MATERIALS CHEMISTRY

845

CHIMIA 2024, 78, No. 12

doi:10.2533/chimia.2024.845 Chimia 78 (2024) 845-854 © H. E. Kohl, C. A. Larriuz, A. Ezazi, M. Al-Hashimi, H. S. Bazzi, S. Banerjee

Electrified Enhanced Recovery of Lithium
from Unconventional Sources

Harris E. Kohl?, Carlos A. Larriuz?, Andrew Ezazi?, Mohammed Al-Hashimi®, Hassan S. Bazzi®,
and Sarbajit Banerjee®™*

Abstract: Demand for lithium is expected to quadruple by the end of the decade. Without new sources of pro-
duction, the supply-demand curve is expected to invert. Traditional geological reserves will not be able to meet
the anticipated gap, thus unconventional sources of lithium will need to be utilized, setting the stage for fierce
competition for perhaps the most critical of mineral resources required for the energy transition. Direct Lithium
Extraction refers to the umbrella of technologies being developed to access lithium from unconventional sources.
Electrochemical extraction offers significant promise for its selectivity and low operating cost when coupled with
renewable energy. This review aims to describe materials and process design considerations for electrochemical
extraction of lithium from aqueous sources with a specific emphasis on C-V,0, designed in our research group as
an insertion host. We point to specific strategies for improving capacity and selectivity for electrochemical lithium
extraction based on materials design across length scales. Strategies range from site-selective modification of
insertion hosts to controlled tortuosity of ion diffusion pathways in porous electrode architectures. Electroche-
mical lithium extraction from unconventional sources stands poised to be a linchpin of a sustainable economy
when coupled with cleaning of wastewater, hydrogen generation, and recovery of ancillary critical metals.
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1. A Modern-Day Rush for White Gold
Challenges with scaling of energy storage represent a critical
impediment to the energy transition. Battery energy storage tech-
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nologies have a key role to play in expanding dispatchable clean-
energy capacity in power grids, enabling grid firming, enhancing
grid reliability, powering behind-the-meter load management, and
for more efficacious transmission and distribution management.!!.2]
In parallel, electrification of transportation fleets, spanning the
range from forklifts to passenger electric vehicles, off-road vehi-
cles, and electric aviation represents a critical thread in the decar-
bonization of transportation and global supply chains.[3! Improve-
ments in performance, pathways to manufacturing at scale, and
steep reductions in price/unit-energy stored are urgently needed
for intra- and inter-day long-duration energy storage technolo-
gies, as well as for fleet electrification. As the most mature and
versatile electrochemical energy storage technology at this point
in history, lithium-ion batteries have a critical role to play in the
energy transition.!*-6 However, the increasing emphasis on large-
format batteries has stressed global supply chains for lithium and
other critical materials such as cobalt, nickel, and graphite.[7-10]
Demand for lithium is projected to skyrocket in the next three
decades — approaching 6 million metric tons (Mmt) per year — a
25x increase from current production of ca. 0.24 Mmt.['! Tt is
estimated that by 2050 as much as 1.6 Mmt will be required for
electric vehicles alone. Lithium, usually as lithium carbonate or
lithium hydroxide, is currently sourced at scale by either mining
or evaporation of brines.[1?I These traditional production sources
provide nearly all currently available lithium supplies but cannot
guarantee future supply needs; mines on average take 10 years to
reach full production capacity, evaporation pools can take up to 2
years.l13-151 These challenges in natural resource utilization have
been exacerbated by geopolitical tensions, setting the stage for
fierce competition for perhaps the most critical of limited mineral
resources required for the energy transition.

Fig. 1 summarizes notable lithium deposits across the world
and their form. Insets to Fig. 1 further list the leading producers
and refiners of lithium. As a result of the large capital investments
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Fig. 1. Global map of lithium deposits mapping types of lithium source and indicating primary producers and refiners of lithium.2% The bottom left
inset shows projected lithium production and shortfalls for 2030.' The second-to-left inset shows lithium refining market share from three of the top
producing countries along with future projections. The second-to-right inset shows lithium production by end-type.['8l The bottom right inset shows

lithium production share by country.[18]
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required, production capacities of mining and evaporation cannot
be easily scaled to meet fluctuating demand. Indeed, lithium car-
bonate and hydroxide spot prices in China, the largest consumer
of lithium for batteries, decreased dramatically in 2023.1'61 The
sluggish demand has forced production cuts and curtailed expan-
sion and initiation of large-scale projects, which reflects in part
the vagaries of price fluctuations and vulnerabilities of material
supply chains to which many clean energy technologies are held
hostage.[!”] Despite current downward trends, the lithium market
is still projected to grow well into the 2050’s, with the supply-
demand curve inverting around the turn of the decade.l'8] Several
analysts predict: (1) without new projects, known lithium deposits
will likely be depleted by 2030, strangulating the energy transi-
tion; and (2) as a result of the exponential growth of the electric
vehicle market and the time lag between the need for materials and
the availability of end-of-life materials, battery recycling will have
minimal impact on cumulative material demand for lithium in the
near term.[8:9-11.191 The current trend in prices depressing or delay-
ing new planned projects, combined with projections of massive
demand, can potentially result in major supply chain challenges in
the not-too-distant future. Thus, the need to develop and produce
new sources of lithium rapidly and to advance technologies to
extract lithium from unconventional dilute sources is dire.

Amongst the available sources of lithium, geothermal and
oilfield-based brines have been at the forefront of the lithium ex-
pansion race.[21-221 These sources, which may range from the 10’s
of ppm to several thousand ppm in Li, have the potential to act as
pro tem lithium sources, diversify supply chains, and potentially
diminish the environmental impact and carbon footprint of large
mining projects. The bottom inset to Fig. 1 shows that much of the
anticipated gap in lithium supply is expected to be met from direct
lithium extraction (DLE).[23-26] Currently, production methods for
Li,CO, can range in cost between $2-$9 USD per kg produced.
Current cost estimates for pilot scale electrochemical DLE are al-
ready around $5 USD per kg, making electrochemical DLE a cost
competitive approach; these prices are anticipated to drop sharply
at scale as the levelized cost of clean energy plummets, technolo-
gies reliant on earth-abundant and inexpensive materials become
available, and operational efficiencies are engineered across the
process flow.[27]

The key problem to brine mining lies in efficient treatment
and viable extraction of lithium from sources such as produced
and flowback water generated in oil and gas operations. Pro-
duced water sources are often hypersaline and contain a plethora
of contaminants: rock detritus, dissolved organic carbon, rem-
nant hydrocarbons, and large concentrations of dissolved salts
and mineral particles.?8] Treatment trains to reduce silt, sediment,
and organic contaminants are commonplace and relatively inex-
pensive. However, discriminative treatment to reduce salinity or
selectively extract lithium represents a formidable challenge.[29-30]
Such workflows require orchestration of a complex sequence of
energy-intensive steps. Selective removal of just lithium ions
could dramatically reduce the cost and complexity of lithium
extraction. The umbrella of burgeoning technologies focused on
selective extraction of lithium is known as Direct Lithium Extrac-
tion (DLE).31

DLE technologies include adsorption, ion exchange, solvent
extraction, and electrochemical methods.[30l Adsorption and ion-
exchange technologies are currently the most advanced in the
DLE space, usually being repurposed membranes. These mem-
branes feature reasonable lithium selectivity and capacity but re-
quire regeneration to release lithium and begin a new cycle. Sol-
vent extraction relies on coordination of lithium with an extract-
ing agent, followed subsequently by phase transfer into a solvent
that is immiscible with water. These processes also require large
amounts of solvent and coordinating agents, and often struggle
with throughput. Finally, electrochemical techniques represent a

promising frontier for DLE.[?l These methods afford an excel-
lent combination of selectivity and capacity; perhaps the greatest
utility of these methods arise from the promise of coupling with
inexpensive renewable power, such as solar, wind, or geothermal,
in proximity to the extraction location, and from simplification
of treatment trains, which obviates the need for large amounts of
solvent and chemical additives.

2. Electrified Lithium Recovery

Electrochemical techniques for desalination and DLE can be
generally categorized as Capacitive Deionization (CDI) and Hy-
brid Capacitive Deionization (HCDI). CDI and HCDI both oper-
ate using a similar device construct as exemplified in Fig. 2. A
potential is applied between two high-surface-area electrodes and
aqueous media with dissolved ions flow through a thin spacer
layer. Alternative constructs involve liquid flow through porous
electrified membranes or flowing parallel streams of particle slur-
ries separated by membranes from the flow stream and held at dif-
ferent voltages. A key distinction between CDI and HCDI arises
from the mode of ion sequestration, which is governed by the
choice of material used to construct the active electrode. CDI is an
electrosorption method wherein oppositely charged ions are ad-
sorbed in proximity of the Stern layer extending out to the Debye
length of the porous electrode architecture. Ion sequestration is
achieved through a combination of specific adsorption onto (typi-
cally) activated carbons and oppositely charged ions attracted and
bound within the diffuse layer.

In contrast, HCDI uses redox-active insertion hosts wherein
electrosorption is followed by desolvation and ion-insertion into
interstitial sites of the active material, which allows for storage
of ions through the entire electrode volume (not just at surfac-
es) and imbues mechanisms for selective gating. Fig. 2 sketches
a typical HCDI configuration and illustrates the need for thick
high-surface-area porous electrodes that permit facile permeation
of flow streams from which Li-ions can be sequestered and re-
leased through reversal of polarity. Fig. 3 shows mechanisms of
electrosorption involving capacitive storage in the diffuse layer,
pseudocapacitive storage involving specific surface redox, and
desolvation and ion insertion, exemplified for a T-V,O, insertion
host (vide infra). Faradaic pseudocapacitive effects occur at par-
ticle surfaces as a result of surface redox events; such extrinsic
pseudocapacitance does not require complete desolvation and
thus affords a means of fast storage and release of ions. Nota-
bly, since such ions are adsorbed to the surface through redox
reactions, the electrical double layer remains available to store
an additional complement of ions.32I In some cases, ion insertion
can trigger phase transformations propagating to varying extents
through the active particles.[>-33-35]

2.1 Rating Ilons Traps

Fig. 2 shows the configuration of a DLE cell where the res-
ervoir contains a dilute solution pre-treated to remove silt and
sediment; in the case of some brines and most produced water, the
input stream would have been subjected to other coagulation or
nanofiltration approaches to reduce salinity or eliminate divalent
cations.[?81 The solution is then transported from the reservoir to
the HCDI cell using a peristaltic pump. An HCDI cell typically
pairs an insertion electrode with a high-surface-area carbon an-
ode separated by an exchange membrane and separator. A voltage
source creates a potential difference between these two electrodes
(a reference electrode is used to prevent drift). Ions are captured
and released in periodic cycles, thereby yielding enriched and de-
pleted streams. Depleted streams can be recirculated to enhance
Li-ion recovery.

Two measurements are commonly performed, a conductivity
measurement in the reservoir and chronoamperometry or chrono-
coulometry in the HCDI cell depending on constant-voltage or
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Fig. 2. In a typical HCDI cell illustrated here, conductivity is measured in the solution reservoir, whereas chronoamperometry is performed within the
HCDI cell. Different modes of ion sequestration are illustrated from the surface electrical double layer to insertion into the bulk. Three distinct modes
of ion sequestration are shown: the electrical double layer, extrinsic pseudocapacitance, and insertion.

constant current operation. The former provides a measure of ion
concentration in the reservoir, whereas the electrochemical mea-
surement provides a measure of evolution of ion current or elec-
trode potential difference in response to ions entering the insertion
electrode.3% These measurements are crucial for effective under-
standing of HCDI and for evaluating its efficacy, selectivity, and
robustness in DLE. Some key metrics to judge the relative effica-
cies of processes, cell configurations, and active electrodes in-
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clude the Desalination Capacity, which is a metric of the number
of ions effectively sequestered as per:

Desalination capacity = ;MAI cdt... (D)
total

where v is the flowrate (L-s'), M is the molecular weight of the
LiX salt (X represents the counter-ion), m is the mass of both
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Fig. 3. lon capture events in CDI vs. HCDI. CDI utilizes activated high-surface-area electrodes to store ions in the electrical double layer (EDL) and
in pseudocapacitive sites depicted on the left of the figure. The HCDI host electrode, however, has an additional form of adsorption. Here after the
pseudocapacitive sites have been saturated the lithium-ion is desolvated and inserted into interstitial sites within the host electrode. These sites are
depicted to the right of the figure for T-V,0, as an insertion host of particular emphasis in this work.
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electrodes in the system, and |C dt is the integrated area under the
concentration-time curve for each half cycle, units in mmol L's.
Another important metric is specific lon Removal Capacity (IRC).
This can be used to evaluate the amount of a specific ion that is
being extracted from the system. The key input and cost in elec-
trochemical lithium recovery is power. In addition to metrics ac-
counting for the mass of ions extracted from flow streams, the
amount of energy is a critical consideration and is represented by
the Charge Efficiency (CE), exemplified again for LiCl as:

Desalination Capacity
Myict
Q

CE(%) = %X 100% ... 2

F

where Q = 3)

Mtotal

where F is Faraday’s constant and Q is the average total charge
stored in both electrodes normalized to the total mass of both
electrodes, ¢ is the amount of charge passed through the system,
calculated by integrating the chronoamperometry data of each
charging half cycle. The CE provides a measure of the efficacy of
insertion reactions as compared to parasitic reactions such as cath-
ode dissolution and interphase formation. The closer this number
is to unity, the greater the preference for desolvation and insertion
processes as compared to unproductive parasitic reactions.

A factor of critical importance to electrochemical lithium ex-
traction is selectivity. Most often, unconventional sources have
higher concentrations of other monovalent and divalent cations
than lithium, making it imperative to have high degrees of lithium
selectivity. Selectivity is calculated as per:

Pa= (DCA) (CB,feed)
B DCB) \Ca, feea)

where . is the unitless separation factor for two different ions
A and B, DC, and DC; are the desalination capacities of each
ion respectively, gathered from measurements such as inductively
coupled plasma mass spectrometry or ion chromatography, and
C, rqand C; . are the concentrations of the two ions in the origi-
nal solution. There are often trade-offs between quantities such
as IRC and selectivity; for instance, mechanisms dominated by
capacitive or supercapacitive processes augment ion sequestration
but are much less discriminating towards Li-ions. Other relevant
metrics pertain to kinetics of ion removal and release cycles and
cycle life, which reflects the resilience of the active material and
porous electrode architecture from common degradation mecha-
nisms such as chemo-mechanical failure, surface passivation, car-
bon corrosion, or cathode dissolution.

“

2.2 Navigating Multidimensional Process Design Spaces

DLE metrics depend not just on material considerations but
also on the specifics of the cell configuration (Fig. 2), as well
as process considerations such as applied potential, flow rates,
temperature, and cycle times. Judicious consideration of cell and
process parameters can be used to promote reversible ion seques-
tration and alleviate deleterious parasitic reactions such as carbon
corrosion and water splitting.[37381 Local entrapment of gaseous
bubbles can impede electrolyte diffusion to the surfaces of the ac-
tive insertion electrode and thereby reduce the efficacy of electro-
chemical lithium extraction. Another process consideration that
is noteworthy is the mass balance between the two electrodes.
In HCDI, the two electrodes can be starkly different in their ion
uptake given the distinctive processes operational at the insertion
cathode and the carbon anode as illustrated in Fig. 3. Optimizing
the mass ratio between the insertion electrode and the carbon an-

ode helps expand the voltage window available for the insertion
electrode. 3]

Temperature is a process parameter of particular importance
to geothermal brines; a detailed understanding of temperature-de-
pendence of DLE metrics and of the robustness of HCDI compo-
nents is imperative to determine the optimal integration of HCDI
cells vis-a-vis heat exchangers used in geothermal plants.[4041]
Considering LiFePO,, an intriguing tradeoff is observed between
accessible capacity and capacity retention; at lower temperatures,
the initial capacity is low, but capacity retention is improved as
compared to higher temperatures.i*2! The results reflect the rela-
tive thermal activation of insertion reactions as compared to para-
sitic reactions such as interphase formation and cathode dissolu-
tion. Another set of important process parameters relates to the
mode of operation, under constant current or constant potential.[43]

Given the vast design space of geometric configurations and
process conditions, HCDI methods will benefit from a systematic
design-of-experiments approach aided by machine learning meth-
ods to efficiently navigate across the design space of operational
conditions. As an example of such an approach, a Box-Behnken
design of experiments can be used to survey the design space
and build models that relate electrode and flow reactor geometry,
flow rate, and measured characteristics to ion-removal capacity
and kinetics.[*1 AI/ML iterative frameworks can be subsequently
used to navigate multi-dimensional design and operational spaces
and identify features that optimize across a Pareto frontier of ion-
removal capacity, kinetics, selectivity, and cyclability.[44-46]

2.3 Designing Across Length Scales to Enable Effective
Electrochemical Lithium Extraction

Fig. 4 sketches the structures of insertion hosts used in HCDI,
which have a high concentration of interstitial sites available for
lithium sequestration along with redox-active transition metal
centers.[*047-49 These are familiar battery positive electrode ma-
terials, which must meet additional constraints of stability in
aqueous media and under modest excursions from neutral pH. A
key aspect that distinguishes insertion phenomena in HCDI from
conventional weakly coordinating electrolytes is the challenge of
desolvating tightly bound water molecules at the electrified in-
terface. ‘Hard’ Li-ions have a large hydrated ionic radius, which
along with their high hydration free energy of as much as 515-544
kJ/mol, pose a much greater barrier to desolvation at electrified
interfaces as compared to Li-ion desolvation from non-aqueous
electrolytes encountered in battery electrode materials.[3%! Inser-
tion of Li-ions is driven by Faradaic redox processes and gener-
ally induces an expansion of the lattice.l3!l In some instances, ion
insertion beyond a certain concentration drives phase transforma-
tions that open up an additional complement of interstitial sites
for accommodating Li-ions. Additional challenges result from: i)
competitive insertion of protons at hydroxylated interfaces;52-531
i) parasitic reactions activated at relatively modest excursions
from neutral pH including deleterious interphase-forming reac-
tions, surface dissolution, and coupled water/oxygen redox that
can result in surface corrosion;334l and iii) capillary forces re-
sulting from the high surface tension of water that can induce
local dewetting or exacerbate chemo-mechanical degradation of
interphasic layers. Mitigating these challenges requires materi-
als design spanning from atomistic site-selective modifications to
choice of crystal lattice or framework, particle geometry, and 3D
mesoscale electrode structurel! (Fig. 2).

The electrochemically active insertion hosts are typically in-
sulating in nature. Typically, a conductive additive such as carbon
and an inactive binder such as poly(vinylidene difluoride) (PVDF)
are mixed in a solvent such as N-methyl-2-pyrrolidone (NMP) to
form a slurry, which is used to cast conformal thin film porous
electrodes on current collectors (recent interest has focused on dry
mixing processes to eliminate use of NMP). Given that the PVDF
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mers has shown to increase electrochemical activity by allowing more surface exposed tunnels; E) Engineering multiscale porosity to improve elect-

rode wettability and reduce tortuosity of ion diffusion pathways in HCDI.

and carbon have a limited ability to sequester ions, much interest
has focused on electrode fabrication processes that maximize the
loading of the active material.

Design of the insertion host is a critical imperative but not en-
tirely sufficient since overall performance also depends on control
of the mesoscale porosity, which governs the effective tortuosity
of ion diffusion pathways. The geometry of active cathode ma-
terial particles and mode of particle aggregation determines the
next length scale that governs different ion sequestration mecha-
nisms.B! Fig. 4B shows conventional porous electrode architec-
tures where active electrode particles are mixed with a binder and
conductive carbon. Fig. 4C and D illustrate different approaches
to reduce tortuosity and enable effective utilization of thick elec-
trodes.55-571In an alternative approach, insertion electrodes have
been deposited onto arrays of carbon nanostructures using atomic
layer deposition and sol-gel methods.[58-631 These methods are ad-
vantageous in affording optimal porosity, and as a result of the
conductivity derived from carbon nanostructures; however, thin
film electrodes sacrifice overall IRC at the cost of fast kinetics.
Exposed carbon surfaces further degrade ion selectivity since they
can only sequester ions through capacitive processes, thereby
squandering the differentiated ion uptake resulting from insertion
and solid-state diffusion of Li-ions in redox-active insertion hosts.
Depending on the degree of lattice expansion induced by ion in-
sertion and resulting phase transformations, stresses generated
within individual particles can compound across length scales,
resulting in electrode pulverization or delamination from the cur-
rent collector.l3+57] Paramount considerations in the design of 3D
electrode architectures are the alleviation of mass-transport limi-
tations, ensuring homogeneous aqueous wettability, maintaining
electrical contact for densely packed particles, and preservation of
the electrode architecture upon prolonged cycling.

2.4 A Case Study of Brine Mining from the Arid
Permian Lands

Produced waste water from oil and gas production in the
Trans-Pecos Permian Basin of West Texas approaches volumes
in excess of 19 million barrels per day.[®1Li content in this pro-
duced water varies geographically and temporally but averages

in the high 10’s to several hundred ppm.[281 We have sought to
simultaneously implement DLE along with recovery of other
high-value trace elements and cleaning of produced water with a
view towards utilizing the abundance of solar and wind power in
West Texas. Produced and flowback water in this region is hyper-
saline with a high content of silt particles, fracked hydrocarbons,
and natural organic matter. We have designed a 3D hierarchically
textured high-flux desilting and deoiling membrane based on cal-
cium sulfoaluminate-cement and glass beads embedded onto a
periodic metal mesh.[28.66-681 The membrane exhibits orthogonal
wettability, specifically, a combination of super-hydrophilic and
underwater superoleophobic characteristics, which enables effec-
tive removal of oil. Such membranes were shown to be highly
effective in the removal of silt particles and oil droplets from
produced water sourced from 13 different wells across the Dela-
ware and Midland Basins of West Texas (Fig. 5) at record high
flux rates (1600 L-h"\m?, at ca. 2.7 bar). Single-pass deoiling is
achieved down to 1 ppb, with removal of >99% of silt particles,
as illustrated in Fig. 5C.[28

Next, we have devised an electrochemical DLE method based
on the distinctive 1D tunnel-structured T-V,O, insertion host
shown in Figs. 3 and 5. Up to 10° selectivity for Li/Na and 10*
selectivity for Li/Mg is achieved.[*8] The porous electrode archi-
tectures retain their selectivity and preserve their integrity down
to pH values of 5.0, and thus are compatible with a broad range
of produced-water. The crystallographic sites where Li-ions are
sequestered have been unambiguously identified, as illustrated in
Fig. 3 paving the way for modification strategies to further im-
prove selectivity, IRC, and kinetics.[%%]

3. Materials Design for HCDI

Improving the performance of HCDI systems for selectively
extracting target ions relies on modifying cathode materials to
enhance selectivity, diffusivity, and removal capacity. Such strat-
egies are nascent for electrochemical lithium extraction but can
take a leaf from the expanding playbook becoming available for
tuning insertion electrodes for aqueous batteries, multivalent ions,
and tailored cathode electrolyte interphase formation. Such stud-
ies are providing growing insight into desolvation and interfacial
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Fig. 5. A) Map of Permian Basin illustrating geographic figures and well locations. Reprinted from U.S. Energy Information Administration, Permian
Basin, Part 2 (March 2022); B) Map of well locations where produced water has been sampled.[%4! Reprinted with permission from ref. [2];

C) Cleaning of produced water using CSA/glass-bead 3D porous membrane integrated onto metal mesh. Reprinted with permission under CC 4.0
license from ref. [28]; D) Schematic illustration of HCDI configuration utilizing a ¢-V,0, cathode. Reprinted with permission from ref. [48]; Copyright
2022 American Chemical Society. E) Rendering of a nominal bench scale flow-through benchtop prototype; F) lonic conductivity versus time plot for

a flowstream containing a 15 mM aqueous solution of LiCl. Reprinted with

permission from ref. [48]; Copyright 2022 American Chemical Society.

G) Conductivity vs. Time plot for produced water samples. The produced water stream is pre-treated by filtration through the CSA module before

being flowed across the HCDI cell. Reprinted with permission from ref. [48]

chemistry at electrified interfaces; sequence of interstitial sites
occupied; diffusion pathways traversed by ions; evolution of at-
omistic structure, crystal lattice, and mesoscale porosity with ion
insertion/extraction; and the coupling of electrochemistry with
particle and electrode geometry (Fig. 6).51.70-741 We discuss here
some strategies with specific reference to V, O, as an insertion
host for HCDI but with broad generalizability to other insertion
electrode materials such as shown in Fig. 7. Key strategies in-
clude choice of structure-type or site-selective modification, as
well as mesoscale optimization of electrode architecture to help
with electrolyte accessibility for improved Li-ion extraction per-
formance. Fig. 6 depicts a range of these modifications that can
be accomplished to enable specific enhancement of DLE metrics
and alleviate common degradation mechanisms noted in preced-
ing sections.

Considering the rugged energy landscape of V,O, poly-
morphs, single-layered a-V,0, represents the thermody-
namic minimum.57 The a-V,0, phase undergoes a series
of phase transformations as a function of increasing Li-ion
insertion.[3-5:20-231 For low concentrations of Li-ions, the ther-
modynamically stable a-V,0O, generally retains its structure
with some expansion of interlayer spacing and canting of vandyl
moieties to coordinate to Li-ions in interlayer sites. Further con-
centrations (0.33 < x < 0.80) lead to additional puckering of the
vanadyl bond and give rise to the e-Li V,O, phase, which retains
the Pmmn space group. As the lithium concentration increases
(0.80 < x < 1.00) in this system, the 6-Li V,O, phase is stabilized
in the Ammn space group. Beyond stoichiometries of one Li-ion
per V,0,, puckering as well as rotations of the [VO,] units are
observed, which give rise to an irreversible transformation to the

. Copyright 2022 American Chemical Society.

Electrode
Porosity

o

Z-V,05

o

o

Li* ©

Surface
Functionalization

Mo

Site-selective
Modification

[Pre-i ntercalation]

Fig. 6. lllustration of strategies used for enhancing the capacity and
selectivity of redox-active hosts in HCDI categorized by different length
scales. The strategies are presented in a clockwise progression, star-
ting with electrode-scale optimizations, such as porosity, and moving
through the meso- and atomistic-scale methods, which include poly-
morphism, pre-intercalation, site-selective modification, and surface
functionalization.
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puckered single-layered y-Li V,0, (1.00 < x < 2.00) and rock-salt
disordered w-Li V,0, (2.00 < x) phases.[707>-71 When a-V, 0, is
used as an HCDI electrode, capacity is diminished within a few
cycles as a result of irreversible phase transformations during
lithiation and electrode pulverization as a consequence of stress
buildup from volumetric changes associated with phase inhomo-
geneity (Fig. 6).17°]

One approach to alleviate the phase transformations relies
on modification of thermodynamics of the phase transforma-
tions and improving the congruency of the two lattices. In past
work, we have shown that site-selective substitution of Mo onto
V sublattices of a-V,0, yields extended single-phase regimes.
Mo-alloying induces pre-transformations that modify the a-V 0
crystal structure and render the lithiation-induced phase transfor-
mations less abrupt in their changes of order parameters. Two no-
table consequences include: (i) extended solid-solution lithiation
regimes without phase transformation; and (ii) rendering phase
transformations reversible across a broader range of lithiation.”!
Alternative strategies include surface functionalization either with
molecular monolayers or conformal thin-film coatings. Molecular
monolayers can potentially aid selective binding or pre-concentra-
tion of target ions and facilitate their desolvation (Fig. 6), whereas
conformal monolayers can mitigate cathode dissolution, stabilize
surface phase transformations, and provide conductive pathways
to alleviate challenges to electronic and ion diffusion.[79-80]

Manganese oxides such as Na-birnessite and Mg-busserite,
which have been extensively investigated for HCDII8!.82] show
degradation of electrochemical performance after 200 cycles,
which could perhaps be alleviated in part through electrode engi-
neering to sequester dissolved Mn ions and provide a conformal
coating to entirely prevent Mn dissolution.[79-81.831 As an alter-
native to storing ions within interstitial sites, structural defects
such as cation vacancies can further serve as ion reservoirs. For
example, ZnMg,O, spinel and Na,FeP,O, have shown promise
for electrochemical sequestration of Zn?** and Na* in generated
vacancies, highlighting their potential or selective ion extraction
in HCDI.[8485]

As sketched in Fig. 4, when considering strategies to improve
efficiency of electrochemical Li-ion extraction, mesoscale texture
and porosity of porous electrodes further need to be designed to
enable effective utilization of thick electrodes at viable cycling
rates. Approaches to reduce tortuosity of diffusion pathways need
to be combined with atomistic design and site-selective modifica-

—

Tunnel-structured V,0, Layered MnO,

o, %"'"
o5 1) 0°

5 1 NaBimesste | '_

= —-a —a Mg-Busserite

T': O=H,0 @-Na* O-mg

o Structural defects

2 o ZnMn,0,

E O=zn

é (3= Mnvacancies

a. ‘ Mg deficient
spinel structure
facilitates Zn®*
diffusion during
electrochemical

cycling

Fig. 7. lllustration of various crystal structures demonstrating the effects
of pre-intercalation on enhancing selectivity and capacity in HCDI sys-
tems. The left panel shows pre-insertion of the tunnel structured C-V,0,
with Na-ions to yield -Na V,O,. The right panel shows pre-intercalated
layered MnO, compounds with stabilizing ions such as Na- and Mg-ions
(top) and a spinel MnO, where Mn vacancies within the structure favor
Zn-ion sequestration (bottom).

tions strategies to maximize the performance of the active mate-
rial in HCDI electrodes.

Effects of parameters such as electrode thickness have
been previously evaluated in manganese oxide systems used in
HCDI.[#%1 Key findings indicate an increase in salt removal ca-
pacity for cathode thicknesses up to at 450 um. Conversely, in-
creasing the thickness to 600 wm results in a significant decrease
in removal performance.[3¢ Fig. 4B shows various strategies for
introduction of porosity such as through engineered channels or
use of templates to impart mesoscale porosity. For instance, spinel
lithium iron manganese oxides have been templated to stabilize
micropores that enable full wettability of the material, which in
turn increases effective ion transport and, consequently, leading
to an improved salt/ion removal capacity.l*3] The introduction
of multiscale porosity and engineered channels not only helps
mitigate stress effects caused by phase heterogeneity within the
electrodes, thereby ensuring preservation of the electrode archi-
tecture, but also influences greatly enhanced ion diffusion rates,
which is critical to obtain rapid sequestration and release cycles.
As such, electrode design across decades of length scales is nec-
essary to obtain optimal parameters for electrochemical Li-ion
recovery navigating complex trade-offs along Pareto frontiers.

4. Sector Coupling

Electrochemical lithium recovery holds promise for being
the linchpin for an interconnected system of circularity and clean
energy technologies (Fig. 8). In the case of geothermal brines,
Li-ion recovery modules can be coupled to heat exchangers to
enable simultaneous harvesting of subsurface geothermal energy.
For oil field and gas field brines, the removal of silt and oil, such
as illustrated in Fig. 8, represents a potential path towards reduc-
ing costs of disposal of wastewater. HCDI technologies offer an
efficient alternative to conventional desalination methods like
reverse osmosis and electrodialysis.[87:881 HCDI consumes less
energy and is more tolerant of salinity levels, which makes it a
particularly useful choice for hypersaline water.[8 In contrast, RO
requires high pressure to force water through membranes, which
incurs substantial energy consumption.l®7l Indeed, HCDI-based
treatment trains can embed additional valorization modules, such
as for the recovery of transition metals and rare-earths using
membrane-based systems or specially designed electrochemical
flow cells. Specific modules can enable isotope enrichment or
removal of radioactive isotopes. While electrodialysis is gener-
ally more energy-efficient for bulk desalination, HCDI’s ability
to target and recover specific high-value ions, along with its op-
erational flexibility, makes it a powerful and versatile option for
producing potable water and advancing resource recovery.[82.86.88]
Given the geographic spread of oilwells and the nature of drilling
operations in West Texas, a modular truck as sketched in Fig. 8 is
likely the most economically viable alternative that will mitigate
the need to transport large volumes of water across long distances.
After lithium sequestration, precipitation can be initiated in an en-
riched stream by addition of sodium carbonate or via atmospheric
plasma processes. Both options would yield lithium carbonate, a
primary ingredient in battery manufacturing.

5. Conclusions

HCDI has demonstrated the potential to bridge the gap be-
tween future lithium demand and supply based on electrochemi-
cal extraction of lithium from existing processes that produce
low-concentration effluent streams such as geothermal brines
and produced water. Viable lithium extraction requires enhanc-
ing the selectivity, capacity, and kinetics of lithium-ion insertion
in insertion electrodes that serve as the active elements of HCDI
cells. Viability of electrochemical lithium extraction is predicated
on metrics such as ion removal capacity, charge efficiency, and
selectivity, which requires optimal design of cell configuration,
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Sl = W
Fig. 8. Sector coupling related to HCDI operations. Mounted truck ope-
rations provide mobile solutions to produced water sources. Potential
synergistic applications include isotope and transition metal recovery,
water treatment, energy generation, and carbon capture.

process conditions, and materials design across length scales from
atomistic to mesoscale dimensions. Effective lithium extraction at
electrified interfaces requires promotion of selective ion seques-
tration over undesirable parasitic reactions such as corrosion and
dissolution, fast desolvation kinetics, and selective insertion and
extraction of Li-ions across a broad complement of interstitial
sites throughout the volume of the insertion electrode. While full
mechanistic understanding remains to be fully elucidated, we
point to several emerging design principles for modulation of
selective Li-ion uptake with fast kinetics based on site-selective
substitution, pre-insertion, selection of particle geometry, and re-
duction of ion diffusion tortuosity. HCDI can be coupled with
various processes such as negative emissions, hydrogen genera-
tion, desalination, and geothermal energy harvesting to improve
economic viability. The use of inexpensive renewable energy and
the facile recyclability of membranes, stacks, and active inser-
tion hosts alike portends substantial improvements in price com-
petitiveness of these technologies in the years to come. As such,
HCDI stands poised to be a key linchpin for a sustainable and
circular economy.
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