon electroplating
different metals such as lithium,** zinc,”’ iron”* and
copper,’””* the metallic phase is always enriched in the
lightest isotope. Moreover, we have also seen, in the work
analyzed, that the lightest isotopologue is always deposited
preferentially in the solid phase. Finally, Yanase and Oi®*%
made molecular orbital calculations for the two lithium
isotopes in combination with several dozen elements of the
periodic table. They calculated the frequency shifts upon
’Li/®Li substitution and the isotopic reduced partition function
ratio (rpfr). For absolutely all analyzed compounds, they did
show a preferential partition of the lighter isotope in the solid
face versus its heavier isotopologue, albeit of different
magnitude.

Overall, although no experiments have been reported, it is
very reasonable to hypothesize that upon oxidation of metallic
lithium at the counter electrode, the solid phase will become
enriched in °Li, while the oxidized ions will show a preferential
composition of ’Li. All articles analyzed pay attention
exclusively to the isotopic enrichment generated at the
cathode. In light of a very likely electrochemical isotope effect
at the metallic lithium electrode (anode), we expect that the
total isotopic composition will be affected. At later stages,
when the departing phase is already heavily enriched in °Li, we
certainly do not want that a metallic anode with the natural
isotope composition that will liberate “Li cations preferentially.
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In addition, an interesting hypothesis to verify in view of scale-
up possibilities would be to try to pursue the electrochemical
process to produce higher cuts. For example, cut values of 5%—
10% should be small enough to still produce an isotopic
enrichment, but high enough to produce a detrimental influx of
’Li in the liquid phase from the anode. In addition, even if we
disregard the isotope effect at the counter electrode, if this
electrode is made out of nonenriched metallic lithium, it will
still liberate "Li preferentially, because this is much more
abundant than °Li in a natural sample. And once again, this is
undesirable in the intermediate and late stages, when the feed
solution is already heavily enriched in °Li.

The next topic to analyze, in view of prospective scale-up
possibilities, is the overall context of the different proposed
methodologies. We would be dealing with methodologies that
would require, in any case, repetition of the basic operational
process over a hundred times. Hence, it is important to
consider how to reset the initial reaction conditions, to
proceed with the successive stage, i.e., how to back-extract the
lithium from the different enriched phases (most often, the
solid phase). For example, the question arises as to how to
transform an isotopically enriched lithium metallic sample (i.e.,
the head in the process described above in section 3.1) into a
LiClO, 1 M solution with the same isotopic composition as
that lithium metallic sample. We need to keep the same
isotopic composition of the head of stage 7, in the feed of stage
n + 1. This procedure should be straightforward, since it will
have to be repeated as many times as the number of stages
necessary in the overall process. In this context, all the
methodologies where the enriched sample is produced in a
solid phase, at a cathode, metallic lithium deposition, and
intercalation in graphite, gallium, tin, or zinc, seem to show an
advantage versus the other methodologies. In principle, for
those methodologies, it should be possible to recover all the
enriched lithium ions by reverting the potential or current, and
dissolving back all the lithium into a fresh solution, which can
be directly used as a departing solution in the consecutive
stage. Conversely, it is clearly not as straightforward to think of
a fast and efficient way to prepare LMO enriched in °Li that is
found in solution, in a series of up to 250 stages.

The situation seems even more complicated in the case of
the work presented by Hoshino and Terai.>** In that work,
the enriched lithium sample is observed to be mixed with
larger amounts of NaCl, while the departing material for the
consecutive stage should be a pure LiCl solution. Separation of
LiCl from NaCl is a very well-studied topic, since Li,CO; from
brines is extracted from natural brines, which have a molecular
ratio of ~40:1 in Na:Li.”*”’® The most common technique—
evaporation and sequential precipitation—certainly does not
seem applicable, because of space, time, and weather issues.
Other separation methodologies are not easy, and their
implementation in a cascade process for at least 13 times
does not seem straightforward.

In addition, Table 1 also gathers representative data from
the original research articles, such as Coulombic efficiency of
the process, total charge per stage in the reported results, and
cut values, ie., percentage of the original total lithium that
underwent through the electrochemical process (electro-
deposition, insertion, etc.). Note the very low Coulombic
efficiency of the electrodeposition process. This is an issue to
be resolved, since a low Coulombic efficiency is synonymous
with being a waste of money. In addition, the environmental
costs of reducing large amounts of organic solvents and/or

ClO,” (the only possible parallel reactions) should be
evaluated. Moreover, an evaluation should also be performed
to characterize the decomposition products, and determine if
these will interfere in the further electrochemical processing of
the LiClO, organic solutions. Although not ideal, we could
potentially consider to discard the remaining solution after the
first stage of a process. However, we certainly cannot discard
LiClO, organic solutions that are already enriched in °Li, even
though the desired 90% (or whatever enrichment value is
sought) has not yet been reached, because this solution
contains large amounts of decomposition products that are
detrimental to the overall process. In this respect, intercalation
of lithium into graphite, gallium, and zinc showed considerably
higher Coulombic efficiency values.

Table 1 is a summary of our calculations (minimum number
of stages needed, energy consumption and costs) and the most
relevant information provided in the original experimental
articles, for the different analyzed methodologies. It is
important to highlight that the electrical consumption and
the consequent electricity costs have been calculated only for
the electrochemical stages of the isotopic separation process.
Our calculation does not take into account any other
associated steps that are surely going to be required for a full
or pilot scale process, such as purification or drying of the
reactants, or the transformation of the deposited metallic
lithium, or intercalated lithium, into a lithium salt for the
consecutive enrichment stages. In addition, the energy
consumption was calculated assuming the prospective
industrial or pilot process has already reached a steady state.
We have already mentioned that, in each enrichment stage,
only a minor fraction of the total amount of lithium is
transferred from the original phase to the enriched phase. This
requires that a relatively large pool of reactants for each
intermediate stage must be produced. This can be realized by
either continuously repeating the earlier stages in batch mode
several times to fill up the later stages, by dimensioning the
earlier stages to larger capacity than later stages, and by cleverly
combining the intermediate fluxes (see below), or by a
combination of all of these processes. In any case, we are aware
that there will be an important cost related to achieving a
steady-state operating condition. Another point to be
considered is the fact that studies are still needed to evaluate
which is the maximum amount of material that can be
transferred from one phase to another one, while keeping the
maximum isotopic enrichment. In other words, for each of the
analyzed methodologies, it is yet to be determined whether
only the small reported fraction can be transferred to the
enriched phase, or whether the amount of material transferred
(relative to the total amount of lithium present) can be
incremented.

It would have been interesting to compare results for the
different proposed methodologies under the same operating
conditions. However, this is not possible since only a restricted
number of experiments have been reported in each of the
original articles. On one hand, different methodologies are
applied under different electrochemical conditions, either
constant voltage (section 3.1), constant current (section 3.7),
or constant current followed by constant voltage (sections
3.2—3.6). In addition, even those authors who have followed
the same general operational mode have worked at
considerably different current, voltage, or total charge values.
Compare, for example, experiments in sections 3.2—3.6.
Reported current values range from 1 mA to 3 mA, and
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Figure 9. Comparison between simulations for the optimal operating condition (one unique operating condition, green line, squares), and a
combination of different operation parameters (blue line, dots): (a) lithium electrodeposition and (b) lithium electrochemical insertion into

gallium.

these current values are not normalized. Even much larger
variations are reported for total current values. While some
authors remain at low total currents (not beyond 4.16 C,
section 3.3), others work between 50 C and 86 C (section 3.6).
Tables S1—S7 in the Supporting Information list the detailed
operating conditions of the original reports.

An analysis of the energy consumption shows relatively low
prices for a prospective pilot or large-scale production of the
°Li isotope via an electrochemical methodology, with values
ranging from 2520 Wh g™' to 6640 Wh g™'. The cost analysis,
combined with high Coulombic efficiencies, in addition to the
number of stages needed, certainly favors insertion into either
gallium or graphite versus any of the other methodologies.
However, we should still bear in mind that both reactor
materials and electrodes, together with the energy costs of all
side processes, will considerably add to the final cost of the
overall process. In this respect, the overall cost balance might
end up turning favorable toward any of the other processes,
since the cost estimations at this preliminary stage are not
enormously different (by a factor of <3).

Evidently, one of the assumptions considered throughout
the calculations imply that we have available material with a
wide range of isotopic composition to replenish the process
streams upon requirement. This condition is achieved in real
isotope separation systems through the recirculation of the
head and tail fluxes of the same, or other stages. In Figure 1, it
is visible that a large volume of materials with different isotopic
composition are available for recycling from the intermediate
fluxes. The development of this structure process and the
interaction between fluxes and separation units is known as
Cascade Theory.” The scientific literature is plentiful in work
focused in the development and optimization of process
topology.”” ="’ A deep analysis on how to apply those concepts
to the present examples is unfortunately beyond the scope of
the present article.

The attentive reader might have noticed the correlation
between the panels from the left and those from the right in
Figures 3—8. If we think that the total number of stages is quite
large, we could consider the variable n, which denotes the
number of stages, as a continuum, and, hence, the small gap
between two consecutive stages could be considered as a
differential. Under this assumption, and following the
definition of enrichment grade between stages (eq 13), the
curves plotted in Figures 3—8b can be considered the

derivatives of the corresponding curves in Figures 3—8a.
These derivative curves are the easiest way to spot immediately
which of the working conditions (current value/voltage/total
charge) will yield the highest possible enrichment for a given
departing isotopic composition. From analyzing the isotopic
difference curves (Figures 3—8b), we see that the maximum
efficiency for the process is not always that achieved for the
optimal conditions listed in Table 1. We observe that, for the
early and medium stages, the efficiency is maximum for a given
operating condition, but from a certain enrichment value
onward, this is shifted to different operating conditions. For
example, for the electrodeposition of metallic lithium, in order
to reach an isotopic fraction of 0.5 in °Li, in order to employ
the lowest possible number of stages, it is best to work at an
overpotential of 0.06 V. In this way, the desired enrichment is
reached after 82 stages. However, to reach higher isotopic
enrichment fractions, from that point on, it is best to move
sequentially to overpotentials of 0.01 and 0.13 V. In this way, a
desired final isotopic fraction of 0.9 can be reached in 145
stages, instead of 153 total stages. This is depicted in Figure 9a,
where the isotopic enrichment curve for a unique operating
condition is plotted together with the curve for the
combination of the conditions just discussed. A similar analysis
can be made for any of the other electrochemical method-
ologies. As a second example, the case of the electrochemical
insertion of lithium into gallium is depicted in Figure 9b. In
this case, our calculations show that by combining different
working conditions, we could save 7 stages, with the total
number of stages being 156 (combination of operating
conditions) versus 163 (using a total charge condition of
59.4 C). The combination of different operating conditions
should be easy to implement and, in principle, would not
require extra investment, since the electrochemical equipment
used should be exactly equal to previous stages.

5. CONCLUSIONS

We have surveyed previous publications on prospective
electrochemical technologies for stable lithium isotope
separation. We have started from the experimental results in
those publications, and we have calculated the amount of
consecutive stages that would be needed to implement the
proposed methodologies to reach a certain degree of
enrichment. Our simulations were based in a series of
assumptions, most importantly, that the enrichment factor is
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maintained despite composition changes in the departing
material. We also assume it is possible to reset the initial
conditions.

Our simulations show that the technology requiring the least
number of stages to reach a 90% enrichment is the
electrodyalisis of an aqueous solution of LiCl through a
membrane that has been previously embedded in an ionic
liquid. However, we have expressed our serious doubts about
the abnormally high enrichment factor reported by the authors
of the original research, as well as experimental complications
arising from the hypothetical large-scale implementation of this
technology.

Other than electrodialysis, the electrodeposition of metallic
lithium and insertion of lithium cations into gallium, with 153
and 163 stages, respectively, are the methodologies with more
promising results. The former presents several advantages in
view of a prospective scaling up, although a low Coulombic
efficiency, which is due to solvent decomposition, is to be
noted. The latter is an interesting technique, although the cost
of gallium, and expansion of the electrode material upon
lithium insertion, should be studied more carefully.

An estimation of the energy consumption has been made,
showing values between 2290 and 6640 Wh g~' for the
production of samples with a 90% enrichment in °Li. Overall,
in our opinion, no electrochemical technology has yet shown
conclusive results to show clear advantages over competitive
methodologies. Together with results from simulations, more
experimental work is needed to allow engineers to decide upon
which technology is worth testing for pilot scaling.
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