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Abstract

Rapidly growing demand for lithium-ion batteries (LIBs) necessitates a significant
expansion of LIB recycling to ensure adequate supply and avoid waste buildup.
Traditional hydrometallurgical LIB recycling processes use super-stoichiometric
quantities of acid and base and generate large volumes of salt waste which pose an
environmental burden. Electrochemical regeneration of acid and base from salt offers a
zero-waste alternative but faces challenges with respect to throughput and energy
consumption, with current densities typically limited to < 100 mA/cm? and energy
demands > 0.10 kWh/mol. These limitations stem from a reliance on ion exchange
membranes (IEMs), which lead to high cell resistance. This study reports a
hydrometallurgical process to recycle lithium cobalt oxide (LCO) and lithium nickel
manganese cobalt oxide (NMC) cathodes using acid and base electrochemically
generated from a Li2SOa4 electrolyte. The electrochemical cell used contains no IEMs,
enabling excellent energy efficiency between 0.033 - 0.097 kWh/mol at current densities
up to 500 mA/cm? and imparting a robust tolerance for impurities that typically foul IEMs.
The produced acid and base are found to be competent for etching and recovering > 90%
of the valuable metals from LIBs at industrially relevant pulp densities up to 66 g/L, and
are readily regenerated from the salt solution left at the end of the metal recovery process.

Keywords: Salt Splitting, Li-ion Battery Recycling, Hydrometallurgy, Electrolyzer
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The global demand for LIBs has grown from 158 GWh/yr in 2020 to more than 1
TWh/yr in 2024 [1, 2]. This growth was largely fueled by the massive demand for electric
vehicles (EVs), with a 25% increase in EV battery demand in 2024 to 950 GWh [1-3].
The rapid expansion of the LIB market means that in the near future the flow of end-of-
life batteries will also dramatically increase, with reports estimating between 400 and
1500 GWh of spent batteries and production scrap generated per year by 2030 [4, 5].
Recycling spent batteries, particularly the critical mineral-containing cathodes, is
necessary both to avoid toxic waste buildup and prevent gross inefficiencies when
sourcing the materials for new batteries. One ton of battery grade Li can come from 750
tons of brine, 250 tons of spodumene ore, or just 28 tons of spent LIBs. For Co, 15 tons
of spent LIBs contain the same amount of Co as 300 tons of ore [6]. Capitalizing on this
highly concentrated source of critical minerals has become a priority for governments
worldwide to improve their energy security. Annex XII of the European Battery Regulation,
for instance, has mandated a 95% recycling rate for Co, Ni, and Cu and 80% for Li by the
end of 2031 across the European Union [7]. Cathodes based on the LiNixMnyCo:O2
(NMC) and LiCoO2 (LCO) chemistries represent a major portion of LIBs globally,
especially in Europe and the United States where NMC and LCO cathodes comprise >



60% of the LIB supply [8-10]. In addition, they contain far more valuable metals than the
main competing battery chemistry LiFePO4, making them priority targets for recycling.

NMC and LCO cathodes are recycled through either a pyrometallurgical or
hydrometallurgical route, with hydrometallurgy considered more economical and efficient
for obtaining high yields of high purity products [11]. In hydrometallurgy, strong acids and
reducing reagents are employed to dissolve the valuable metal ions in the cathode active
material (CAM), and bases such as NaOH and Na2COs are ultimately used to precipitate
the transition metals and lithium, respectively [12]. While the hydrometallurgical route has
several advantages including high material recovery and low energy consumption, the
process also suffers from waste accumulation as a result of stoichiometric consumption
of acid and base [11-14]. An industry report estimated that for every metric ton of battery
grade precursor produced from hydrometallurgical recycling processes, 1.5 metric tons
of Na2S0O4 salt waste are co-generated [15]. In addition, the use of some mineral acids
such as HCIl and HNOs is associated with toxic gas emissions during the leaching step
[16, 17]. Furthermore, the continuous introduction of alkaline Na* salts leads to purity
concerns for the recovered Li* as Na* has a strong tendency to co-precipitate with Li*
salts, ultimately requiring purification steps that will generate even more salt waste [18,
19].

The problems arising from the stoichiometric use of inorganic acids and bases
have spurred research into alternative methods to reduce waste product toxicity or
prevent waste accumulation. The use of environmentally innocuous organic acids (e.g.
citric, formic, acetic, malic) to replace inorganic acids has been extensively investigated
[20-26]. However, despite their low toxicity and moderate efficacy for leaching CAM,
organic acids are far more costly and energy intensive to produce, and may have a higher
emissions footprint than inorganic acids [27-31]. Other proposals aim to prevent the
generation of waste altogether by using the leftover salts to regenerate acid and base,
which may be fed back into the hydrometallurgical process [32—41]. These approaches
utilize ion exchange membranes (IEMs) and bipolar membranes (BPMs) in electrodialysis
cells to generate acid and base, typically H2SO4 and LiOH. While these proposed
processes do reduce or completely eliminate salt waste, the electrodialysis cells suffer
from high energy demand due to the significant resistivity of the IEMs. Large resistance
penalties and a loss of selectivity at high current densities also limit the current densities
IEMs can pass to ~100 mA/cm?, limiting the throughput of the electrodialysis approach.
Finally, IEMs and BPMs are expensive and vulnerable to degradation, with cation
exchange membranes being particularly susceptible to degradative scaling in the
presence of even small concentrations of multivalent cations [42—46].

Here we present a CAM recycling scheme to regenerate acid and base from the
leftover salt using an electrochemical diaphragm flow cell (DFC) that contains no IEMs.
We demonstrate the ability of the DFC to output a wide range of concentrated acid and
base streams with a Li2SO4 electrolyte, the competency of the output acid for digestion of
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CAM, and the recovery of all valuable transition metals and Li*. By avoiding IEMs we
eliminate the high resistance barriers to ion transport, enabling the DFC to operate with
competitive energy efficiency (< 0.10 kWh/mol) at current densities from 100-500 mA/cm?,
several times greater than those in analogous electrodialysis systems. The removal of
the sensitive charged polymers in IEMs further allows us to recycle our electrolyte without
any pretreatment. The proposed process may be an economically viable strategy for
recycling NMC and LCO batteries while avoiding continuous reagent inputs and waste
generation.
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Fig. 1 Overview of LIB recycling process

The process, depicted in Fig. 1, consists of four steps: (i) generation of LiHSO4
acid and LiOH base from a Li2SOa4 electrolyte, (ii) chemical leaching of transition metals
and Li* from CAMs using the acid stream, (iii) recovery of Li* as Li2CO3s by carbonating
1/3 of the base stream, and (iv) precipitation of transition metal hydroxides using the
remaining 2/3 of the base stream. The overall reaction is represented by eq. 1, with
constituent reactions described in Note S1:

2LiNiyMn;Co,0, + H,0 + CO, + H,0, — 2x Ni(OH), + 2y Mn(OH), + 2z Co(OH), + Li,CO; + O, (1)
x+y+z=1)
Generation of acid and base streams

The electrochemical cell is a diaphragm flow cell (DFC) where a high concentration
of supporting electrolyte outcompetes the transport of acid and base, enabling the output
of concentrated acid and base streams [47, 48]. The cathode performs the hydrogen
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evolution reaction and the anode performs the hydrogen oxidation reaction. This

hydrogen looping strategy both minimizes the thermodynamic voltage to generate acid

and base and requires no external supply of reactants to operate the DFC. Furthermore,

we have previously demonstrated that H2 can be recycled with > 99.9% efficiency in a

stack of DFCs [47]. The DFC contains no IEMs that are normally employed to prevent the

recombination of acid and base. Instead, 2 M Li2SO4 supporting electrolyte outcompetes
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the transport of acid and base across the non-selective diaphragm separator, decreasing
the resistivity of the cell and improving the energy efficiency. In addition, SO4%~ in the
anolyte will equilibrate with electro-generated protons to form the negative HSO4~ anion,
which does not experience an electromigration driving force to cross the dividing
diaphragm and thus further inhibits acid-base recombination.

The primary metric for measuring acid and base re-combination is current
efficiency (CE), which is the mole percentage of acid and base that do not recombine to
form water. A CE of 100% indicates no acid and base crossed the separator and
recombined, whereas 0% indicates that all the generated acid and base was lost to
recombination. Fig. 2a shows the CE at several production levels of acid and base, which
are necessarily equal in concentration when the anolyte and catholyte flow rates are
equal. Of particular importance for this battery recycling process is the ability to output a
concentrated acid stream. Industrially relevant pulp densities of 20-100 g cathode
material/L leaching solution require 0.6-3.0 M acid output to fully solubilize the valuable
metals. At low concentrations near 0.5 M, the cell exhibits a CE close to 90%, indicating
almost none of the acid and base cross the diaphragm. As the nominally produced
concentration increases, the CE decreases. A slight increase in CE is observed when the
operating temperature of the cell is raised. This benefit may be explained in part by the
increased formation of LiOH contact ion pairs as the temperature is raised, owing to the
endothermic association of Li* and OH~ [49]. The mechanism for OH~ masking also
manifests as a lowering of solution pH with temperature (Fig. S1). In addition, the
operating voltage of the cell is considerably lowered at higher temperatures, substantially
improving the energy efficiency of acid-base generation (Fig. S2, Table S1).

With symmetric flow rates, the concentration of the acid and base plateaus at ~1.8
M, which is capable of solubilizing up to 60 g/L maximum pulp density. The precipitation
of Li2COs and transition metal hydroxides, however, are both thermodynamically favored
and rapid, such that high concentrations of base are unnecessary. By increasing the
catholyte pump rate, the catholyte is diluted, lowering the driving force for transport of
OH- across the diaphragm. Using asymmetric flow rates combined with increased
operating temperature substantially increases the CE, enabling production of > 3 M
LiHSO4 as shown in Fig. 2b and Table S2. The Li* concentration of the output acid and
base was measured by ICP-OES, and by charge balance the SO4?~ concentration in each
compartment may be inferred (Fig. S3, Tables S3, S4). Having determined the exact
composition of the acid and base outputs, we independently prepared large volumes of
these solutions to study their efficacy for battery ion leaching and metal recovery.

Leaching of CAM

We used the acidic output to leach two widespread cathode chemistries, LCO and
NMC 111 (LiCoo.33Ni0.33Mno.3302) at 50 °C. LCO is more difficult to digest in
hydrometallurgical processes. In addition to acid, a continuous input of reducing agent is
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needed for digestion of NMC and LCO battery chemistries. Hydrogen peroxide is chosen
as a reducing agent because its only byproducts are water and oxygen, avoiding
contamination of the electrolyte. We also note that the pH of the high ionic strength
LiHSO4 solutions output by the DFC is substantially lower than that of an ideal LiIHSO4
solution (Table S3), which reflects the low activity coefficient of SO4?~in solutions with
large supporting cation concentrations [50, 51]. Increased acidity improves the leaching
kinetics for CAM.

To be solubilized in the leaching solution, the transition metals must be in their +2
oxidation state. If no reducing agent is added, the transition metals at the surface of the
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particle will be reduced by oxygen evolution or by electron donation from the bulk, and
some dissolution will occur [52, 53]. However, Fig. 3 shows that in the absence of H202,
the leaching efficiency for the transition metals in both LCO and NMC remains minimal at
~30% for all pulp densities. For NMC 111, the driving force for dissolution is inhibited as
delithiation progresses [52]. The addition of a single equivalent of H202 results in > 89%
leaching of Ni and Co at all pulp densities. Mn oxides are more resistant towards reduction
and only ~80% of Mn is leached at a pulp density of 66 g/L. We note that a single
equivalent of H20z is likely insufficient for reducing all metal ions in the cathode materials
despite the stoichiometry of eq. 1 as H202 spontaneously disproportionates to O2 and
H20 to some extent when heated in the presence of metal oxides. Adding a second
equivalent of H202 pushes the Ni and Co leaching rates > 95% and the Mn leaching rate
to > 89% even at 66 g/L. In the case of LCO, mixed-valence cobalt oxides form around
the LCO particles that water cannot quickly reduce [54]. A single equivalent of H202 again
significantly improves the leaching rate for Co. A leaching rate > 90% is observed with
two equivalents, except at the highest pulp density, where a higher concentration of acid
is likely needed to increase the leaching rate.

Following acid leaching, any residual H202 is easily disproportionated to water and
oxygen (Fig. S4) by a reusable Pt-coated disk with < 60 pug Pt/cm?loading on its surface
[55]. As long as 2 equivalents or less of H202 are used, there will be no net dilution of the
electrolyte from the acid leaching step, avoiding the need to boil off excess water (Note
S2).

Recovery of Li2CO3

The base output of the cell, composed of LiIOH and Li2SOs, is readily carbonated
by COz2 to yield isolable Li2COs. In our closed-loop process, only a portion of the base
stream is contacted with CO2 such that the amount of Li isolated as Li2COs matches the
amount of Li* leached from the CAM. Although Li2COs is sparingly soluble in water, this
issue is sidestepped in our process by having an excess of base and a very large excess
of Li*. The solubility is further reduced by carbonating at 50 °C, as Li2COs exhibits
retrograde solubility. Fig. S5 shows the pH of the alkaline lithium solution during the
carbonation procedure. The precipitation is stopped when an inflection point in the pH
curve is reached, indicating the solution is fully carbonated. On filtering, the white
precipitate is found to have a significant Li2SO4 content, which is easily removed by
washing 3x with a small amount of boiling water, yielding phase pure Li2CO3s as shown in
Fig. 4a. The purity of the product was determined by potentiometric titration of the
carbonate with HCI and found to have an average purity of 99.9% by mass, surpassing
the battery grade purity requirement of 99.5% (Fig. S6).
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Recovery of Transition Metal Hydroxides

In the final step, the leachate containing the solubilized transition metals is
contacted with the remaining base under N2 and transition metal hydroxide (TMH) solids
are recovered. For the NMC 111 leachate, a solid blue precipitate is formed immediately
on contact that transitions to a light purple (Fig. S7), which is indicative of the
transformation of an a-M(OH)2 phase to 3-M(OH)2. The precipitate is readily filtered and
rapidly turns brown in the presence of air. The XRD pattern of the precipitated material
contains none of the pure TMH peaks, instead displaying a set of peaks that consistently
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reside in between the pure materials (Fig. 4b). The peaks indicate a homogeneous
distribution of metal cations in the blended hydroxide phase NixMnyCoz(OH)2 [56, 57].
Peak shoulders at 33 ° and 38 ° correspond to partial oxidation of the hydroxide phase to
an oxy-hydroxide phase by oxygen in the air [56]. Elemental analysis of the solid product
by ICP-OES confirmed the stoichiometric ratio of the transition metals matches that of the
leachate (Table S5). When accounting for Li* and SO4% impurities, the material is found
to be at least 99.1% pure by mass (Table S5). This material can be used to directly
manufacture new NMC cathodes by calcining with LiOH or Li2COs3[57, 58]. When doing
the same process with the LCO leachate, once again a solid blue precipitate forms that
rapidly transitions to pink, phase-pure B-Co(OH)2 with no apparent oxidation (Fig. 4c).
Furthermore, the material is found to be 99.7% pure by mass (Table S6). Major impurities
due to Fe, Cu, and Al present in black mass may be removed in the acidic pH range of 2-
5 to avoid contamination of the output TMH phase [59, 60]. ICP-OES analysis of the
regenerated electrolyte contains less than 1 ppm of all transition metal ions, indicating full
recovery of the transition metals (Table S7).

Reuse of the Electrolyte and Energy Analysis

At the end of our process, the Li2SO4 electrolyte is fully regenerated and ready to
be cycled back into the DFC without any pretreatment. Fig. 5a shows voltage stability
traces of the DFC at several current densities using regenerated electrolyte. Every 5
hours, the current is reversed for 2 min (99.3% duty cycle) to temporarily acidify the base
compartment, which we have previously found is important for maintaining anode
performance and dissolving any solid hydroxides on the cathode [47, 48]. The voltage
remains stable at several current densities, illustrating the robustness of the DFC’s simple
design. Slight improvements in cell voltage observed after pump refills are attributed to
the liberation of small bubbles that collect on the internal mesh during DFC operation
(Figure S8). Our electrochemical system further exhibits superior energy efficiency
compared to analogous IEM-bearing electrochemical systems producing acid and base
from salt splitting with a Li2SOa4 electrolyte, as shown in Fig. 5b. Here we compare energy
demand per mol of acid and base, calculated based on operating voltage and CE, vs.
productive current density (jorod, the operational current density multiplied by CE). At jproa
=90 mA/cm?, near the higher end of typical joroq for IEM-bearing systems, the DFC outputs
0.53 M acid with an energy demand of just 0.033 kWh/mol. Even when producing 3.1 M
acid at jprog = 240 mA/cm?, the DFC’s energy demand remains competitive at 0.097
kWh/mol. These benefits are realized because competitive ion transport across a
nonselective diaphragm avoids the inherent resistivity of IEMs present in all of the
compared electrochemical systems, instead increasing the conductivity of the cell and
thus lowering the operating voltage. Furthermore, the highly concentrated, proton-
masking electrolyte forces spectator ions to carry a majority of the charge, ensuring a
high output concentration of acid and base can still be achieved despite the loss of
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selectivity. Overall, our results show that foregoing selective ion transport in favor of
competitive ion transport can achieve exceptional gains in energy efficiency for
electrochemical acid-base production. Table S9 shows that this strategy can significantly
drive down input costs for hydrometallurgical recycling processes.

Our results thus far demonstrate significant potential for a low-energy battery
recycling process enabled by the DFC, but several technical barriers remain to addressed
in future works. Though excellent performance metrics have been demonstrated in the
DFC at the 1 cm? scale, multiple challenges in industrial electrochemical systems
including pressure drop, gas management, and liquid flow behavior only become manifest
in larger device sizes. Thus, scale-up is a priority for ensuring the DFC’s advantages will
replicate when translated to an industrially relevant form factor. Beyond the NMC and
LCO chemistries, LiFePO4 occupies an increasingly large share of the battery market.
The limited value of the elements in LiFePO4 batteries presents a challenge to the
economics of battery recycling that a low cost, low waste recycling process using the DFC
may be able to overcome, and recycling this material will be the subject of a future work.

In summary, we have developed a low-energy electrochemical method to recycle
NMC and LCO cathode materials while generating zero waste. Acid and base outputs
from the electrochemical cell that are efficacious in the recycling process are generated
at productive current densities of hundreds of mA/cm?, overcoming a key limitation with
previous systems containing IEMs. Our process recovers > 90% of the valuable metals
at industrially relevant processing pulp densities. The outputs are battery grade Li2COs
and a blended mix of transition metal hydroxides that may be used to synthesize new
cathode active material. Our future work will aim to scale the DFC, synthesize new
state-of-the-art battery material from our recycled outputs, and extend our process to
LiFePOa batteries.

Methods

Chemicals

All chemicals were used as received without further purification. Li2SO4 (= 99.5%,
Sigma Aldrich), LiCoOz2 (= 99.8%, Sigma Aldrich), H202 (30 wt% in water, Sigma
Aldrich), LiOH (299.9%, Sigma Aldrich). Li2COs3 (299%, Sigma Aldrich).
LiNio.33Mno.33C00.3302 (NMC 111) was purchased from MSE supplies (= 99%, 3um
powder), and was determined by elemental analysis (via ICP-OES) to have the
stoichiometry LiNio.35Mno.30C00.3502. This is within the manufacturer’s specified
composition range. Deionized water (resistivity > 18 MQ'cm) was used to prepare all
solutions.

Characterization
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XRD patterns were collected with a PANalytical Empyrean diffractometer using a
GaliPIX?3P detector and a Cu x-ray source (1.54 A).

ICP-OES Analysis for the determination of Li, Co, Ni, and Mn concentrations were
carried out on a Thermo ICAP 6300 Duo View Spectrometer with a Solid State CID
Detector for multi element analysis. Observation wavelengths were 221.6 and 231.6 nm
for Ni, 228.6 nm for Co, 257.6 for Mn, 670.7 nm for Li, and 180.7 nm for S.

Concentrations of H* and OH~ were primarily determined via colorimetric titration in the
presence of phenolphthalein with NaOH and HCI standards, respectively. This method
was initially validated by comparing results with potentiometric titrations of the same
samples using a Mettler Toledo Routine Pro-ISM pH Electrode and NaOH and HCI
standards. The two methods were found to be in excellent agreement (< 1% error).
NaOH standard concentrations were determined by both colorimetric titration of a
known quantity of potassium hydrogen phthalate (KHP) in the presence of
phenolphthalein, and by potentiometric titration of a known quantity of KHP. HCI
standard concentrations were determined by both colorimetric titration of a known
volume of NaOH standard in the presence of phenolphthalein, and by potentiometric
titration of a known quantity of Na2COs dried at 120 °C.

The pH of aqueous solutions was measured with a Mettler Toledo Routine Pro-ISM pH
Electrode equipped with automatic temperature compensation. The electrode was
calibrated before each use with Orion pH buffers (pH range 1.68 - 12.46).

Leaching experiments

Leaching experiments were carried out in 50 mL Falcon tubes using LiIHSO4
solution. The experiments used to collect the data for Fig. 3 were performed using a
mock acid solution with [H*] = 2.06M (full composition specified in Table S3, solution 5).
Authentic cell outputs of the same concentration were used when the electrolyte was to
be re-generated, as in Fig. 5, and the leaching rates were found to be within error of the
data for Fig. 3. The acid solutions were warmed to 50 °C in a heated vial block, then
added to the cathode active material (CAM) along with a specific amount of H202. The
solution was stirred at 500 rpm with a PTFE stirbar for 1 hour in the case of NMC 111
digestions, and 2 hours for LCO digestions. The leachate and residual solid were then
separated by vacuum filtration using 0.22 uym Steriflip PVDF filters. Samples were
immediately subjected to ICP-OES analysis to determine the leaching rate. H202 was
then removed by dropping in a Pt coated plastic disk and leaving for several hours. It
was found that a small amount of Mn solid will very slowly precipitate from the acidic
leachate over a period of several days once the H202 is decomposed.

LioCQOj3 Precipitation Experiments
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Mock LiOH + Li2SO4 solutions with OH~ concentration equal to either 0.54 or 0.80
M (full compositions specified in table s4) were placed in a 50 mL falcon tubes and
heated to 50 °C in a vial block. CO2 gas was delivered at a rate of 50 sccm from an
Alicat Mass Flow Controller to the LiOH + Li2SOa4 solution while stirring at 500 rpm. A pH
probe monitored the pH while gas was added, and the gas flow was stopped when an
inflection point in the curve was reached. The solutions were then filtered with 0.22 um
MCE membrane filters from Millipore Sigma. The precipitate left behind was washed a
specified number of times with boiling water to remove residual Li2SO4 on the surface (2
g H20/1 g precipitate per wash). Li2COs purity was determined via potentiometric
titration with an HCI standard. Authentic cell output was used for the precipitation when
the electrolyte was to be regenerated, as in Fig. 5.

M(OH)» Precipitation Experiments

After decomposing the H202 in the acidic leachate and precipitating Li2CO3 from
the LiOH + Li2SO4 solution, both solutions were sparged with N2. If any excess Li2COs3
was collected during the precipitation, it was added to the acidic leachate before adding
the remaining LiOH-bearing solution, liberating CO2 when the carbonate was
neutralized. This step ensured the amount of Li* removed corresponds exactly to the Li*
liberated during the leaching step, assuming 100% leaching of Li*. The basic solution
was then added to the acidic leachate all at once, and the container was capped. The
solution was then stirred. If the leachate only contained Co?*, the solution was stirred for
10 minutes at room temperature to allow the precipitant to transform to -Co(OH)a. If the
leachate contained Ni%*, Mn?*, and Co?*, the solution was instead stirred for 30 minutes
at 70 °C to bring the transformation to completion. The precipitate was then filtered with
0.22 ym MCE membrane filters from Millipore Sigma in an N2 glovebox and washed
thoroughly with deionized water.

Cell Assembly

Assembly of the DFC is illustrated elsewhere [48] and briefly described here. The
main hardware of the DFC consists of two Grade Il Ti blocks, each with a multi-
serpentine flow field for transporting H2 gas. Cell assembly begins by placing guide rods
in the anode electrolyzer block. A small square of 0.2 micron polypropylene-backed
laminated PTFE filters from Sterlitech is placed over the multi-serpentine flow field of
the anode block to prevent water from gathering in the flow field. A 0.50 mg/cm? Pt/C De
Nora gas diffusion electrode (anode, 1 cm? active area) is placed over the filter. A 3D
printed plastic plate of custom design is placed over the block + GDE and sealed with
Buna-N o-rings, holding the GDE firmly in place. The opposite face of the plastic plate
has channels to transport electrolyte, as well as a pocket that exposes the face of the
GDE. A polypropylene woven mesh spacer, which had been made hydrophilic by
treatment in a Diener Pico Oz plasma cleaner, was placed inside the pocket. A 127
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micron thick PTFE face gasket is placed over the flow plate, followed by a 381 micron
thick polyurethane framing gasket. Inside the center hole of the framing gasket, Zirfon
PERL UTP 500 (Agfa) was used as the diaphragm to separate the acid and base
compartments. An additional PTFE face gasket is placed on top, followed by another
polypropylene woven mesh spacer and another flow plate. A 0.88 mg/cm? PtNi/C GDE
(cathode, 1 cm? active area) is placed in the electrode seat of the second flow plate,
followed by another PTFE filter square. The cathode block and additional Buna-N o-
rings complete the assembly. The entire assembly is placed in a vice between two
heater blocks, and heated to 50 °C or the experimental operating temperature. Once at
temperature, the vice is tightened with a torque wrench to 200 in-lbs. If the experiments
were to be run at room temperature, the assembly was allowed to cool and then torqued
once more to compensate for contraction of the metal heater blocks during cooling.

Measurement of Current Efficiency and Energy Demand

All electrochemical experiments were performed with a BioLogic VSP-3e
Potentiostat. Assembled cells were pre-conditioned by passing a current of 25, -100,
250, -250, 500, and -500 mA for 1.5, 1.5, 1.0, 1.0, 0.5, and 0.5 minutes respectively. 2 to
3 equivalents of H2 gas were supplied to the anode for all experiments, while the
cathode received 1 to 1.5 equivalents to prevent depolarization by Oz from air.
Electrolyte was pumped into the cell from two NE-300 Just Infusion™ Syringe Pump
from New Era Pump Systems. Aliquots were collected from the acid and base outlets
after the cell had equilibrated for a minimum of 15 minutes at a specified current (100-
500 mA/cm?) and flow rate of 0.1 mL/min. For measurements with a 5 to 1 catholyte:
anolyte flow ratio, the anolyte flow rate was 0.05 mL/min and the waiting period was
instead 30 minutes. This waiting period corresponds to the syringe pumps passing > 3
full volumes of the electrolyte chambers and collection lines through the cell, and after
this period the CE remained constant. Minimum collection times were determined by the
current density, ranging from 30 minutes for samples collected at 100 mA/cm? to 8 min
for samples collected at 500 mA/cm?. The H*/OH- concentration was then determined
by titration, with a small portion of the sample set aside for ICP-OES analysis if the Li
content was to be measured. Current Efficiency (CE) was computed using:

CE = FC'sthstd )
tsample JtotAelectrode
where F is the Faraday constant, Cstd is the concentration of the acid/base standard,
Vstd is the volume of standard dispensed, tsample is the time over which the aliquot was
collected, jiot is the current density, and Aelectrode is the active area of the electrode. CE
was measured from both the acid and base outputs, and the average was reported. The
energy demand of the cell was computed using:

Ecet F
Eab = C—Z (3)
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where F is the Faraday constant and Ece is the average voltage of the cell during the
time the aliquots were collected.

Stability Experiments

An assembled cell was run for several hours with 2 M Li2SO4 + 0.001 M LiOH to
produce acid and base streams. The acid and base streams were used to digest 30 g/L
of NMC 111 material using the leaching procedure described above. Then Li2CO3 and
M(OH)2 (M = Ni, Mn, Co) were recovered, using the precipitation procedures described
above. The regenerated electrolyte was fed into an assembled cell at 20 °C from two
syringe pumps at the flow rates of 0.025, 0.037, 0.037 mL/min for 100, 150, 200
mA/cm? respectively. These current densities and flow rates correspond to 2.5, 2.5, and
3.3 M nominal production of acid and base, respectively. After performing the standard
break-in procedure described above, the cell was set to pass a specified current with a
2 minute current reversal every 5 hours (for a 99.3% duty cycle). We have previously
found that these periodic current reversals are necessary for maintaining the GDE’s
voltage stability and to dissolve any hydroxide precipitates that may accumulate on the
cathode [47, 48]. When the syringe pumps were low on electrolyte, the potentiostat was
briefly paused (< 4 mins) to refill them. During the re-filling process, a small amount of
bubbles were seen passing through the anolyte and catholyte outlet lines as the pumps
were restarted, which were likely stuck on the polypropylene spacer despite its plasma
treatment. The liberation of these small bubbles explains the slight improvement in
voltage observed after each re-filling.
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