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Single-Step Electrochemical Battery Recycling

Jarom G. Sederholm, Arghya Patra, Zheng Liu, Jr-Wen Lin, Carlos Juarez-Yescas,

Pingfeng Wang, and Paul V. Braun*

Sustainable battery production is a major challenge for the future of electrifica-
tion with the rise in battery production leading to a massive increase in demand
for battery cathode materials. Needed are environmentally responsible ways to
recycle used cathodes into new cathodes to create a circular economy for bat-
teries. While some battery recycling and recovery techniques for battery com-
ponents are developed, they can involve costly and environmentally impactful
multi-step processes. This work demonstrates for the first time the simultane-
ous dissolution and electrochemical deposition of Li-ion transition metal oxide
cathodes, providing a path to directly fabricate new battery cathodes from

old battery cathodes. The LiCoO, cathodes formed via this recycling process
exhibit near-theoretical capacities, are binder and additive-free, and are phase
pure. Technoeconomic and life cycle analyses show the simultaneous dissolu-
tion and electrochemical deposition process is less costly and environmentally

recycling practices are adopted, large-scale
production of batteries will also lead to
considerable waste comprised of used bat-
tery packs.’] Used battery packs are ad-
ditionally dangerous with disposed battery
packs leading to fires in waste facilities.!*]
As such, there is a growing potential mar-
ket for battery recycling with estimates set-
ting the market above 20 billion US Dol-
lars annually by 2030.1'%1!] Effective recy-
cling efforts will help meet the growing de-
mands for energy materials, reduce waste
associated with battery disposal, and enable
a sustainable energy storage economy.'?!

Cathode recovery is traditionally per-
formed via hydrometallurgical or pyromet-

harmful than traditional pyrometallurgical, hydrometallurgical, and direct re-

cycling methods. This method has major potential impacts and advantages on
the industrial scale as it creates battery materials in fewer steps at a lower cost
and with a lower environmental impact than current battery recycling methods.

1. Introduction

Battery materials are becoming ever more vital to the global en-
ergy landscape with cathode materials constituting the most ex-
pensive part of battery cells.' A significant challenge is the po-
litical instability and inhumane mining practices surrounding
the mining of materials critical to the production of the high-
est performing cathode materials.””) Unless economically viable

allurgical processes that decompose the
lithium transition metal oxide (LTMO)
within the cathode into constituent ele-
ments or compounds. These processes re-
quire multiple steps with various acids,
bases, and/or redox controlling agents to re-
move, separate, and recover each desired
recycling product.#13-2] The difficulty, cost, and limited overall
effectiveness of recovering vital materials from ITMO contain-
ing cathodes are all bottlenecks in battery materials recycling! 242!
incentivizing electrification(?! and simplification of recycling
processes. There is a body of work on methods for recovering
pure LITMOs (as opposed to the constituent elements), includ-
ing direct recycling processes, to decrease the convolution and
cost of battery recycling.[?’-32] However, these processes include
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Figure 1. a) A simplified depiction of the single-step electro-dissolution and electrochemical regeneration of lithium transition metal oxide (LTMO)
battery cathode materials. b) A simplified comparison between common battery recycling methods (pyrometallurgical, hydrometallurgical, and direct
recycling recovery) and our single-step electrochemical recovery. c) Potential-pCo? * diagram depicting the voltage under which the electro-dissolution
of LCO will take place as a function of cobalt ion concentration in the molten salt solution. Equations are plotted on a pCo? * scale (-log[Co? *]). d) Cyclic
voltammetry of a molten salt system at 335°C, 0.01 M of Co?*, and a scan rate of 20 mV s~ with nickel foils serving as both working and counter
electrodes and cobalt wire serving as a psuedo reference electrode. Sections are denoted with the electrochemical species most prevalent within the

voltages and cobalt ion concentrations shown.

pyrometallurgical and/or hydrometallurgical steps that increase
the complexity and cost of the process.**] The direct recovery
methods also struggle to account for morphological changes
made to LTMOs during the operating cycle life of the battery caus-
ing LTMOs recovered using direct recycling to have poor cycling
performance.l**] The problems of battery recycling are only mag-
nified when the environmental and health impacts of the recy-
cling process are considered.[**-3] In short, the complexity, cost,
and environmental impacts of battery recycling must be signifi-
cantly reduced to meet the growing need for environmentally re-
sponsible battery production and disposal.

Molten salts are of growing interest in battery recycling to meet
this need due to their ability to delaminate or dissolve LTMO
particles found in a typical cathode, leaving behind the current
collectors and other cathode additives, along with molten salt’s
comparatively low environmental impact.*®3] However, efforts
to recover battery materials using molten salts so far have fallen
into similar pitfalls as traditional battery recycling methods in
that they still require multiple pre- or post-processing steps.[*0-?]

Here, we present a unique single-step process for recover-
ing I'TMOs from battery cathodes that leverages molten salt
usage while overcoming current battery recycling pitfalls. The
single-step process consists of simultaneous molten salt electro-
dissolution of old cathodes and electrodeposition of new cathodes
that decreases battery recycling complexity, cost, and negative en-
vironmental impacts. Figure 1a shows a simplified depiction of
the process. This process is explored using electrodeposited bat-
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tery cathodes as both reactant and product. This allows us to ex-
plore this process for battery recycling without the addition of
cathode additives. Initial experimentation indicates addition of
carbon black and PVDF does not impact the single-step process,
nor does it lead to impurities in the recovered cathodes. Further
experimentation would be required to quantify the impact. The
process utilized here produces ultra-dense, battery grade cathode
materials. This work focuses on lithium cobalt oxide (LCO) as the
LTMO of interest as LCO is a commercial, high performance bat-
tery cathode material containing a valuable metal, cobalt. LCO
is particularly attractive for this process due to its containing
only one transition metal and we already knew how to electrode-
posit LCO.[***] The metal ion (Co?* in our case) and LiOH
shown in the middle of Figure 1a represent the species produced
when LCO is electro-dissolved and consumed when LCO is elec-
trodeposited. We note, as methods to electrodeposit other LTMOs
emerge, we expect the concept presented in this manuscript will
be valuable for recycling of those electrodes too. In this work, the
two distinct steps of electro-dissolution and electrodeposition are
explored first separately as independent processes. Examples of
the electro-dissolution of LCO are provided. Electro-dissolution
kinetics are discussed. Evidence of LCO recovery through elec-
trodeposition is provided and the recovered LCO is shown to be
phase pure and cycle within a battery cell. The processes are then
combined into a single-step to demonstrate growth of new LCO
electrodes from old LCO electrodes. Finally, the single-step ap-
proach is compared to traditional battery recycling methods and

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Evidence of cobalt enrichment after increasing levels of electro-dissolution charge (measured in Ah per liter of molten salt bath) are passed in
the electro-dissolution molten salt solution. The working and counter electrodes during the cyclic voltammetry are nickel foils and the pseudo reference
electrode is a cobalt wire. The temperature of operation is between 300-350°C. Cobalt enrichment is measured by cyclic voltammetry (CV). a) Evolution
of the Co?* | Co®* redox peak with passage of increasing charge. The arrows represent the direction of the CVs. b) Portion of CV specific to Co?* | Co®*+
redox peaks. The arrows indicate the shift in redox peaks of both LCO electrodeposition and LCO electro-dissolution voltage. c) Optical micrographs of
the molten salt (regeneration medium) bath i) before electro-dissolution when only LIOH and KOH are present, ii) after electro-dissolution of LCO into
the regeneration medium, iii) a bath made similar to the bath of LIOH and KOH but with added Co(OH)5,.

is shown to be the least expensive in terms of recycling costs and
to have the smallest impact on human health, the ecosystem, and
resources. Figure 1b depicts a simplified comparison between
the traditional battery recycling methods (pyrometallurgical, hy-
drometallurgical, and direct recycling) and our single-step battery
recovery process.

2. Results and Discussion

The conditions under which the electro-dissolution of LCO
within the molten salt takes place is described using a potential-
pCo?* diagram (Figure 1c). The lines are produced using the
Nernst equation and represent equilibrium lines between dif-
ferent possible electrochemical products. The thermodynamic
values and equations used to produce Figure 1c are included
in Section SI (Supporting Information). The Co | Co?* transi-
tion voltage is used as a psuedo reference voltage and monitored
via a cobalt wire. As such, all voltages shown are versus Co |
Co?*. [Co?*] in the molten salt solution varies during the electro-
dissolution process. It is therefore important to determine the
appropriate voltage range to drive LCO dissolution as a function
of [Co?*]. Vertical crossings of equilibrium lines in Figure 1c can
be observed in cyclic voltammetry (CV) as shown in Figure 1d.
The colored boxes shown in Figure 1d correspond to the similarly
colored sections in Figure 1c. By operating within the Co? * stable
region denoted in Figure 1c,d, electro-dissolution of LCO is the
dominant electrochemical reaction. If the process was performed
at a voltage lower than the Co? * stable region, conversion of LCO
and Co?* to cobalt metal would be the primary electrochemical
reaction as shown in the energy dispersive spectroscopy in the
Figure S1 (Supporting Information). Operating at voltages higher
than the Co? * stable region would electrodeposit LCO rather than
electro-dissolve LCO. Even higher voltages would lead to hydrox-
ide decomposition. The CV in Figure 1d does not show other sub-
stantive redox peaks nor do we expect a stable Co! * species in the
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molten salt bath. As such, transitions to and from the Co’ * state
are not considered in this work.

Electro-dissolution and electrodeposition are investigated as
follows. Electro-dissolution is performed using a LCO electrode
as the working electrode and a counter electrode capable of oxi-
dation providing the balancing counter electrode reaction. Possi-
ble counter electrodes include nickel foils or graphite rods. The
nickel foil must be replaced once the surface has been oxidized to
the point of passivation and the graphite rods must be replaced
when the graphite has been consumed (producing CO,).

During this process, [Co?*] in the bath increases since no LCO
or cobalt is being deposited. Once the bath [Co?*] is sufficient,
LCO electrodeposition is possible. To investigate electrodeposi-
tion independent of electro-dissolution, the LCO electrode is re-
placed with a nickel coated stainless steel electrode. LCO is elec-
trodeposited onto this electrode and cobalt metal is electrode-
posited on the counter electrode.

Simultaneous electro-dissolution and electrodeposition uti-
lizes a LCO containing electrode and a stainless steel film con-
taining an electrodeposited LCO seed layer or nickel foil as the
counter electrode. While a LCO seed layer is not necessary, it im-
proves the conformity of the grown LCO. The concurrent electro-
dissolution and electrodeposition LCO recycling and growth pro-
cess is compared to other LCO producing processes through
technoeconomic analysis (TEA) and life cycle impact assessment
(LCIA). LCIA is performed using the ReCiPe method and is in-
cluded with TEA in Section SII (Supporting Information).

2.1. LCO Electro-Dissolution

The increase of cobalt ions in solution from electro-dissolution
of LCO is observable through multiple metrics including visu-
ally and via CV. Figure 2a exhibits CVs taken of a nickel work-
ing electrode with a nickel counter electrode and a cobalt wire
as a pseudo reference electrode in the molten salt regenerative
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Figure 3. Kinetic analysis of electro-dissolution. a) Arrhenius style plot of the exchange current density (ig) at 5 [Co?*] (1073 M, 10725 M, 1072 M, 1071
M, 0.1 M). Activation energies, 95% confidence intervals, and coefficient of determination, R2, values gathered from data fitting are included in Table S1
(Supporting Information). b) Activation energies as a function of [Co?*] with 95% confidence intervals.

solution after increasing amounts of electro-dissolution charge
have been applied. The location of the redox peaks correlated
with the Co?* | Co** transition should decrease as the [Co?*] in
the regenerative solution increases as shown in Figure 1c. This
is observed experimentally as the Co?* | Co** peaks, denoted
as ‘electrodeposition voltage’ and ‘electro-dissolution voltage’ in
Figure 2b, shift to the left as the amount of electro-dissolution
charge passed increases. All other conditions through electro-
dissolution are the same except for a negligible increase in LiOH.
Further evidence of electro-dissolution of LCO into the molten
salt bath can be observed visually. Before electro-dissolution, the
molten salt is a nearly colorless liquid (Figure 2 ci). After LCO
electro-dissolution, the molten salt bath is deep blue (Figure 2
cii). The bath in Figure 2 cii is visually similar to Figure 2 ciii,
a molten salt bath containing added Co(OH),. Another visual
example is found in Figure S2 (Supporting Information) which
shows the electrodeposited LCO electrodes at increasing stages
of electro-dissolution with the sample in the upper left corner be-
ing a LCO sample that has been completely electro-dissolved and
samples to the right and then down showing decreasing degrees
of electro-dissolution. XRDs of the nickel counter electrodes used
during this process are provided in Figure S3 (Supporting Infor-
mation). The XRDs confirm that the only product formed on the
nickel counter electrode surface is nickel oxide. These XRD pat-
terns indicate that NiO does not dissolve well into the bath. Addi-
tion of nickel hydroxide to the bath produces a nickel precipitate
in the bath as well. As such, Ni’* introduction into the bath is
considered to be minimal to none. The electro-dissolution pro-
cess is stopped at the desired [Co?*]. This may require multiple
nickel counter electrodes. Figure S4 (Supporting Information)
shows how passivation of the nickel counter electrode is indi-
cated by an observable rise in the counter electrode voltage. At
this point, the nickel counter electrode must be replaced to con-
tinue LCO electro-dissolution. An optical micrograph of the Ni
counter electrodes are shown in Figure S5 (Supporting Informa-
tion).

The kinetics of LCO electro-dissolution is investigated assum-
ing Equation (1) is the reaction of interest. This reaction is evalu-
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ated using the Butler-Volmer equation shown in Equation (2).[*¢]
Note, the interface for a molten salt varies from that of tradi-
tional organic and aqueous systems. Therefore, the application
of Butler-Volmer serves only as an approximation for determin-
ing electrokinetic parameters of this molten salt system.

Electro-dissolution

7N\

LiCoO,+ H,0 + e CoO + LiOH + OH (1)

Electrodeposition

i= [N — elimofn) (2)
_Ea
io(T) = Ae RT G)

Operating voltages near the open circuit voltage are utilized
to ensure the mass transfer effects were avoided as required for
Butler-Volmer kinetics. The current responses from each of the
voltages are gathered and then fit to the Butler-Volmer equa-
tion to solve for the exchange current density, i), and the transfer
coefficient, a, with f representing Faraday’s constant divided by
the product of the gas constant and temperature. i, has an Arrhe-
nius dependence on temperature (Equation (3)/*’)) and by fitting
iy values to an Arrhenius equation as shown in Figure 3a, we
determine the activation energy (E,) at five [Co?*] from 10~ M
to 0.1M. The activation energy obtained from fitting the data to
the Arrhenius equation is shown in Figure 3b. The error bars at-
tached to the activation energy values represent 95% confidence
intervals of the activation energy based off the regression used to
fit the i, data to the Arrhenius equation. The activation energy,
95% confidence intervals, and coefficients of regression are in-
cluded in Table S1 (Supporting Information). These graphs show
that activation energy of this process is likely concentration inde-
pendent over a large [Co’*] range and appears to be around 90-
100 k] mol~!. The most commonly obtained value of a from the
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Figure 4. a) X-ray diffraction (XRD) of a LCO electrode electrodeposited from the solution used for electro-dissolution. The change in peak intensities
relative to the standard LCO signal is a result of the crystallographic texturing of the LCO. b) Scanning electron micrograph of the surface of a LCO
electrode electrodeposited from the electro-dissolution molten salt solution. c) Picture of a LCO cathode made from electrodeposition in the molten
salt bath. d) Discharge profiles of a LCO electrode produced from the electro-dissolution molten salt bath versus lithium (4.59 mg cm=2). Cells were
cycled in the order C/10, C/5, C, 2C, 4C, and C/10. All cycles were charged at a rate of C/10. e) Extended cycling of two cells produced using material
recovered through electrodeposition cycled at C/2 from 3.0 to 4.3V versus lithium. f) Capacity retention and coulombic efficiency of batteries produced
from the materials recovered through electrodeposition and pristine materials over 100 charging/discharging cycles at a rate of C/2. Pristine electrodes

were cycled from 3 to 4.2 V and electrodes recovered through electrodeposition were cycled from 3 to 4.3 V.

fitting is at or near unity. These results demonstrate that electro-
dissolution current remains largely unaffected by [Co?*] over sev-
eral decades of concentration before decreasing at higher [Co?*].

2.2. LCO Electrodeposition

Once the [Co?*] is sufficient, the same molten salt bath used
for electrodissolution can be used for electrodeposition of LCO
cathodes following the general approach we have published
previously.*] XRD (Figure 4a) confirms the deposit is LCO
(note, during this process, cobalt metal is deposited on the
counter electrode). The LCO crystals are oriented causing a dif-
ference between the sample XRD peak intensities and the stan-
dard peak intensity of LCO. The highly crystalline <110 > facet
of LCO is observable under SEM (Figure 4b). Note, this is not
the same sample as shown in the XRD. An optical micrograph
of a LCO electrode produced during these experiments is shown
in Figure 4c. The electrodeposited LCO is annealed at 600 °C for
four hours and used as the cathode in a coin cell with lithium foil
anodes. The cell formed using LCO recovered through electrode-
position is tested to determine its discharge rate performance
(Figure 4d). The rate test shows that the LCO recovered has fa-
vorable electrochemical performance as it maintains its capac-
ity despite being charged at rates as high as 4C. The cyclabil-
ity of the recovered LCO cell is also favorable. Figure 4e shows
the two cells containing LCO recovered through electrodeposi-
tion cycle hundreds of times before reaching 80% capacity reten-
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tion at a charge/discharge rate of C/2 from 3.0V to 4.3V versus
lithium, with one cell retaining 80% capacity retention for 500
cycles. Figure 4f shows the coulombic efficiency and the capacity
retention over 100 cycles for cells containing cathodes made from
recovered LCO and pristine LCO. The recovered LCO performs
similarly to the pristine material in terms of both capacity reten-
tion and cyclability. Pristine materials have been shown to have
high performance in full cells at high discharging rates in our
previous work.[**] Based on the similarities of the recovered
material to the pristine material, with optimization (outside the
scope of this study) we expect the recovered materials will per-
form comparably. The recovered LCO shows an initial drop in
efficiency and we suspect the initial drop is due to the recovered
material being over-lithiated during electrodeposition. Over the
first few cycles, the excess lithium in the recovered LCO transfers
to the lithium anode. This explains why the coulombic efficiency
is below 100% without impacting the capacity retention.

2.3. Simultaneous LCO Electro-Dissolution and Electrodeposition

In what is the most attractive mode of operation, electro-
dissolution and electrodeposition are combined. We refer to this
as the single-step method. Unlike when the LCO dissolution
and deposition steps are separate, this approach productively bal-
ances reactions at both electrodes and thus neither requires a
sacrificial counter electrode (required for the LCO dissolution-
only method) nor results in cobalt metal plating on the counter

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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electrode (LCO deposition only method). The single-step process
can be performed as shown in Figure 1a in two variants, both of
which electro-dissolve and electrodeposit LCO. When the LCO
stripping electrode is the working electrode, we refer to the pro-
cess as cathodic single-step recovery, and when the LCO depo-
sition electrode is the working electrode we refer to the process
as anodic single-step recovery. The difference is to which elec-
trode the reference electrode voltage is associated with. In anodic
single-step recovery, one has more control over the deposition of
LCO. This allows for more control of the crystallographic orien-
tation of LCO during plating!**! to produce high performance
additive-free battery cathodes. Cathodic single-step recovery fo-
cuses on the electro-dissolution of LCO with less control over
the orientation of LCO that is plated. Cathodic recovery is more
applicable to processes where the LCO would be removed from
the counter electrode, further processed, and provided as a pow-
der. Cathodic single-step recovery also requires lower voltages.
For successful LCO growth in cathodic single-step recovery, the
counter electrode (typically Ni) needs to be passivated such that
the electrode voltage rises to potentials where LCO growth is fa-
vorable. The simplest way to passivate the counter electrode sur-
face is to electrodeposit a thin layer of LCO on it via our standard
LCO electrodeposition approach before placing it in the single-
step bath so that the counter electrode voltage lies within the volt-
age range where LCO is stable as shown in Figure 1c.

XRD collected from an electrode made through anodic single-
step recovery is shown in Figure 5a. The XRD confirms the
growth of LCO using the single-step method. An XRD spectra
of a nickel counter electrode that was used as a counter electrode
during the electro-dissolution experiments (‘Electro-dissolution
Only’ spectra) is included as a reference. XRDs of multiple LCO-
coated electrodes formed via cathodic single-step recovery are
provided in Figure S6 (Supporting Information). The faradaic ef-
ficiency (FE) of the anodic single-step process is dependent on
[Co®*] as shown in Figure 5b. The FE of the anodic single-step
recovery process is evaluated by measuring the amount of LCO
electrodeposited or the amount of LCO electro-dissolved in com-
parison to charge that was passed. For these experiments, elec-
trodeposited LCO is used as both the working and the counter
electrode. Before measuring the final sample mass, the sample is
washed with water to remove residual molten salt and then dried
to remove water. The FE of electrodeposition is low when [Co?*]
is small and increases with increasing [Co?*]. The negative num-
bers at low [Co?*] are most likely due to gas generation removing
LCO (when [Co**] is zero, the only reaction is oxidation of the
hydroxide into O,). This matches the results seen in Figure 1d
where solvent consumption peaks are observed at oxidative po-
tentials. Figure 1c also shows that oxygen evolution through hy-
droxide degradation would be expected at higher positive volt-
ages. This gas formation may have caused removal of pieces of
LCO. FE of LCO electrodeposition then increases as [Co?**] in-
creases. Note, a possible loss of efficiency for electrodeposition
throughout the experiments is that some of the LCO formed may
precipitate rather than adhere to the electrode or LCO may also be
removed during the washing of the electrode. The FE of electro-
dissolution is near 80% and above for most experiments. In cases
where the FE of LCO dissolution is above 100%, we suspect some
LCO is lost during washing. The totality of the results indicates
the anodic single-step process is most advantageous above 1072
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M Co? * where the FE of electro-dissolution and electrodeposition
are both near or above 80%. LCO produced from anodic single-
step recovery was then annealed at 600 °C for four hours and eval-
uated by using the LCO as a cathode in a coin cell with a lithium
metal anode. Figure 5c shows the electrochemical properties of
this single-step cathode in comparison to coin cells produced
using pristine LCO and LCO formed via electro-dissolution fol-
lowed by electrodeposition (referred to as ‘Recovered, this is the
same cathode made during the electrodeposition section of this
work) for 50 cycles. The materials recovered through single-step
perform similarly in capacity retention to pristine materials and
the materials recovered earlier in this work. This indicates the
cathodes produced from this method may perform as well as the
high rate capable and stable pristine materials, although further
material optimization may be required.

We further explored the stability of the molten salt after ex-
tended single-step recovery processes. In order to do so, we first
applied 10 s on 30 s off current pulses near 1 mA cm~ to a LCO
working electrode (with LCO also used as the counter electrode)
at a bath chemistry of near 0.1M Co? *. After an hour, the current
was changed to near -1 mA cm~2. In doing so, we ensure that
neither electrode runs out of LCO to be electro-dissolved. If the
working electrode voltage decreases below 0V, the electrodes are
replaced as this indicates delamination or complete loss of LCO.
The process was run for roughly 60 h with temperature being
maintained between 300 and 340°C. The working and counter
electrode voltages for the 60 h is shown in Figure 5d. The de-
crease in the working and counter electrode voltages after replac-
ing the electrodes a second time is likely caused by slightly dif-
ferent LCO electrodes being used as the working and counter
electrodes. After the completion of the stability experiment, we
introduced a new LCO working and counter LCO electrode and
ran the single-step recovery process. The FEs for the electrodepo-
sition and electro-dissolution processes were 89.9% and 71.9%,
respectively. This indicates that the single-step process can be
run for long periods of time without replacing the molten salt
medium and maintain a desirable FE. This simplifies and de-
creases the cost of recovering the battery material. An illustration
of the single-step process is shown in Figure 5e. The process is
further detailed in Figure S7 (Supporting Information) to include
an electro-dissolution only section for enriching the bath before
single-step recovery.

2.4. Techno-Economic Analysis and Life Cycle Impact
Assessment

To evaluate the feasibility of implementation, the cathodic single-
step recovery of unannealed LCO is compared to pyrometallur-
gical, hydrometallurgical, and direct recycling processes along
with mining and refining new materials through the lens of
both a TEA and a LCIA. We adopted continuous stirred tank
reactors and ovens for all processes to standardize the process
for fair comparison. The reactor has a capacity of 10,000 kg
with the later processes and equipment accommodated to fit
the capacity of the 10,000 kg reactor. Pyrometallurgical (mod-
eled as a combination of a high temperature calcination step
followed by a hydrometallurgy step),[*®! hydrometallurgical,*”]
direct,®®l and mining methods!®!! were modeled using processes
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Figure 5. a) XRD comparison of nickel foil electrodes during electro-dissolution only and anodic single-step processes. The single-step recovery electrode
shows LCO peaks while the electro-dissolution foil has no such signals. Included are reference spectra for nickel, nickel oxide, and LiCoO,. b) Faradaic
efficiency of electrodeposition and electro-dissolution during cathodic single-step recovery process at different [Co?*]. Each data point represents a
single-step recovery experiment. Bars represent measurement uncertainties. c) Cycle life comparison of cells produced using cathodes produced by
electrodeposition from pristine materials (pristine cathode), anodic simultaneous electro-dissolution and electrodeposition (single-step cathode), and
electrodeposition of electro-dissolved materials (recovered cathode). All cycled at a rate of C/2. The pristine electrode was cycled from 3 to 4.2V while
multi-step and single-step electrodes were cycled from 3 to 4.3V. d) LCO working and counter electrode voltages during long-term electrolyte stability
test. Positive and negative current pulses of 10 s on, 30 s off were applied at a current density near 1 mA cm~2. When the working electrode voltage
decreased below 0V, the LCO working and counter electrodes were removed and replaced. e) Depiction of the full single-step recovery process from
“End-of-Life” LCO electrodes to a continuous cycle of recovering and producing new LCO electrodes (battery image produced by Al).

in other published works. Single-step was scaled up assuming
a linear volumetric dependence rather than surface area depen-
dence as electrodes are suspended in solution rather than re-
acting with the walls of the reactor. Both TEA and LCIA values
of the single-step process assume a daily change of molten salt
regenerative medium. Dismantling, transportation, and impu-
rity removal processes, which are required for all recycling pro-
cesses are not included including binder and carbon black sep-
aration. All processes begin as if only the cathode active mate-
rial is being processed. All processes end with new LCO pro-
duced. TEA assesses the processes in terms of cost per kilogram

Adv. Funct. Mater. 2025, 11009 e11009 (7 of 10)

of LCO produced. The costs used in this analysis include equip-
ment depreciation, equipment maintenance, energy, water, la-
bor, and input material costs. The evaluation of each of these
costs is included in Section SII (Supporting Information) along
with the input costs required for each process with a correspond-
ing source and the individual calculated values of each cost for
all recycling/production methods. As illustrated in Figure 6a,
the cost of the single-step method is much lower than other
methods. To understand why the single-step method has a lower
cost, the TEA for the single-step and direct recycling methods
are split into their constituent costs (Figure 6b). In Figure 6b,
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Figure 6. Techno-economic analysis (TEA) and life cycle impact assessment (LCIA) normalized in units per kg of LCO produced. a) A TEA comparison
of LCO recycling/production methods. b) A TEA comparison of direct recycling and the single-step method split into costs. c) A LCIA comparison of
LCO recycling/production methods. d) A LCIA comparison of direct recycling and the single-step method with impacts scores split into impacts. e) A
radar plot comparing LCO recycling/production methods in terms of both total cost and total impact assessment per kg LCO.

the costs are only split up into input material cost, energy cost,
depreciation cost, and a summation of all other costs (other, in-
cludes cost of maintenance, water, and labor). Figure 6b shows
that the cost is kept low in the proposed single-step recovery by
reusing the same medium as much as possible to decrease in-
put material costs while also using less energy. The larger depre-
ciation cost in direct recycling is due to the cost of using high-
temperature ovens for sintering regularly.

The single-step method continues to be superior to other LCO
production processes in terms of LCIA. The LCIA of each process
is evaluated using the ReCiPe modell® which includes impact
categories such as particulate matter production, global warm-
ing, freshwater ecotoxicity, and mineral resource usage. Each of
these categories is then grouped into impact on global resources,
human health, or the ecosystem. The total impact factor is cal-
culated by summing each of these factors together. This means
a small impact factor is preferable. A description of the analysis
is included in Section SII (Supporting Information). Figure 6¢
shows that the single-step method has a smaller impact than any

Adv. Funct. Mater. 2025, e11009 e11009 (8 of 10)

other LCO production method. Similar to the TEA, the total LCIA
of direct recycling and single-step recovery are separated into in-
dividual impact factors and shown in Figure 6d. The figure shows
that the single-step method has a markedly smaller impact in all
categories meaning that the single-step method is a safer pro-
cess to humanity, less harmful to the ecosystem, and more re-
source sustainable. This is vital as we move forward as a more
conscience energy community. Figure 6e is included to show
how each LCO production method compares in both total im-
pact and cost with a lower value being advantageous in both TEA
and LCIA.

Both TEA and LCIA results are supplemented with results
gathered using the EverBatt module created by Argonne National
Lab.>¥] The EverBatt module considers battery transportation,
recycling of the entire battery cell, and more industrial process
steps than included in the analyses above. However, the Ever-
Batt model used to define the single-step process uses shredding
techniques common to industry that would not be conducive to
the method shown here. As such, the results are used only as a
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supplement to the data gathered in Figure 6. The results of the
TEA and LCIA are included in Figures S8 and S9 (Supporting In-
formation). The results show again that the single-step process is
cheaper and less environmentally impactful than direct recycling
processes assuming a monthly replacement of molten salt media.

3. Conclusion

In summary, this work presents a novel single-step method for
recovering the LTMO LCO, a critical energy storage material,
via a combined molten salt electro-dissolution and electrodepo-
sition process. LCO cathodes made via the approach presented
here have rate capability and cyclability similar to those electrode-
posited from pristine materials. This recovery process can im-
prove the current battery recycling industry and is superior to
the current battery recycling methods in terms of recycling costs
and total impact on human health, the ecosystem, and global re-
sources. We suggest that the application of this method at an in-
dustrial scale would be economical and environmentally friendly.
This work demonstrates the impact single-step recovery can have
on LCO recovery. As methods to electrodeposit other LTMOs are
developed, we believe the approach described here will also be
applicable for recycling of those chemistries as electrodeposi-
tion of high-quality electrodes is more challenging than electro-
dissolution. Further development of methods to electrodeposit
other LTMOs likely will enable the single-step recovery of those
same electrodes.

4. Experimental Section

All processes were performed using a three electrode setup utilizing a
cobalt wire pseudo reference electrode. The electrodes were dipped in a
near eutectic molten salt solution of lithium and potassium hydroxide. By
utilizing a eutectic mixture, the salt melting temperature was decreased,
decreasing the energy requirements of the process. The reaction vessel
consisted of an Inconel crucible and quartz or borosilicate lid capable of
withstanding higher temperatures and highly alkaline environments. The
three electrodes were attached to the lid such that all three electrodes were
sufficiently immersed in the molten salt. The solution was dried under
vacuum and mixed to provide homogeneous conditions for the electro-
dissolution and electrodeposition processes. Note, maintaining a low con-
centration of water within the molten salt solution was important. The
electrochemical processing was performed under nitrogen gas. Coin cells
were constructed from stainless steel coin cell casings (MTI corporation),
a commercial electrolyte (RD810, Gotion Inc.), and an appropriate sepa-
rator (Celgard,Whatman).

X-ray diffraction data was taken at steps of 0.01 degrees from 10° to 80°
using a copper Kay source.

In the technoeconomic analysis, the electricity price, water price, and
labor wages were considered to be $0.1181/kWh, $0.89/ton, and $32 per
hour, respectively.

Statistical Analysis:  For the kinetic analysis, the same electrodeposited
LCO was used for each test until the LCO was removed. The LCO was then
replaced with a new electrodeposited LCO. It was validated that each elec-
trodeposited LCO produced similar kinetic results. The 95% confidence
intervals were calculated as follows. The standard error was calculated by
taking the square root of the covariance found when fitting the Arrhenius
equation to the gathered data. The degrees of freedom were determined
by the number of samples (N) subtracted by the number of parameters (P)
determined from the fitting which was two for the study (the activation en-
ergy and the pre-exponential factor). The number of samples for the 1073,
107%%,1072, 107", and 0.1 M were 9, 9, 5, 7, and 10, respectively.
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For the faradaic efficiency experiments, applied voltages changed for
each [Co?*]. The voltages used were 0.7, 0.85, 0.6, and 0.6V for pCo?*
of 2.5, 2, 1.5, and 1, respectively. The error bars represent the uncertainty
stemming from the measurement of the mass of the sample.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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