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The transition to a low-carbon economy relies heavily on lithium-ion batteries (LIBs),
which power electric vehicles (EVs), consumer electronics, and renewable energy storage. Despite
significant advancements in LIBs, sustainable end-of-life management and efficient recycling

methods are critical for reducing environmental impact and resource consumption. A direct
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recycling method using hydrothermal treatment in a Li-containing solution has successfully
regenerated degraded lithium manganese oxide (LMO) cathodes, restoring their high capacity and
long cycling stability while minimizing the environmental footprint compared to traditional
pyrometallurgical and hydrometallurgical processes. However, discrepancies among cathode
chemistries present challenges, particularly in high-voltage spinel-type materials such as
LiNiosMn150a4, where structural instabilities, defect formation, and Li/Mn disordering contribute
to sluggish Li+ transport and irreversible capacity loss. A defect engineering strategy inducing
twin boundaries and preferred grain orientation has been employed to enhance Li* diffusion and
cycling stability.

Another strategy is upcycling cathode materials into high end cathodes beyond its virgin
performance. Here, we report an efficient upcycling method, converting spent polycrystalline
LiNi0.33C00.33Mno 3302 (NCM111) up to single-crystal LiNiogC00.1Mno10> (NCM811) with lean
input of precursors. Systematical investigation of the microstructure evolution in the upcycling
process revealed an Ostwald ripening phenomenon during particle transformation. Optimizing
sintering temperature and reaction time results in single-crystal particles showing uniform Ni
element distribution and valence state, clean surface, and tunable sizes.

Despite these advances in recycling and upcycling, LIBs still suffer from performance
limitations under extreme fast-charging (XFC) conditions. Charging at high-rate leads to lithium
plating, unfavorable solid electrolyte interphase (SEI) formation, and solvent co-intercalation,
ultimately degrading cycle life. These failure modes primarily stem from the inadequacies of
conventional electrolytes; however, using an ester-based electrolyte has significantly improved

capacity retention. Addressing both sustainable battery recycling and performance degradation
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under XFC is crucial for advancing next-generation LIBs, ensuring long-term efficiency, and
promoting a circular economy for energy storage solutions.

Overall, this thesis explores the aforementioned strategies, providing fundamental insights
and guidance for the rational design of highly efficient recycling and upcycling methodology and
innovative electrolytes. By bridging sustainability with performance optimization, this work paves

the way for more durable, efficient, and environmentally responsible energy storage solutions.
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Chapter 1 Introduction

1.1 Background
The transition to a low-carbon economy relies heavily on lithium-ion batteries (LIBs),

which power electric vehicles (EVs), consumer electronics, and renewable energy storage. LIBs
are essential for reducing global greenhouse gas (GHG) emissions, as transportation and energy
storage sectors account for nearly 60% of global CO:. emissions. As countries push for
electrification mandates, such as the European Union’s 2035 ban on internal combustion engine
(ICE) vehicle sales. The demand for LIBs is expected to quadruple by 2030, reaching a projected
4.7 TWh in global battery production.

However, despite their environmental benefits, L1Bs face two critical challenges that
must be addressed to ensure long-term sustainability and scalability:

1. Sustainability Challenges: Resource Scarcity & End-of-Life Management

2. Performance Challenges: Enabling Fast Charging Without Degradation

1.2 The Sustainability Challenge: Resource Constraints & Battery Recycling
An expeditious growth in the demand for lithium-ion batteries (LIBs) in the consumer

electronics and electric vehicles (EVs) industries has raised significant concerns in the materials
and environmental sustainability with spent LIBs®2. Despite the advantages in reduction of carbon
dioxide emission and fossil fuel’s dependance associated with increasing LIB deployment, the
spent LIBs, containing metal elements (Li, Co, Ni, Mn) and flammable organic electrolytes, are
extremely harmful to the environment under improper disposal or treatments®. It is urgent to create
effective waste management strategy for end-of-life (EOL) LIBs, which can not only treat the

environment hazards but also efficiently recycle the valuable materials.



Today’s industry technologies for recycling LIBs are pyrometallurgy and hydrometallurgy,
inheriting from recycling the Ni-MH batteries* °. However, these technologies mainly focus on
the recovery of the most expensive element (e.g., Co and Ni) contained in cathode® 7. As the EV
market shifts toward low-Co or even Co-free LIBs, the conventional recycling strategies would
become less attractive for future LIB recycling since the reduced economic return is no longer able
to compensate the high processing cost?. Moreover, their process associated with destructing
materials into the elemental forms and resynthesis require significant energy inputs and lead to
secondary pollution concerns®. Since the spent LIBs from EVs often retain 70-80% of their original
capacity, a non-destructive technology, so called “direct recycling”, emerges as a more promising
alternative®. A typical direct recycling process is capable of rejuvenating both spent cathodes and
anodes while avoiding the leaching and smelting process in conventional methods. Neither
intensive energy nor extensive chemicals are required in the direct recycling process, which
significantly reduces the energy input and the processing cost® .,

Recent studies demonstrated that the direct recycling can effectively recycle both Co-free
and Co-containing cathodes!?°, However, there is yet to be a single universal protocol for direct
recycling. Since different cathodes experience distinct degradation mechanisms in the state-of-art
LIBs, the direct recycling process parameters will be unique for a specific battery chemistry. A
common step in direct recycling is the re-lithiation process to recover the cathodes within its
reusable chemical formulas®®. Although solid-state sintering by mixing Li salt with degraded
cathode is the simplest way for direct recycling, it is challenging to precisely determine the amount
of supplementary Li source for mixed waste stream with spent LIBs at a wide range of state of
health (SOH). Recent efforts in direct recycling have been largely devoted into designing novel

self-saturation methods to replenish sufficient Li ions into the cathode crystal structures for



composition recovery, which will be followed by thermal treatment to achieve a desired crystal
structure. Both steps are essential for regenerating spent electrode materials with the same
performance as the pristine ones.

A universal direct recycling protocol is not yet developed for all kinds of cathodes, as the
degradation mechanisms and healing conditions are different. The multiplicity of battery
chemistries is one key barrier for direct recycling because single-cathode input is preferred to
recover high-quality cathode powder. Battery technologies are evolving at a rapid pace while the
recycling techniques are insufficient to meet the requirements of the market!’. However, reaching
single material chemistry requires laborious sorting or by acid leaching regeneration methods for
the separation at elemental level*®. Both inevitably increase the overall recycling cost and period.
To minimized the labor-intensive sorting process, the concept of Battery Identity Global Passport
(BIGP) could significantly ease the pain and be materialized through a digital chip comprising
information that identifies the battery at the cradle (manufacturers) and at the gate (recyclers)®®.
This concept could manage the global battery flow and jeopardize the chances to recycle Li-ion
batteries in responsible and profitable ways. In this thesis (Chapter 2-4), multiple direct-recycling
and upcycling methods have been proposed to achieve sustainability in spinel type and layer
structure cathodes in lithium-ion batteries.

1.3 The Performance Challenge: Fast Charging and Battery Degradation
While sustainability is a crucial consideration, LIBs must also deliver improved

performance metrics to meet the demands of modern energy storage applications. The widespread
integration of lithium-ion battery (LIB)-powered electric vehicles (EVS) is a crucial milestone in
transitioning to a future driven by sustainable energy sources. While significant advancements in
LIB energy density have extended EV driving ranges, battery charging times still fall short

compared to the quick refueling of gasoline-powered vehicles. To bridge this gap, the U.S.



Department of Energy has set an ambitious extreme fast-charging (XFC) target, aiming to reduce
charging times to 15 minutes or less without compromising energy density or battery cycle life.
Achieving and surpassing this goal requires a thorough understanding and optimization of various
kinetic limitations in high-energy LIBs. Fundamentally, these limitations include Li+ diffusion
within electrode materials, Li+ migration through the solid-electrolyte interphase (SEI), Li+
diffusion through the electrolyte, and charge transfer at the electrode interface.

Although extensive research has focused on enhancing battery electrode material
performance at high charge rates (4C and above), maintaining both adequate energy density and
cycle stability alongside rapid charging remains a formidable challenge. While alternative
electrode materials have been developed to support high-rate cycling, none offer energy densities
comparable to graphite anodes and transition-metal oxide cathodes. However, retaining electrode
materials and loadings necessary for EV-level energy density often results in significant trade-offs
in cyclability and safety under high-rate cycling conditions. Cathode materials, in particular, suffer
from diminished capacity retention at high charging rates due to sluggish kinetics in micron-scale
particles, which imposes excessive strain on the electrode composite. Previous studies have shown
that despite significant structural and surface modifications caused by high degrees of Li* depletion,
the capacity losses in NMC cathodes are relatively recoverable. Consequently, the anode is widely
regarded as the limiting factor for energy retention and cycle life.

Specifically, the close proximity of the LiCes redox potential to the Li/Li* reference
potential makes lithium metal plating a significant concern. This issue can lead to rapid cell failure
and severe safety hazards due to internal short circuits caused by dendritic growth. To address
these challenges, researchers have explored various electrode design strategies, including

patterned graphite anode architectures and increasing active surface area by modifying graphite or



incorporating high-surface-area carbons into the composite. While these approaches show promise,
they typically create additional void space within the electrodes, necessitating higher electrolyte
loading, which in turn reduces overall energy density at scale. Although the rational design of
charging protocols is another essential approach, fast storage kinetics remains a fundamental
requirement. While several strategies exist for optimizing electrode performance, many interfacial
phenomena at the electrode/electrolyte interface remain to be fully understood and addressed.

In this thesis (Chapter 5), | investigated the rate-induced anode failure in LiNio.sMno.2C0o.2
(NMC 622) || graphite full pouch cells using conventional carbonate electrolytes under extreme
fast-charging (XFC) conditions. Our findings provide clear evidence that graphite anodes in these
cells undergo significant capacity degradation, primarily due to lithium loss through Li plating,
the dislocation of isolated graphite, and exfoliation-driven interstitial SEI formation—resulting
from insufficient charge-transfer kinetics. To address these challenges, a key advancement in fast-
charging electrolytes has been proposed, aimed at enhancing ionic conductivity and increasing the
Li* transference number in ester-based electrolyte systems. This improvement has the potential to

transform high-rate cycling performance in lithium-ion batteries.



Chapter 2 Direct Recycling of Spent Spinel Cathodes

2.1 Introduction
Among the state-of-art energy storage technologies, lithium-ion batteries (LIBs) have

dominating applications in portable electronics, electric vehicles (EVs), and stationary energy
storage 2> 2. The LIB industry has experienced a revolutionary development in the last decade
with remarkable performance improvements, satisfying many key performance requirements such
as high energy density, high power density, good cycling stability?>. The global market of LIB
expands dramatically as result of the significant growth in EV market recent years, representing
more than 180 GWh of worldwide LIB sales in 2018. Considering the limited service life for EVs
applications (8 calendar years) and the environmental impact of inappropriate battery disposal,
there is an urgent need to develop efficient and sustainable methods for recycling/regenerating the
materials out of spent LIBs® %,

The state-of-the-art approaches in LIB recycling industry are mainly based on
hydrometallurgical and pyrometallurgical processes?* 2°. Both methods involve energy-intensive
or caustic processes such as sintering, acid leaching and chemical precipitation, which are
unavoidably associated with heavy CO, emission and other waste generation®® 2’. These methods
can be viable in processing Co-containing LIBs since the value of Co product (e.g., CoSO4) may
compensate for the high operation cost. However, for many other LIBs, such as LiMn204 (LMO)
batteries, the low intrinsic value of their elemental components (e.g., Mn) poses huge challenges
for recycling via traditional ways?® . Nevertheless, such low-cost batteries offer unique properties
for many applications. For example, LMO is an appealing cathode material due to its high thermal
stability and low cost. These features make it attractive for low-cost EVs and large-scale energy

storage.



On the other hand, direct regeneration without destructive high-temperature smelting and
acid leaching process is attracting considerable attentions, as it can potentially provide a cost-
reduction and environment-benign solution for recycling useful materials from spent batteries.
Various methodologies have been demonstrated for direct regeneration of layered oxide cathode,
such as LiCoO2 (LCO) and LiNixCoyMn;O2 (or NCM, x+y+z=1). These include electrochemical
treatment®®, hydrothermal relithiation?®, lonothermal lithiation®®, molten salt relithiation®! and
solid-state sintering® approaches. For example, Yang et al have recently demonstrated a direct
regeneration method of NCM, with the first discharge capacity of 158 mAh/g and the retention of
77.8% after 100 cycles at 1C via combining hydrothermal treatment and short-annealing process*®.
Tao et al successful regenerated spent NCM via a cost-effective Li halide as Li source in ionic
liquids with the advantages of low vapor pressures®. Jianlin et al provide a promising
improvement on treating the spent NCM by water process avoiding the spam on N-methyl-2-
pyrrolidone (NMP)33, In spite of successful demonstrations on direct regeneration of LIBs
containing high-value transition elements (e.g. Co, Ni), only a few studies have been done on
regenerating cathodes with low cost such as LMO 33, The direct recycling by extraction valuable
element via supercritical carbon dioxide (COz) has been demonstrated to be costly and not worthy
in the case of LMO batteries®®.

By leveraging the knowledge established in developing various synthesis methods for
spinel cathode materials®”2°, in this work, we demonstrated an one-step direct regeneration method
to effectively recycle spent LMO cathodes, which showed successful reconstruction of
stoichiometric composition and restored crystallinity from severely degraded LMO cathode
materials with different state of health (SOH). Specifically, we used a hydrothermal treatment with

dilute lithium hydroxide (LiOH) solution to simultaneously relithiate degraded LMO particles and



heal the microstructure defects. Figure 2-1 illustrates the relithiation process highlighting the
migration of lithiation inside the spinel structure along (110) direction during hydrothermal
process. The reasons for capacity fading have been investigated in the last decade, which are
mainly ascribed to Li loss*°, Mn migration*! and John-Tell distortion*> *3, By tuning the operation
conditions, the composition and structure evolution of LMO during the regeneration process was
systematically investigated via various physicochemical characterizations. The study on the
kinetic mechanism combined with neutron diffraction indicates that the lithium loss and lattice
distortion can be fully recovered to the original levels of the pristine materials. This work provides
a new direction towards cost-effective and environment-friendly battery recycling to potentially

address the sustainability issues related to LIBs.

Degraded Regenerated

° [ ] ° ° o o ° o

qo»oxo,o [ e A B G
° 6 © © o ©® o 19‘.'. o 6 .060.060. o © Mn
e aoqo,o:.,qo; SRS . S 6 P P4 e o 0
c0 VDR B Do G000 Hydrothermal 0208026562000 °0 - . u

| 4 S e T ‘ 00 [ s G -
oy 05 e 01500082000 Lithiation K :’.;-'};9;.:)?7. 8 O3 Vacaney
@5 - S8 '\0)6%0)0‘-’ g e soqo;-ogopow)o- »
clde oo oo o 0 050 Yo O °

& ’ ° "JOLOO.ODU.LO
ane T Al " aie - e e S5 aie T aie T aie - ane
° o ° ° i ) e ° °

Figure 2-1 Illustration of the hydrothermal lithiation process in which Li* is re-dosed to the Li-
deficient sites to recover its desired stoichiometry.

2.2 Efficient Direct Recycling of Degraded LiMn204 Cathodes by One-Step Hydrothermal
Relithiation

2.2.1. Experimental



2.2.1.1 Commercial pouch cell assembly
Dry pouch cells (500 mAh) made with lithium manganese oxide (LMO) as cathode active

materials and graphite as anode active materials were directly supplied from Guangdong Canrd
New Energy Technology Co., Ltd, China. The electrolyte was battery grade lithium
hexafluorophosphate (LiFPs) solution in ethylene carbonate (EC) and dimethyl carbonate (DEC)
purchased from Sigma-Aldrich, with the composition of 1.0 M LiPFe in EC/DEC=50/50 (v/v)
(LP40). The dry pouch cells were filled by 1 mL of electrolyte and sealed by the vacuum sealer
machine (MTI Corp.) inside the glove box. After 24 h standing time, the pouch cells were activated
in the voltage window of 3-4.3V by C/10 (50 mA) (1C =148 mA/g) under constant current - constant
voltage (CC-CV) cycling with the cut-off current at C/20 (25 mA). The activated pouch cells were

cycled between 3.0-4.3V at 1.5 C (750 mA) for 40 cycles, then 0.5C (250 mA) for other 160 cycles.

2.2.1.2 Homemade single-layer pouch cell assembly
Single-layer LMO-graphite pouch cells were also built in our lab to investigate the lithium

distribution in the cycled cells. The pristine LMO powders (MTI Corp.) were mixed with
polyvinylidene fluoride (PVDF, KYNAR 2800) and carbon black (Super P65) in N-Methyl-2-
pyrrolidone (NMP, Sigma-Aldrich, anhydrous, 99.5%) at a mass ratio of 8:1:1 to form
homogeneous slurries. The slurries were casted by a doctor blade and then dried under vacuum at
room temperature for 2 h followed by drying at 80 °C for 6 h. After rolling, the cathodes were cut
into 4.4 cm*5.7 cm with a mass loading of 6.8 mg/cm?. The pre-baked graphite (Graphite &
Carbon Products, G80) was mixed with PVDF and Super P65 in NMP at a mass ratio of 90:5:5.
The slurries were casted by a doctor blade and then dried under vacuum at 80 °C for 6 h. After
rolling, the anodes were then cut into 4.5 cm*5.8 cm with a mass loading of 3.7 mg/cm?. After

matching the electrodes under controlled N/P ratio (1.1-1.15), single layer pouch cells were



assembled with a tri-layer membrane (Celgard 2320) as the separator and 500 ul of LP40 as the
electrolyte. All the home-made pouch cells were activated in the voltage window of 3-4.3V at C/10
under CCCV cycling with the cut-off current of C/20. The cells were cycled between 3.0-4.3V at

C/2 under CCCV with the cut-off current C/5 for 200 cycles.

2.2.1.3 Cathode materials harvesting
All the pouch cells were discharged to 2.8V before disassembly. The cathode strips were

harvested from both the commercial and home-made pouch cells, by thoroughly rinsing with
dimethyl carbonate (DMC) and then soaked in NMP for 6h under 50 °C. The active materials,
binder and carbon black were removed from the aluminum substrates by sonification and scrapping.
After centrifuging the NMP suspension at 3500 rpm for 5 min, active materials were precipitated.
The precipitation was washed several times by NMP. Then the active materials were collected and

dried under vacuum at 80 °C overnight for regeneration.

2.2.1.4 Regeneration of cathode materials
For the hydrothermal treatment, 0.25g of cycled LMO materials were added into a 100 ml of

Teflon-lined autoclave filled with 80 ml of lithium hydroxide (LiOH) solution with different
concentrations. The autoclaves were consistently heated at 180 °C for different periods of time. After
cooling down naturally till room temperature, the treated powders were washed by deionized water for

at least 5 times till PH ~7, and then dried under vacuum at 80 °C overnight.

2.2.1.5 Characterization
The compositions of cycled/regenerated LMO cathode materials were measured by an

Inductively-coupled plasma quadrupole mass spectrometer (ICP-MS, Thermo Scientific™, iCAP™

10



RQ model). Their crystal structures were examined by X-ray powder diffraction (XRD)

employing a Bruker D2 Phaser (Cu Ka radiation, A=1.5406 A) from scanning rate of 0.58 deg/min.

Time-of-flight (TOF) powder neutron diffraction was measured at the VULCAN
instrument at the Spallation Neutron Sources (SNS), Oak Ridge National Laboratory (ORNL)*.
The diffraction pattern was measured at the detector banks at 20 =+ 90°, equipped 5 mm receiving
collimators. Neutron powder diffraction patterns were collected in the high intensity mode (Ad/d
~0.45%) for a duration of 2 h under the nominal 1.4 MW SNS operation, and then processed using
VDRIVE software®. Rietveld refinement against the neutron diffraction was performed using

General Structure Analysis System (GSAS) software with EXPGUI interface®® 47,

The morphology of the pristine, cycled and regenerated LMO powder was observed by
Ultra High Resolution Scanning Electron Microscope (UHR SEM, FEI XL30). The particle size
distribution is analyzed with Nano Measurer software. The microstructures of the regenerated
LMO powder were further confirmed by high resolution transmission electron microscopic (HR-
TEM) images which were collected on JEOL-2800 at 200 kV with a Gatan OneView Camera (25
fps, full 4K resolution). The detailed structure information was measured by DigitalMicrograph
(DM). X-ray photoelectron spectroscopic (XPS) measurement was conducted with an AXIS Supra
by Kratos Analytical with Al Ka anode source working at 15 kV and 10 Torr chamber pressure.
The spectra data were processed by CasaXPS software. All spectra were calibrated with the
hydrocarbon C 1s peak at 284.6 eV. The XPS depth profile analysis was carried out with a gas
cluster ion source (GCIS) using focused energetic Ar ion beam.
Note for XPS analysis

During the photoemission process, an energy coupling interaction between unpaired

electrons in the valence shell and unpaired electrons within the core level occurs following the
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excitation of core level electrons®® “°, The result of this multiple splitting for manganese is that Mn
2p spectra taken from a single chemical species contain multiple peaks over a broad energy range

(~6eV).

2.2.1.6 Analysis of lithium distribution in cycled pouch cells
After cycling at 0.5C under CCCV with a cut-off current of 0.1C for 200 cycles, the home-

made pouch cells were disassembled in glove box. 10 pl of electrolyte has been collected by a
pipette and diluted into 10 ml of DMC. The anodes were rinsed by DMC for 2 h and then soaked
in 1M HCI for 3 days. The cathode active materials were collected by the same method as
harvesting commercial pouch cells described above. The compositions of electrolyte, anode

electrodes and cathode electrodes were measured by ICP-MS.

2.2.1.7 Electrochemical characterization.
The active materials were mixed with PVDF, and Super P65 in NMP at a mass ratio of

8:1:1. Then the formed slurries were cast on an aluminum foil using a doctor blade and dried in
vacuum at 80 °C for 6 h. The LMO cathodes were cut and compressed by rolling. The areal mass
loading of LMO electrodes for coil cells are around 10 mg/cm2. Coin cells were assembled with
a Li metal disc (thickness 1.1 mm) as the counter electrode, LP40 as the electrolyte, and a tri-
layer membrane (Celgard 2320) as the separator. Galvanostatic charge-discharge was carried out
using a Neware battery testing system in the potential range of 3.0-4.3 V at 0.5C for 200 cycles

after C/10 in the initial cycle and 0.3C in the following two cycles.

2.2.1.8 Economic and environmental analysis
The EverBatt model, a closed-loop battery recycling model developed at Argonne National

Laboratory®®, was used to conduct techno-economic and life-cycle analysis of pyrometallurgical,
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hydrometallurgical, and direct cathode recycling processes. The analysis was focused on the total
energy consumptions and GHG emissions of the three recycling methods. Moreover, the cost and
revenue of the three recycling methods were modeled as well.

2.2.1.8.1 Evaluation of the life-cycle total energy use and greenhouse gas (GHG) emissions
in recycling

Pyrometallurgical (Figure 2-2) and hydrometallurgical (Figure 2-3) recycling processes
were included as battery end-of-life management options. Note that the entire process is built for
the mixture of different kinds of batteries, especially the steps focusing on Ni and Co recovery
(e.g., leaching, solvent extraction, precipitation). In the current recycling industry,
pyrometallurgical and hydrometallurgical recyclers do not sort batteries before processing. As a
result, spent batteries will end up going through the same recycling process regardless of cathode

chemistry, applying in LMO recycling study.
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The generic direct recycling process in EverBatt was modified in this study to reflect the
changes in the process design, as depicted in Figure 2-4. In the direct recycling process, batteries
are discharged, dissembled, and shredded. After that, the materials undergo a series of physical
separation processes to separate out scrap metals, plastics, anode powder and cathode powder.
After separation, the harvested cathode materials are sent to aqueous relithiation to refunctionalize
cathode powder.

The three recycling plants, featuring pyrometallurgical, hydrometallurgical, and direct
recycling processes, respectively, are assumed to be based on processing capacity of 10,000 metric

tons per year in the U.S.
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Figure 2-4 Flow diagram of a generic direct recycling process.

The modeling of life-cycle total energy and GHG emissions is based on the materials and
energy flows through the recycling process, as discussed below.
Materials input

The materials requirements for the three recycling technologies are summarized in Table
2-1. The materials requirements for the generic pyrometallurgical and hydrometallurgical
processes are obtained from EverBatt, and are reproduced here for the readers’ understanding. The
materials requirements for the direct recycling process are obtained based on our lab process. Life
cycle analysis accounts for the environmental impacts of all the materials consumed in the

process(es) by capturing the environmental impacts associated with their upstream production.

16



Table 2-1 Materials requirements (kg) to recycle 1 kg of spent batteries through different
recycling technologies.

Pyrometallurgy Hydrometallurgy Direct recycling

Ammonium NA 0.03 NA
Hydroxide

Hydrochloric Acid 0.21 0.01 NA
Hydrogen Peroxide 0.06 0.37 NA
Sodium Hydroxide NA 0.56 NA
Limestone 0.30 NA NA
Sand 0.15 NA NA
Sulfuric Acid NA 1.08 NA
Soda Ash NA 0.02 NA
Lithium Hydroxide NA NA 0.028

Energy input

To calculate the life-cycle environmental impacts attributable to all types of energy
consumed in the process(es), life cycle analysis considers the environmental impacts associated
with upstream fuel production and electricity generation, as well as those associated with on-site
fuel combustion (e.g., diesel/natural gas combustion). The energy requirements to recycle 1 kg of
spent batteries through different recycling technologies are summarized in Table 2-2. Again, the
purchased energy consumptions for the generic pyrometallurgical and hydrometallurgical
processes are obtained from EverBatt, while that for the direct recycling process is estimated from

engineering calculations based on our lab process.
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Table 2-2 Energy requirements (MJ) to recycle 1 kg of spent battery through different recycling
technologies.

Pyrometallurgy Hydrometallurgy Direct recycling
Diesel 0.6 0.6 0.6
Natural gas NA 2.5 0
Electricity 4.68 0.13 0.57

Process emissions

In the life cycle analysis, we also accounted for environmental impacts associated with
process emissions that are not due to fuel combustion. For the three recycling processes, process
emissions include those from material combustion and thermal decomposition. The former arises
from burning off materials during the recycling processes, including graphite, carbon black,
electrolyte, plastics, and the binder material in the pyrometallurgical process, and electrolyte and
the binder material in the hydrometallurgical and direct recycling processes. The latter arises from
the decomposition of LioCOs during the relithiation step of the direct recycling process. As the
pyrometallurgical process involves burning off various battery constituents, it leads to much higher
emissions than those from the other two recycling methods. The detailed modeling results are
listed in Table 2-3. The total energy use and GHG emissions are plotted as column chart shown
in result and discussion. Total energy use is the cumulative energy use pertaining to the process,
including fossil energy use and renewable energy use. Fossil energy use can be further broken
down to that of coal, natural gas, and petroleum. GHG emissions are calculated based on 100-year
global warming potentials from the fifth assessment report of the Intergovernmental Panel on

Climate Change®!.
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Table 2-3 Life-cycle environmental impacts of different recycling methods.

Pyrometallurgy =~ Hydrometallurgy Direct recycling

Total energy use in MJ per kg cell recycled

Total Energy 16.765 30.664 3.906
Fossil fuels 13.424 28.373 0.880
Coal 2.643 5.866 2.062
Natural gas 9.865 20.601 0.965
Petroleum 0.916 1.906 3.906

Total Emissions in g per kg cell recycled

VOC 0.149 0.380 0.090
CO 0.590 1.177 0.325
NOy 1.078 2.437 0.751

PM10 0.096 0.210 0.071

PM2.5 0.059 0.142 0.058

SOx 0.869 23.786 0.266
BC 0.017 0.028 0.021
oC 0.015 0.043 0.017
CH4 2.137 4.640 0.592
N-O 0.015 0.037 0.006
CO, 1,915 2,120 519

CO2 (w/ Cin VOC & CO) 1,916 2,123 520
GHGs 1,984 2,272 0.090

2.2.1.8.2 Cost and revenue analysis of different recycling processes

The specific cost parameters chosen for the recycling plant are summarized in Table 2-4.
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Table 2-4 Manufacturing cost details for different recycling processes per year (10,000 tons of
spent batteries).

Pyro Hydrometallurgy IrDeicr;glting

I. Manufacturing Cost, $/year $ 29,356,789 $ 21,038,124 $7,484,478

A. Direct Product Costs $ 10,131,784 $ 10,431,528 $ 3,904,987

Raw Materials $ 1,239,000 $5,792,956  $ 365,375

Operating labor $ 2,157,714 $1,316,571 $ 1,115,429

Direct supervisory and clerical labor $ 323,657 $197,486 $167,314

Utilities $ 1,415,640 $319,886 $1,128,943

Maintenance and Repairs $ 3,860,400 $2,113,456  $883,812

Operating supplies $ 579,060 $317,018 $132,572

Laboratory charges $ 215,771 $ 131,657  $111,543

Patents and royalties $ 340,540 $ 242,497 NA

. Fixed Charges $ 16,054,120 $8,792,840 $ 3,579,491

Depreciation $ 7,548,015 $4,128,851 $ 1,725,984

Local taxes $ 3,088,320 $1,690,765  $ 707,050

Insurance $ 772,080 $422,691  $176,762

Rent $ 356,371 $ 202,249 $ 85,883

Financing (interest) $ 4,289,334 $2,348,284  $883,812

. Plant Overhead Costs $ 3,170,886 $ 1,813,756 NA

. General Expenses, $/year $ 4,697,205 $ 3,211,596 NA

. Administrative costs $ 951,266 $ 544,127 NA

. Distribution and selling costs $ 2,043,240 $ 1,454,983 NA

. R&D costs $ 1,702,700 1,212,486 NA
I11. Total Product Cost

$/year=Manufacturing Cost+General $ 34,053,995 $ 24,249,721 $7,484,478

EXxpenses

The revenue calculation was based on the sales of recycled materials. The prices are
obtained from EverBatt and listed in Table 2-5. The recycled yield of components is assumed to

be 90%. “~” means the material cannot be accessible in the specific recycling. The weight
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percentage of Cu, Al, graphite and LMO in a cell is 15.0%, 7.8%, 14.1% and 40.8%, respectively.
Combining with the cost obtained from Table 2-4, the achieved profit is calculated and shown in

result and discussion.

Table 2-5 Value of recycled materials ($/kg)

Pyrometallurgy Hydrometallurgy Direct recycling

Cu $6.6 $6.6 $6.6

Al NA $1.3 $1.3
Graphite NA $0.28 $0.28
LiMn204 NA NA $7.00
Mn in product NA $1.43 NA
MnO- NA $1.00 NA
MnSO4 NA $2.13 NA

2.2.2 Results and discussions
Both commercial and home-made pouch cells were used for the demonstration of our direct

recycling approach. The details for assembling different pouch cells were described in the
experimental section (Supporting Information). All the pouch cells were cycled in the voltage
window of 3.0-4.3V until more than 20% capacity degradation was obtained (Figure 2-5). The
LMO cathode materials were collected and purified by a typical procedure developed in our
previous work®2. The obtained cathode particles with composition and structure degradation were
subject to the hydrothermal treatment (denoted as “HT”) under different conditions. The
regenerated cathode particles were carefully characterized and made into new cells to evaluate the

electrochemical performance.
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Figure 2-5 Cycling performance of LMO commercial pouch cell. The cell was cycled in a
voltage range of 3-4.5 V. The capacity degradation was 25% after 200 cycles.
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Figure 2-6 Cycling performance of LMO home-made pouch cell. The cell was cycled in a
voltage range of 3-4.5 V at 0.5C. The capacity degradation was 20 % after 200 cycles.

We first analyzed the cell components to identify the sources of capacity degradation
associated with composition changes. For more quantitative analysis, home-made LMO/graphite
single layer pouch cells with controlled cathode mass were used to investigate the Li distribution

in degraded cells under room temperature. After 200 cycles in a voltage range of 3.0-4.3 V at 0.5C,
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20% capacity fading appeared in our home-made pouch cells (Figure 2-6). The causes of capacity
loss of the full cell are complicated, including the SEI formation on anode surface, lattice distortion
caused by John-Tell effect*3, Mn (II) dissolution induced by Mn(III) disproportion®> 3. To identify
the Li distribution, the graphite and LMO electrodes from cycled LMO pouch cell were immersed
in diethyl carbonate (DEC) solution separately to wash out the residual electrolyte. Then the anode
and cathode active materials were scratched off their current collectors and soaked the into
hydrochloric acid to extract metal elements. A complete analysis was conducted to investigate the
distribution of Li coming from the cathode side. Figure 2-7 shows that 82.6% of Li was retained
inside the degraded spinel cathode particles, 13.5% of Li in anode where the consumption of Li
was likely associated with the formation of thick SEI during long-term cycling®. Interestingly,
0.8mM Mn was detected in 1M LiPFs EC/DEC electrolyte. In William’s work, the same level
concentration of Mn was detected after the LMO powders were exposed to electrolyte. Although
the appreciable Mn dissolution may cause the structure degradation, the overall loss of Li
dominates the capacity fading compared with the tiny loss of Mn in cathodes®™. Thus,
compensation of the Li loss is a critical step to fix the degradation issues of LMO cathode for
regeneration. The compositions of cycled and regenerated LMO cathode materials were measured
by an inductively coupled plasma quadrupole mass spectrometer (ICP-MS). Note that the
imperfect stoichiometry from the composition of commercial LMO particle are often designed for
the extension of cycle life and the oxygen defects are caused by their high temperature sintering
process®. The cycling data of commercial pouch cells shows that the capacity loss was more than
20% after 200 cycles under room temperature. Composition data in Table 2-6 shows that the
cathode material had 13% of Li loss compared with the pristine LMO even though the cells were

discharged at cut-off voltage at 3.0 V.
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Table 2-6 Lattice parameters and ICP results of the pristine, cycled, and regenerated LMO particles.
The LMO sample regenerated in 0.02, 0.1 and 0.2M of LiOH for 12h was named as 0.02M HT-
LMO, 0.1M HT-LMO and 0.2M HT-LMO, respectively.

Sample a/A R,y/% Ry/% Composit ion
Pristine LMO 8.2275(2) 3.93 2.05 Li1.058Mn1.95103.932
Cycled LMO 8.1930(4) 3.53 1.90 Lio.88sMn1.94303.942

0.02M HT-LMO 8.2218(3) 3.51 3.00 Li1.033Mn1.94503.939
0.1IM HT-LMO 8.2272(2) 3.39 2.63 Li1.060Mni.94203 944
0.2M HT-LMO 8.2274(3) 2.76 1.65 Li1 067Mn1.03303.944

B Cathode
m Electrolyte
HAnode

mUnknown lost(Cant get
out from anode)

Figure 2-7 Lithium distribution of LMO home-made pouch cell. The capacity degradation was
20 % after 200 cycles.

To design an optimal regeneration process, we first investigated the relithiation kinetics
during the hydrothermal treatment process in 0.1M LiOH at 180°C. Table 2-7 and Figure 2-8a
reveal that the Li composition can reach to the pristine level (e.g., 1.06 Li per Mn) after being
treated for 6h. Further extending the treatment time up to 12h does not cause continuous increase
of Li concentration in the solid LMO particles, which was confirmed by the refinement XRD

(Figure 2-8b-d). In addition, cell cycling performance (Figure 2-9) indicates that 12h treatment
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sample has been regenerated to the commercial reusable LMO cathode (to be discussed

subsequently), which maintains high crystallinity and pure single phase.

Table 2-7 XRD refinement and ICP results of regenerated LMO particle after different
hydrothermal time.

Sample alA Rwp%o Rp% Composition
0.1IM HT 3h LMO 8.2096 2.22 1.59 Li1.000Mn1.04203.936
0.1M HT 6h LMO 8.2268 551 3.37 Li1.057Mn1.04203.934
0.1M HT 12h LMO 8.2272 3.39 2.63 Li1.060MnN1.04203.945
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Figure 2-8 (a) Lithiation kinetics of degraded LIB cathode particles during hydrothermal treatment.
The LMO sample regenerated in 0.1M of LiOH was named as HT-3h-LMO, HT-6h-LMO and
HT-12h-LMO, respectively. Refinement XRD pattern of regenerated LMO particles. (b) HT-3h
LMO (c) HT-6h LMO (d) HT-12h LMO.
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Figure 2-9 Cycling performance of pristine, non-treated and regenerated LMO samples at 0.5C.
The regeneration was conducted by hydrothermal treatment at 180 °C in 0.1M LiOH solution for
different periods of time.

Concentration of Li* in the hydrothermal solution is also an important parameter
determining the relithiation behavior. With the concentration of LiOH solution changed from
0.02M to 0.2M, the degraded LMO particles can be fully recovered to reach the desired
stoichiometry (~1.0 Li per Mn) at 180°C for 12h. As shown in Table 2-6, the composition of the
regenerated LMO is sensitive to the concentration of the LiOH solution. When the LiOH
concentration reached 0.4M, more Li" can be inserted into the lattice forming lithium-rich
Li>MnOs phase, as shown in Figure 2-10a with the increased intensity of impurity peaks at 18.8,
37.0 and 44.8 degree (marked by star). These peaks are in perfect match with (001), (130) and

(131) peaks of the C2/m layered phase of LiMnO3>" %8,
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Figure 2-10 XRD patterns of pristine, cycled, and regenerated (a) LMO particles by hydrothermal
treatment under 0.02M, 0.1M, 0.2M and 0.4M LiOH solution; (b) enlargement of the regions in
the range of 18.5-19.0° and 43-45 °.

It is also critical to further investigate the evolution of the crystal structure of degraded
LMO during the hydrothermal reaction. X-ray diffraction (XRD) patterns of cycled, pristine and
regenerated LMO are shown in Figure2- 10. The standard pattern of spinel phase with Fd3m space
group was validated in all samples®. Although no additional impurity peaks exist, the peaks
became broader and less intense in cycled LMO compared to pristine LMO. A shift of the major
(111) spinel peaks to higher angles can also be clearly found in Figure 2-10b, corresponding to
the lattice parameter shrinkage from 8.23 A to 8.19 A. It indicates that, although the spinel structure
was retained, the more Li* removed from their tetrahedral sites, the more decrease of unit-cell
dimension are observed®. Thus, it is reasonable that the extent of Li* loss can be reflected on the
right shift of (111) peaks which allows us to validate the effectiveness of our regeneration method.
For example, after hydrothermal treatment in 0.1M LiOH for 12h, the (111) peak shifts back to
lower angles and with intensity recovered to the pristine level. These results suggest the successful

reconstruction of the crystal structure and high crystallinity of the regenerated LMO product.
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Rietveld refinement was performed on all the XRD patterns using the General Structure
Analysis System (GSAS) software (Figure 2-11). Both Rs (Bragg factor) and Rwp (weighted
profile R-factor) are less than 5% which indicates the reliability of the refinement results. The
lattice parameters of all the samples are compared in Table 2-6. The results further validate that
not only the Li loss is compensated but also the structure can be repaired after simple hydrothermal
treatment. For the purpose of demonstration, hydrothermal relithiation with 0.1M of LiOH at

180 °C for 12 h was selected to treat the degraded LMO cathode particles for the next step.
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Figure 2-11 Refinement XRD pattern of pristine, cycled and regenerated LMO particles: (a)
Pristine LMO (b) Cycled LMO (c) 0.02M HT 12h LMO (d) 0.2M HT 12h LMO.
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To further quantify the occupancy of Li sites inside the lattice, neutron diffraction
measurement was conducted on the pristine, cycled, and regenerated LMO from 0.1M of LiOH
(Figure 2-12). As we expected, it evidently indicates that Li, Mn and O are located on the 8a
(tetrahedral), 16d (octahedral), and 32e Wyckoff sites, respectively®: 2. The Rietveld refinement
results are listed in Table 2-8. The average Mn oxidation state increased from 3.52 to 3.60 during
the long-term cycling because the Li vacancies appear inside the spinel lattice. After hydrothermal
treatment, the average Mn oxidation state decreased back to 3.54 and the lattice parameter of face-
centered cubic (FCC) conventional unit cell increased from 8.1955(2) A to 8.2280(3) A due to the
complement of Li into the vacancies. The decrease of Mn-O bond length in cycled LMO is ascribed
to the reduction of Mn radius, whereas the radius of Mn** (0.530 A) is smaller than that of Mn®*
ion (0.645 A)%. After regeneration, the bond length was resumed to the pristine value. In addition,
the changes of the composition were also consistent with the structure parameters (Table 2-8),
which further confirms that the degraded LMO cathode was successfully regenerated in 0.1M

LiOH solution.

Table 2-8 Neutron diffraction refinement results of pristine, cycled, and regenerated

Sample alA Mn-O bond Oxide Composition
Pristine LMO  8.2307(2 1.954 +3.52 Li1.058MnN1.94203.944
Cycled LMO  8.1955(2 1.943 +3.60 Lio.g96MnN1.94203.944
0.IM HTLMO  8.2280(3 1.953 +3.54 Li1.066MnN1.93403 952
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Figure 2-12 Rietveld refinement results of neutron diffraction patterns of (a) pristine, (b) cycled,
and (c) regenerated LMO particles from 0.1M of LiOH.

The scanning electron microscopic (SEM) images and size distribution of the pristine,
cycled and regenerated LMO particles are displayed in Figure 2-13. All the particles have the
similar morphology and sizes of about 1.2 um. After long term cycling, the average size of LMO
particle increased due to the aggregation issue. After hydrothermal treatment, the spent LMO
particles become more uniform and maintain a narrow distribution. To obtain more insights in the
microstructure, the regenerated cathode materials were carefully examined by high-resolution
transmission electron microscope (HRTEM) (Figure 2-14a-b). The interplanar spacings of
regenerated LMO were measured to be 0.48 nm and 0.25 nm, which corresponds to the orientation
of (111) and (311) atom plane found in typical LMO, respectively 4% 5485 The fast Fourier
transform (FFT) patterns are indexed to the diffraction of the <011> and <010> zone axes . Thus,
the HRTEM images also confirm the reconstruction of the spinel structure in the regenerated LMO.
Additional HRTEM images of cycled LMO particles in the surface and bulk regions are shown in

Figure 2-15.

30



Pristine LMO

b ‘ 0 1 2 3 4 5
e Partical Size (um)

Cycled LMC

Counts (%)

2 3 4 5
Partical Size (um)

o
-

Regenerated LMO

Counts (%)

0 1 2 3 4 5
Partical Size (um)

Figure 2-13 SEM images of the (a) pristine, (b) cycled and (c) regenerated LMO particles and
size distribution of the (d) pristine, (e) cycled and (f) regenerated LMO particles.
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Figure 2-14 (a) HRTEM images and FFT patterns of regenerated LMO particles in the bulk
region and (b) surface region. (c) XPS spectra of cycled LMO and (d) regenerated LMO

particles.
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X-ray photoelectron spectroscopic (XPS) measurement was performed on cycled and
regenerated LMO to investigate the changes of the valence status (Figure 2-14c-d). Peak fitting
was conducted on the Mn 2pz/2 spectrum to provide detailed distribution of the valence information
of Mn in both samples (Table. 2-9&2-10) ¢7-%, Figure 2-14c shows a board shoulder in the region
of high bonding energy, which can be ascribed to the high Mn*" composition. Figure 2-14d shows
a clear shoulder in low bonding energy region indicating the Mn®* contribution. Quantitative
analysis reveals that 51.7% and 48.3% of Mn can be assigned to Mn** Mn**, respectively, in the
regenerated cathode, which is in good agreement with the valence distribution of Mn in typical
LMO. By comparison, 34.9% Mn®* and 65.1% Mn** were found in cycled cathode. The increase
of the average valence state of Mn can be attributed to the Li loss inside lattice. Therefore, the
more dominant contribution of Mn** in the cycled cathodes and its disappearance in regenerated
cathodes further support that the Li-deficient spinel phases formed after cycling was recovered
into well-defined, less defective structure after regeneration.

To evaluate the electrochemical performance of the pristine, cycled and regenerated LMO
samples, galvanostatic charge/discharge test was conducted in a voltage range of 3.0-4.3 V. To
compare the different electrochemical performance achieved with LMO regenerated in LiOH
solution with different concentrations, differential capacity plots (dQ/dV) at the first cycle at 0.1C
were also acquired (Figure 2-16a). Unlike the broad peak of 0.02M regenerated sample, the LMO
regenerated in 0.1M of LiOH displayed sharp intrinsic reduction peaks at 4.16 V and 4.03 V
(labeled as R1 and R2) and oxidation peaks at 4.11 V and 3.97 V (labeled as O; and O2), which can
be ascribed to the two-step mechanism of the electrochemical Li* intercalation and extraction from

tetrahedral sites in spinel structure® 7%, The peak separations between charge and discharge scan
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are 57 mV and 61 mV, respectively, which is good indication of high reversibility of the

electrochemical reaction, with small polarization and favorable reaction kinetics’®.

Table 2-9 Mn(2p3/2) peak parameters for Mn in regenerated LMO particles.

Peak BE (eV) Component Percent (%) Total Percent (%)
Mn** 640.55 11.08

Mn** 641.10 9.68

Mn** 642.16 14.52 51.7
Mn** 643.18 9.50

Mn** 644.55 2.56

Mn** 641.9 9.65

Mn* 642.92 15.53

Mn** 643.75 13.44 48.3
Mn* 644.70 7.20

Mn* 646.50 6.85

Table 2-10 Mn(2p3/2) peak parameters for Mn in cycled LMO particles.

Peak BE (eV) Component Percent (%)  Total Percent (%)
Mns3* 640.65 18.96

Mn3* 641.35 8.23

Mns3* 642.16 3.36 34.9
Mns3* 643.18 3.67

Mn®* 644.55 0.67

Mn* 641.9 18.26

Mn* 642.92 19.13

Mn* 643.75 12.1 65.1
Mn* 644.78 7.92

Mn** 646.50 7.70
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Figure 2-16 (a) dQ/dV plots of pristine and regenerated LMO samples at 0.1C. (b) Cycling
performance of pristine, non-treated and regenerated LMO samples at 0.5C; (c)
Charge/discharged curve of LMO regenerated in 0.1M of LiOH at the 1st, 10th, 50th and 100th
cycle at 0.5C. (d) Rate performance of different LMO samples. HT-LMO: hydrothermal
treatment at 180 °C for 12 h in LiOH solution with different concentrations.

For LMO regenerated from 0.2 M of LiOH, two tiny split peaks were obtained instead of
only one reduction peak (Rq), indicating the unexpected side reaction at the initial activation cycle.
It also caused a relatively lower initial columbic efficiency (82%) compared with 90% of LMO
obtained in 0.1M LiOH. Furthermore, the larger peak separation suggests more severe polarization
and poorer reversibility.

As shown in Figure 2-16b, the pristine LMO cathode showed a discharge capacity of 112

mANh/g at the first cycle at 0.5C (1C = 148 mAh/g) and 97 mAh/g after 100 cycles, corresponding
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to a capacity retention of 86.6%. The cycled LMO cathode (harvested from spent cells without any
treatment) showed a discharge capacity of only 61 mAh/g at first cycle at 0.5C and 55 mAh/g after
100 cycles, which is expected again due to the Li* loss and irreversible lattice distortion. By
hydrothermal treatment at 180 °C for 12 h, the electrochemical properties were fully recovered: a
discharge capacity of 109, 111 and 105 mAh/g at the first cycle at 0.5C and 94, 98 and 94 mAh/g
after 100 cycles were obtained by LMO treated in 0.02, 0.1 and 0.2M LiOH, respectively. In
addition, the cycling stability of LMO was also recovered. For example, with the hydrothermal
treatment in 0.1M LiOH solution, the cycling stability of regenerated LMO was fully recovered to
88% capacity retention after 100 cycles, which was slightly improved even compared with the
pristine LMO. Interestingly, both LMO samples obtained in 0.02M and 0.2M LiOH showed
slightly lower initial capacity compared with the sample regenerated in 0.1M LiOH solution. That
can be ascribed to the remaining Li deficiencies in 0.02M HT LMO and phase impurity in 0.2M
HT LMO samples, which is consistent with the structure information described earlier.

In addition, compared with cycled LMO and LMO regenerated in 0.1M of LiOH, the sharp
peak indicates that the well-defined spinel structure with remarkable electrochemistry activity and
high crystallinity was obtained by 0.1M HT treatment. Two distinguished plateaus in the
charge/discharge curves at 1%, 10", 501" and 100" cycles are shown in Figure 2-16¢, corresponding
to two sharp peaks in differential capacity plots (Figure 2-16a), indicating the good cycling and
crystalline stability”2. The rate performance of the pristine, cycled and regenerated LMO cathodes
materials is shown in Figure 2-16d. The 0.1M HT LMO showed an improved capacity at high
rates compared with pristine LMO particles. For example, the 0.1M HT LMO electrode delivered
a specific capacity of, 95, 84 and 65 mAh/g at 1, 2, and 5C(1C = 1.48 mAh/cm?) respectively, in

contrast to 89, 74, and 47 mAh/g for the pristine LMO. It indicates that hydrothermal treatment
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can eliminate the lattice defects and enhance the lithium diffusion kinetics inside the cycled and
commercial particles’,

Considering that spent LMO cells may have different SOHs, we also examined our
regeneration approach using cells with a much higher degree of degradation. For example, a cell
with 60% of capacity fading was obtained by cycling in a voltage range of 3.0-4.3V for 500 cycles.
Using the same regeneration protocol developed above, LMO cathode with Li deficiency of up to
40% was fully recovered to the desired stoichiometry, which was supported by the compositions
of cycled and regenerated LMO particles as shown in Table 2-11. In addition, the undesired Li
deficient phases were also converted back to the original spinel phase with the efficient relithiation
process. Similar to the other samples, the electrochemical performance was also resumed to the
same level of pristine LMO cathodes (Figure 2-17). The successful demonstration of direct
regeneration of heavily degraded LMO cathode strongly suggests that our developed method can

be applied to different cases of spent LMO cells.

Table 2-11 Composition of heavily decayed and regenerated LMO particles.

Sample Composition
Cycled LMO Lio.641Mn1.92003.944
Pristine LMO Li1058Mn1.95103.936

0.IM LMO HT Li1.050Mn1.94203.945
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Figure 2-17 Cycling performance of pristine, heavily decayed (60% original capacity loss) and
regenerated LMO samples at 0.5C. The regeneration was conducted by hydrothermal treatment
at 180 °C in 0.1M LiOH solution for 12h.

Compared with traditional pyrometallurgical recycling and hydrometallurgical recycling,
our direct regeneration method for closed-loop LMO recycling shows potential economic and
environmental benefits, which were analyzed by the EverBatt model developed by Argonne
National Laboratory® (see detailed methods in Supporting Information).

In this model, by assuming 10,000 tons of spent LMO batteries annual processing capacity,
the life-cycle analysis of the three different recycling methods was performed in terms of energy
consumption, greenhouse gas (GHG) emission, operation cost and overall profit. The flow chart
for each recycling process was mentioned in Figure 2-2-4. In the pyrometallurgical process, the
high-temperature smelting process not only consumes a large amount of energy but also generates
exhaust gas. The following gas treatment process is necessary but expensive® 7. In the

hydrometallurgical process, most of the energy use comes from the upstream production of the
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strong acid/base/ consumed for leaching and precipitation treatment. Figure 2-18a shows that a
total energy consumption of 18.5 and 30.7 MJ per kg of spent cells is required in pyrometallurgical
and hydrometallurgical process, respectively. By comparison, the total energy consumption for
direct recycling is only 4.1 MJ per kg of spent cells. Consistently, high GHG emission values
generated from burning fuels in both pyro- and hydrometallurgical processes (Figure 2-18b). In
comparison, our direct regeneration process only accounts for around 20% of the GHG emission

caused in the two traditional methods.
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Figure 2-18 Life-cycle analysis based on EverBatt model. (a) Total energy consumption and (b)
GHG emissions per kg of recycled cells from pyrometallurgical, hydrometallurgical and direct
recycling, respectively. (c) Recycling cost and (d) profit per kg of spent LMO batteries obtained
from pyrometallurgical, hydrometallurgical and direct recycling, respectively.
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The cost and profit were also modeled and the results are compared in Figure 2-18c and
d. Compared with LCO and NCM cathodes, LMO has not been recycled on an industrial scale due
to the low profit (or even economic loss)”. The total cost of pyrometallurgical, hydrometallurgical,
and direct recycling of LMO batteries was estimated to be $2.43, $1.3 and $0.94 per kg of spent
battery cells processed, respectively. It is worth to be mentioned that the only hydrometallurgical
method collecting manganese as manganese sulfate and manganese dioxide, while high-quality
LMO cathode powder is obtained in the direct regeneration method. Since the current market value
of LMO ($7.00/kg) is much higher than that of Mn in product ($1.43/kg), an economic benefit
with a potential profit of $2.03 per kg of spent cells can be obtained in the direct recycling process.
In comparison, the expected profit in pyrometallurgical method is calculated negatively. As the
result of the significant reductions in total energy use, GHG emissions and processing cost, as well
as the potential increase of overall profit, the non-destructive, one-step aqueous direct regeneration
method may be a preferable option for closed-loop LIB recycling. While the EverBatt model might
have oversimplified the actual processing steps in the LIB recycling, we believe the side-by-side
comparison among the three recycling approaches can provide valuable guidance to select and

improve the next-generation LIB recycling strategies.

2.2.3 Conclusion
In summary, we have successfully demonstrated complete regeneration of degraded LMO

cathodes with different SOHs using a simple direct recycling approach. Particularly, the perfect
reconstruction of desired stoichiometry and phase purity enabled by the one-step hydrothermal
treatment in dilute Li-containing solutions provides the regenerated LMO particles with high
capacity, long cycling stability and high rate performance, on par with commercial pristine LMO

materials. The understanding on the mechanism of the hydrothermal relithiation process provides
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a potential solution for sustainable and closed-loop re-manufacturing of energy materials. The life-
cycle analysis further suggests that our work represents a simple yet efficient approach to re-
functionalize high-performance LMO cathodes, with distinct environmental and economic
advantages over traditional pyrometallurgical and hydrometallurgical methods. Continuous
improvement of the direct recycling method towards automated electrode separation and process

intensification will pave the way for its practical application.
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Chapter 3 Understanding and Controlling Structural Defects and Disordering in Spinel Cathode
for Direct Recycling

3.1 Introduction
The widespread adoption of electric vehicles (EVs) using lithium-ion batteries (LIBS) is a

vital step in moving towards a sustainable energy and carbon neutrality future’®. There is a growing
demand for high power and energy densities in LIBs to increase the driving range of EVs’’. As the
most valuable part, the cathode material constitutes more than 40% of both cost and weight ratios
when considering all components in LIBs °. Current efforts in both research and commercialization
related to cathode materials primarily center on three categories: lithium metal oxides with a
layered structure, such as lithium nickel cobalt manganese oxide (LiNixCoyMn;O., where x +y +
z = 1, referred to as NCM), lithium iron phosphate (LiFePOs4, known as LFP) with an olivine
structure, and lithium manganese oxides (LiMn2Os, LMO) with a spinel structure’®. Layered
lithium metal oxides offer high energy densities, but their widespread causes concern with
expensive and environmentally harmful cobalt elements, especially when considering the broader
adoption of electric vehicles’. Cobalt-free cathodes, such as LFP and LMO, provide relatively
lower energy density (< 500 Wh/kg at the material level), which might fall short of the
requirements for long-range electric vehicles®®. Cobalt-free, lithium- and manganese-rich layered
oxide materials have also garnered significant attention due to their impressive energy density, but
there remain challenges related to their limited phase reversibility during cycling, primarily due to
issues originating from stoichiometric oxygen loss®.

LiNiosMny1504 (LNMO), a derivative from LMO through nickel substitution, presents an
appealing substitute. Ni substitution enhances the operating voltage of the parent LMO cathode
from 4V to ~4.8V (vs. Li/Li") consequently increasing theoretical energy density from 480 to 620

Wh/Kg, leveling with the NCM cathodes®. Nonetheless, the LNMO still encounters some

42



obstacles, such as inferior electronic conductivity®?, fast capacity degradation* and issues with the
current carbonate electrolyte system stemming from its high operating voltage®®. Though there is
a deep history in literature on efforts to mitigate the Jahn-Teller distortion and disproportion
reaction of Mn3*, avoiding such complex cross-talking phenomenon remains an immense
challenge®® 8. One effective approach is the control of Mn®* content to safeguard the surface
against deteriorating acidic reactions from liquid electrolytes®®. Thus far, researchers have
primarily concentrated on modifying the surface through techniques such as elemental doping,
interfacial adjustments®, and electrolyte engineering® to improve the aforementioned drawbacks
thereby improving the cycling stability and rate performance. On the other hand, by understanding
LNMO degradation mechanisms, defect engineering can be applied to regulate Mn3* content and
enhance the electrochemical performance °.

Despite decades of research that have unveiled the degradation mechanism of LNMO
cathodes, there has been limited investigation into the healing or repairing of these cathodes. As a
cobalt-free, low-cost cathode, traditional hydrometallurgical and pyrometallurgical processes,
characterized by intensive energy consumption, chemical cost and waste generation, are not
suitable for remunerative LNMO recycling®. The emerging direct recycling technology, started
with a relithiation step to produce rejuvenated cathode active materials, has gained increasing
attention due to its minimal energy consumption and maximum profitability when recycling
materials like NCM% % LFP%, LMO%, and LiNiossC00.095Al0.02502 (NCA)%. Among various
relithiation methods (such as solid-sintering®’, molten salt®, ionothermal®®, and redox mediation®®),
hydrothermal treatment®* stands out as the most versatile process, demonstrating self-saturation in

various structures (spinel®, olivine'®, and layered structure'®!). With its high effectiveness, low
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cost and potential scalability, hydrothermal relithiation treatment is a suitable approach for
investigating the rejuvenation mechanism of LNMO.

Understanding the structural evolution of spinel-type cathodes through the direct recycling
process is crucial for advancing next-generation battery recycling. As cathode materials undergo
resynthesis and experience regrowth of grains during the recycling process, the introduction of
cation disordering, anti-sites, and dislocations gives rise to distinctive electrochemical properties.
Previous studies have demonstrated that the elaboration of defects can bring about a transformative
effect on the performance of spinel-type cathodes'®. Consequently, identification of a systematic
structural repairing mechanism for such cathodes becomes imperative for comprehending the
electrochemical properties related to its structure and fully revitalizing its performance. Despite
the existence of various strategies for recycling optimization, many phenomena associated with
cathode direct recycling still await complete discovery and resolution.

Herein, we provide a thorough analysis of the healing mechanism of spent LNMO cathodes,
encompassing relithiation and structure reconstruction. We present clear evidence of Li/Mn
disordering layers induced during an aqueous relithiation process, resulting in significant capacity
loss and insufficient reversible capacity. To address these issues, we systematically rectify these
failures through careful design of post-annealing conditions. By introducing abundant twin
boundaries and preferred grain orientations in spinel lattice structures, we successfully rejuvenate
the electrochemical activity of degraded LNMO cathodes. Notably, the resulting regenerated
LNMO demonstrates a significant enhancement in its rate performance without sacrificing energy
density, retaining 97.4% capacity after 100 cycles at C/3, comparable to the pristine LNMO. This

effective direct recycling method, employing defect engineering, not only reveals the healing
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mechanism in spinel structures but also provides insights for designing synthetic strategies of next-

generation sustainable LIBs.

3.2 Understanding and Controlling Structural Defects and Disordering in LiNiosMn1.504

3.2.1 Experimental
3.2.1.1 Materials

The pristine LNMO particle were obtained from Haldor Topsoe corporation, Denmark.
The spent LNMO cathode were harvested from multilayer LNMO/Graphite pouch cell (>3Ah)
cycled between 2.8-4.8V at 0.33 C for more than 350 cycles. The standards for TEM-EELS, Mn;03
and MnO2 were purchased from Sigma-Aldrich.

3.2.1.2 Cathode harvesting
All the pouch cells were discharged to 2.8V before disassembly. The cathode strips were

harvested by thoroughly rinsing with dimethyl carbonate (DMC) and then soaked in NMP for 6h
under 50 °C. The active materials, binder and carbon black were removed from the aluminum
substrates by sonification and scrapping. Active materials were precipitated after centrifuging at
3500 rpm for 5 min. The precipitated active materials were then repeatedly washed several times
in NMP by dispersion and centrifugation. Then the active materials were collected and dried under
vacuum at 80 °C overnight for regeneration.

3.2.1.3 Regeneration of cathode materials

The collected S-LNMO particles underwent relithiation via a hydrothermal treatment.
Specifically, 0.25g of S-LNMO was placed into a 100 ml Teflon-lined autoclave containing 80 ml

of lithium hydroxide (LiOH) solution at various concentrations. The autoclaves were heated at
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180°C for 6 hours. After naturally cooling to room temperature, the treated powders were washed
at least five times with deionized water until the pH was approximately 7, then dried under vacuum
at 80°C overnight. The samples treated in 0.1M, 1M, and 4M LiOH solutions are referred to as "L-
LNMO-1," "L-LNMO-2," and "L-LNMO-3," respectively.

Based on ICP measurements, L-LNMO-2, with the correct stoichiometry, was selected for
further treatment. L-LNMO was then annealed at different temperatures for 4 hours, with a
ramping rate of 5°C/min under a 1 L/min oxygen flow. The annealed samples at 650°C, 750°C,
850°C, and 950°C are labeled as ‘R-LNMO-1°, ‘R-LNMO-2’, ‘R-LNMO-3’, and ‘R-LNMO-4,’
respectively. Among these, R-LNMO-3 exhibited the best electrochemical performance under
optimal regeneration conditions.

3.2.1.3 Materials characterization
The chemical composition of LNMO powders was evaluated by inductively coupled

plasma mass spectrometry (ICP—MS, Thermo Scientific, iCAP RQ model). Their crystal structures
were examined by X-ray powder diffraction (XRD) employing a Bruker D2 Phaser (Cu Ka
radiation, A=1.5406 A). The morphology of the LNMO powders was observed by FEI Apreo
LoVac scanning electron microscope (SEM) with X-Max 80 EDS detector.

Time-of-flight (TOF) powder neutron diffraction was measured at the VULCAN
instrument at the Spallation Neutron Sources (SNS), Oak Ridge National Laboratory (ORNL). The
diffraction pattern was measured at the detector banks at 20 =+ 90°, equipped with 5 mm receiving
collimators. Neutron powder diffraction patterns were collected in the high-intensity mode (Ad/d
~0.45%) for a duration of 2 h under the nominal 1.4 MW SNS operation and then processed using
VDRIVE software. Rietveld refinement against the neutron diffraction was performed using

General Structure Analysis System (GSAS) software with the EXPGUI interface.
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X-ray photoelectron spectroscopic (XPS) measurement was conducted with an AXIS
Supra by Kratos Analytical with an Al Ka anode source working at 15 kV and 10-8 Torr chamber
pressure. The spectra data were processed by CasaXPS software. All spectra were calibrated with
the hydrocarbon C 1s peak at 284.6 eV. Aberration corrected scanning transmission electron
microscopy (AC-STEM) was conducted using a JEOL JEM-ARM 300F at 300 kV.

TEM-EELS characterizations were performed using a ThermoFisher Talos 200X TEM
electron microscope system operating at an accelerating voltage of 200 kV. The system was
equipped with a Schottky X-ray FEG field emission electron gun, a Gatan Continuum (1069)
EELS spectrometer, a STEM model, 4 in-column SDD Super-X detectors, and a Ceta camera.
Additionally, the TALOS microscope was outfitted with a high-resolution Gatan imaging filter
(Gatan Continuum 1069) for EELS mapping, with a probe current of approximately 140 pA for
EELS maps.

Soft X-ray absorption spectroscopy (soft XAS) was performed at Beamline 8-2 of the
Stanford Synchrotron Radiation Lightsource (SSRL). Data acquisition occurred under ultrahigh
vacuum conditions (10°° Torr) at room temperature, with an energy resolution of approximately
0.2 eV and a beam spot size of about 1 mm2. Samples were mounted on an aluminum sample
holder inside an argon-filled glovebox and securely sealed during transfer. The soft XAS data were
analyzed using Pymca, normalized to a range of [0,1].

Spectroscopic transmission X-ray microscopy (TXM) was performed at the 6-2¢ beamline
at the Stanford Synchrotron Radiation Light source (SSRL). 8.95 keV X-rays were utilized to
characterize the particle morphology. The LNMO particles were placed in a quartz tube and sealed
with epoxy in an Ar-filled glovebox. The tomography data were taken over an angular range of

180°. The field of view of each tile was 16 pm, consisting of 1024 x 1024 pixels, with a pixel size
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of 28.7 nm. The images were then processed in the TXM-Wizard software suite, with reference
correction, energy average, image alignment, and 2D X-ray Absorption Near-Edge Structure (2D
XANES) analysis. The edge energy maps saved by TXM-Wizard were exported into 64-bit .raw
files using MATLAB for visualization.

The cross-section microstructures of LNMO particles were characterized by a Helios G4
PFIB UXe DualBeam plasma focused ion beam / scanning electron microscope (P-FIB / SEM)
with a xenon source and electron backscatter diffraction (EBSD) detector. Sample milling was
conducted at 30 kV with a 2.5 pA current. Afterwards, a lower current (500 and 60 nA) was used
to polish the cross-section. Electron imaging was conducted at 5 kV and 4 nA beam conditions.

3.2.1.4 Electrochemical testing
The electrochemical performance was evaluated by fabricating CR2032 half coin-cells

assembled in an Ar-filled glovebox kept at <0.1 ppm O2 and <0.1 ppm H20. The cathode electrode
was prepared by casting the slurry composed of cathode powder, conductive agent (Super P65)
and polyvinylidene fluoride (PVVDF) with a mass ratio of 8:1:1 in N-methyl-2-pyrrolidone (NMP)
solvent on an Al foil. After drying at 120 °C for 12 h in a vacuum oven, it was punched and
calendared. Coin cells were then made inside that glovebox with the prepared cathode (mass
loading of ~ 4.5 mg), Li metal as the anode, and LP57 (1.2M LiPF6 in EC/EMC=3:7) as the
electrolyte. Galvanostatic charge-discharge was carried out using a Neware battery testing system
in the potential range of 3.0-4.85 V at different rates for certain cycles after C/10 in the first 3
activation cycles. EIS tests of LNMOJ/Li coin cell with different SOCs were performed on a
Biologic VSP-300 potentiostat with a 10 mV perturbation in the frequency range of 1 MHz to
100 mHz. The fitting of the EIS data has been conducted via Z-view software. DRT was analyzed
via MATLAB based DRT calculation code developed by T.H. Wan et al'®. The direct current

internal resistance (DCIR) experiment was performed by charging and discharging the cell at
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constant current (0.1 C-rate) to different state-of-charge (SOC) (20%, 40%, 60% and 80%) after 2
formation cycles. Thereafter, the process of applying a pulse current charge for 30 s, rest for 10
min, pulse current discharge for 30 s, and rest for 10 min was repeated. The pulse current was
applied in the following order: 0.5 C-, 1 C-, and 2 C-rate. Three cells were tested in parallel to
account for variability and to generate the error bars. All the C-rates for the electrochemical tests

were based on the practical capacity of 135mAh /g.

3.2.2 Results and discussions

Compositional and structural restoration of the spent LNMO cathodes

Defect engineering has shown effectiveness in tuning the electrochemical performance of
spinel cathodes by regulating the oxygen deficiency®*1%, transition metal ordering'®’ 1% and
crystallographic properties'® 19 Additionally, the mechanism of compositional repairment in
spent LMO cathodes has been well elucidated in our previous work.®® In this work, we successfully
rejuvenated the spent LNMO cathode with abundant defects by hydrothermal treatment and
optimized annealing conditions. The structural evolution of the LNMO cathodes is illustrated in
Figure 3-1. Briefly, the spent LNMO cathodes (named as “S-LNMO”) are harvested from
multilayer LNMO/graphite pouch cell (>3Ah) by the method reported in our previous work!!t,
The obtained spent cathode particles with both compositional and structure degradation are
subjected to hydrothermal treatment (denoted as “L-LNMO”) under different conditions for
relithiation purpose. Following a short annealing process at optimized temperature, the regenerated
LNMO particles (denoted as “R-LNMQO”) are obtained, featuring a presence of twinning defects

with substantial enhancement of Li* diffusion.
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Figure 3-1 Schematic illustration of the direct regeneration of LNMO cathodes with defect control.
A hydrothermal treatment in LiOH solution is applied to spent LNMO particles to compensate for

the lithium loss in spent LNMO powders. Following an optimal short annealing step, the
regenerated LNMO particles are obtained with induced defects, e.g., twin boundaries and preferred
lattice orientation, resulting distinctive Li+ diffusion Kinetics.

The lithiation mechanism for restoring the composition of the spent LNMO was elucidated by
inductively coupled plasma quadrupole mass spectrometry (ICP-MS) measurements of S-LNMO
and samples subjected to lithiation treatment with varying concentrations of LiOH (Figure 3-2).
Note that the 30% lithium deficiency was observed after 300 cycles in a voltage range of 2.8-4.8
V at 0.33C in the multilayer LNMO/graphite pouch cells (Figure 3-3). An ideal composition
(Lizo20Nio.460Mn154004) can be achieved, which is comparable to the pristine level
(Li1.001Nio.453Mn1.52404) by optimized re-lithiation kinetic control in hydrothermal treatment with

1M LiOH solution (Table 3-1). After the short-term annealing step under designed temperature,

the R-LNMO has no significant variation in terms of composition compared with that in L-LNMO.
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Table 3-1 Compositional analysis of LNMO particles of interest. ICP results of P-LNMO, S-
LNMO, L-LNMO and R-LNMO.

Sample Li Ni Mn

P-LNMO 1.001 0.453 1.524
S-LNMO 0.705 0.460 1.540
L-LNMO 1.008 0.477 1.524
R-LNMO 1.002 0.460 1.540

Scanning electron microscope (SEM) images have been examined to demonstrate the
efficacy of our regeneration method. Figure 3-4a-c and Figure 3-5 display the of S-LNMO, L-
LNMO, R-LNMO and P-LNMO under optimized conditions. These images reveal that the S-
LNMO particles did experience some cracking issue during extended cycling. Following an
effective regeneration process, the morphology of R-LNMO was successfully restored to its
pristine level. This suggests a resolution of the cracking problem by crystal regrowth during the
annealing process. From the neutron diffraction patterns (Figure 3-4d-f and Figure 6), the peak
positions in all samples are well matched with the standard pattern of a Fd3m space group!!?.
Additionally, Rietveld refinement was carried out on all neutron diffraction patterns using the
GSAS software with EXPGUI as the graphical user interface (Table 3-2). The unit cell lattice
parameter in S-LNMO decreases from 8.179 A to 8.147 A (compared to P-LNMO), due to a 30%
loss of lithium. This shrinkage indicates a low packing fraction caused by the reduced number of
atoms and the sizes difference of cations (Ni* = 69 pm, Ni**= 53 pm, and Ni** = 48 pm)!3 114,
After the lithiation process, an enlarged lattice parameter has been observed, despite the sample
having a similar stoichiometry to the pristine material, suggesting the presence of Li/transition
metal (Li/TM) disordering which contributes to the loose packing of the unit cell. The

hydrothermally treated sample exhibits significant Li/TM mixing in 8a sites (2.89%) compared to
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P-LNMO (0.56%). In contrast, R-LNMO achieves lattice parameter shrinkage through a short
annealing step. This process facilitates cation diffusion and heals oxygen deficiencies, especially

at high temperatures in a pure oxygen atmosphere®” 115,
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Figure 3-4 The phase identification and structural dynamics during the regeneration process. The
SEM images of (a) S-LNMO, (b) L-LNMO and (c) R-LNMO. The Rietveld refinement neutron
diffraction patterns of (d) S-LNMO, (e) L-LNMO and (f) R-LNMO. The Mn 3s XPS spectra of
(9) S-LNMO, (h) L-LNMO and (i) R-LNMO. (j) Mn L-edge soft XAS spectra of the LNMO
particles of interest. The 2D XANES mapping images of Mn in (k) L-LNMO and (I) R-LNMO.
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Figure 3-5 The morphology of the LNMO particles of interest. The SEM images of (a) S-
LNMO, (b) L-LNMO, (c) R-LNMO and (d) P-LNMO.
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Figure 3-6 The bulk structure analysis of LNMO particles of interest. The Rietveld refinement
neutron diffraction pattern of pristine LNMO.
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Table 3-2 Investigation of Li/Mn disordering in LNMO particles of interest. The Rietveld
refinement results of neutron diffraction in P-LNMO, S-LNMO, L-LNMO and R-LNMO.

Sample Lattice Parameter/ A 8a occupancy (Li: Mn) wRy/% Ryp/%

P-LNMO 8.1793 0.56 4.17 3.10
S-LNMO 8.1470 1.53 3.21 2.33
L-LNMO 8.1872 2.89 4.76 3.55
R-LNMO 8.1710 0.47 3.58 2.79

X-ray photoelectron spectroscopy (XPS) was conducted on the treated LNMO particles to
verify the valence changes in transition metals. The Mn 3s spectra, as depicted in Figure 3-4g-i,
were fitted to illustrate the evolution of the average oxidation state (AOS) of Mn. This analysis
involved assessing the difference in binding energy between peaks (AE) and using the equation®®
AOS =8.956 — 1.126 AE to approximate the average Mn oxidation state. As shown in Figure 3-
7, a significant amount of Ni3* exists in S-LNMO. Despite ~30% lithium loss in spent materials,
the Mn valence in S-LNMO drops from +3.76 to +3.02 due to the high AOS of Ni. The elevated
Mn valence is observed following relithiation treatment in LiOH solutions of varying
concentrations. The AOS of Mn increased from +3.02 to +3.10, +3.64 and +3.41 after relithiation
in 0.1M, 1M and 4M LiOH solutions (referred to as "L-LNMO-1", "L-LNMO-2" and "L-LNMO-
3", respectively) (Figure 3-8). Although Ni** remains dominant on the L-LNMO surface after
relithiation(Figure 3-7), the increase in Mn valence is attributed to repaired oxygen vacancies in
the LNMO particles. Figure 3-9 illustrates a notable growth of a side peak at ~531 eV, reflecting
the mitigation of oxygen defects after relithiation treatment'®. Additionally, these oxygen

vacancies are reduced to pristine levels following the annealing step under oxygen flow. As

indicated by a reduction of Mn valence in L-LNMO-3, the spinel structure became unstable,
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entering an overlithiated status during hydrothermal treatment with LiOH concentrations
exceeding 1M. The impurity phase can be identified as LioMnOz based on the XRD pattern of the
L-LNMO-3 (Figure 3-10), This phenomenon has also been reported in LiMn2O4 regeneration by
hydrothermal reaction®®. However, followed by a short annealing step, the Mn and Ni valence was
successfully restored to the pristine level in R-LNMO. This outcome is corroborated by Raman
spectra in Figure 3-11, in which two characteristic Ni-O stretching bands at 390 and 491 cm™are
detected, representing the Eq and Fo4? vibrational modes in the spinel structure. Additionally, a
Mn-O symmetric stretching vibration is observed at 630 cm ™, confirming the Ayq vibration in the
MnOg octahedra®'’. A small peak at 546 cm™! related to the Fzq4® vibrational mode is observed as
well, indicating that the as-prepared LNMO samples can be indexed to the Fd3m space group
(disordered spinel with high symmetry)®’. Notably, the overlithiated sample (L-LNMO-3) displays
an indistinct Fog! peak, suggesting a compromised symmetry in the spinel structure. Furthermore,
the L-LNMO samples exhibit a broad A1g peak, indicative of multiple vibration modes in MnOsg
octahedra due to the mixture of Mn valence status. In contrast, R-LNMO demonstrates a
significant improvement in the sharpness of the Aig peak. This enhancement underscores the
crucial role played by the annealing step in reconstructing the well-defined lattice structure,
signifying its importance in reversing the adverse effects caused by the overlithiated status during

hydrothermal treatment.
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Figure 3-7 The elemental valence analysis of LNMO particles of interest. The Ni 2ps2 XPS
spectra of (a) S-LNMO, (b) L-LNMO, and (c) R-LNMO.
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Figure 3-11 The structural analysis and bond information of LNMO particles of interest. Raman
spectra of (a) R-LNMO, (b)L-LNMO-1, (c) L-LNMO-2 and (d)L-LNMO-3.

Via soft X-ray absorption spectroscopy (XAS), we compared the surface Mn states of the
LNMO particles, delving deeper into the valence distribution of transition metals during the
regeneration process. All the LNMO particles exhibit a characteristic of Mn (1V), shown in Figure.
3-4j. The presence of side peak around 640 eV indicates the lower valence of Mn at the surface in
S-LNMO and L-LNMO?®. The fluorescence-yield (FY) mode has a probing depth of 50 nm. The
comparison of the TEY and FY mode demonstrates the abundance of Mn (111) in L-LNMO, which
could be eliminated by following regeneration process (Figure 3-12). Furthermore, 2D X-ray
Absorption Near-Edge Structure (XANES) mapping with a resolution of 28.7 nm per pixel was
conducted to provide a detailed investigation into the edge energy distribution of Mn, revealing
elemental restoration. As depicted in Figure 3-4k, the 2D XANES mapping shows a lower near-

edge energy of Mn near the surface of the L-LNMO particles, confirming previous findings

59



obtained through surface-sensitive technologies such as XPS and Raman spectroscopy. Following
the annealing step, the near-edge energy of Mn shifts to higher energy level with good uniformity
(Figure 3-4l). Despite the stoichiometric composition obtained through this effective recycling
method, a more detailed examination of structure evolution in LNMO particles is necessary to

fully understand the influence of defect controlling on performance.
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Figure 3-12 Mn L-edge soft XAS spectra of the LNMO particles of interest. Comparison of the
Tey and Fy mode of Mn L-edge in P-LNMO, L-LNMO and R-LNMO.

Identification and mitigation of Li/Mn disordering
To comprehend the remaining issue of samples obtained from hydrothermal treatment

(without annealing) with the stoichiometric composition, a detailed structural analysis was
undertaken through neutron diffraction. As mentioned earlier, this analysis provides insights into
atomic occupancy, with Li* typically occupying tetrahedral 8a sites and Mn/Ni ions occupying
octahedral 16d sites in a typical face-centered cubic Fd3m structure. Moreover, the refinement
results reveal significant site occupancies of Mn ions at the 8a sites in L-LNMO particles, causing
a significant Li/Mn cation mixing (2.89%). In contrast, only 0.56% and 0.47 % Li/Mn mixing are
observed in P-LNMO and R-LNMO samples (Table 3-2). This substantial Li/Mn cation

disordering aligns with the result of structural failure discussed earlier.
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The atomic arrangement of L-LNMO particles was examined using high-angle annular
dark field scanning transmission electron microscopy (HAADF-STEM) to investigate the presence
of Li/Mn disordering on the surface. As STEM images reflect the Z-contrast of materials, Figure
3-13a demonstrates a well-defined spinel structure in the bulk area (Region II), with the positions
of transition metals (16d sites) resolved atomically along the [110] zone axis. In Figures 3-13b-c,
a significant reorganization of the atomic arrangement and lattice structure distortion is evident in
the surface region (Region I). Additionally, the Fast Fourier Transform (FFT) image in Figures 3-
13d-e displays duplicated bright dots with an ellipse shape (marked by a white circle), indicating
lattice distortion and phase impurity in the surface area of L-LNMO. Note that lithium (8a sites)
and oxygen (32e sites) are not visible in the Z-contrast STEM image due to their low atomic masses.
Upon close observation of the images, the corresponding line profiles illustrate the atomic
arrangement intuitively in four selected unit cells near the surface. Figure 3-13f reveals a notable
intensity at the Li position, indicating the occupancy of the transition metal ion in 8a sites near the
surface of L-LNMO, while a well-defined spinel-type lattice is shown in bulk area (Figure 3-13g).
To eliminate the Li/Mn disordering, an annealing treatment is applied to reconstruct the lattice
structure. As shown in Figure 3-13h, a uniform feature is revealed in R-LNMO particles from
bulk to surface. No lattice distortion or cation disordering exists in enlarged images (Figure 3-13i-
J). Moreover, the FFT images (Figure 3-13k-1) and line profiles (Figure 3-13m-n) illustrate the

effectiveness of the reconstruction via the annealing step.
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Figure 3-13 The observation of Li/Mn disordering and microstructure change in treated LNMO
particles. (a) HRTEM image, (b, c) enlarged figures, (d, e) fast Fourier transform (FFT) images
and (f, g) line profiles in b and ¢ of L-LNMO. (h) HRTEM image, (i, j) enlarged figures, (k, I) fast
Fourier transform (FFT) images and (m, n) line profiles in i and j of R-LNMO. (o, p) The HAADF-
STEM-EELS mapping images and (q) spatially resolved intensity ratio of L3/L2 peak from surface
to bulk of L-LNMO and R-LNMO.

A combination of HAADF-STEM and Electron Energy Loss Spectroscopy (EELS) was

employed to gain further insights into Li/Mn structural defects. The HAADF-STEM images

provide spatial information correlated with the recorded spectrum. As a fingerprint for the
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oxidation state of Mn, an EELS mapping combined with Ls/L, peak ratio analysis is applied to P-
LNMO, L-LNMO, and R-LNMO, using pure Mn203z and MnO> as references. The resulting
mapping, as shown in Figure 3-130, reveals a thicker low-valence layer of Mn near the surface in
L-LNMO. In contrast, Figure 3-13p illustrates that the Mn valence mapping of R-LNMO shows
a similar thickness compared with the P-LNMO materials (Figure 3-14), indicating the attainment
of a stable structure with desired valence of Mn. The La/L> peak ratio of Mn extracted in EELS
spectra, spanning from the surface to the bulk, is illustrated in Figure 3-13q. Notably, the increase
in the peak ratio of Mn Ls/L, from bulk to surface suggests a reduction of bulk Mn** to Mn** on
the surface of L-LMNO particles'® On the other hand, the R-LNMO illustrates a thinner Mn
transition zone and a similar ratio as the bulk signal of P-LNMO. Therefore, a short annealing
step has successfully reconstructed the well-defined spinel lattice, reversing the adverse effects

caused by Li/Mn disordering during lithiation treatment.

Figure 3-14 The spatial valence inhomogeneities of LNMO particles of interest. The STEM-
EELS mappings of Mn L edge energy from P-LNMO.
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Electrochemical Response of treated LNMO particles
The electrochemical performance of different LNMO cathodes was further assessed

through half cells within the potential range of 3.0 V to 4.85 V (vs Li/Li"). The performance of S-
LNMO as collected was found to have a discharge capacity less than 60% compared to that of P-
LNMO (Figure 3-15). As depicted in Figure 3-16a, the treated LNMO contains a portion of Mn®*,
which is oxidized to the Mn*" state at the beginning of charging, resulting in a voltage plateau at
around 4.1 V (vs Li/Li*). With increased LiOH concentration during hydrothermal treatment, the
plateau around 4.1 V contributes more charge capacity in the initial formation cycle. However,
this irreversible capacity, stemming from excess Mn®* oxidation generated by overlithiation during
hydrothermal treatment, is entirely lost in the subsequent discharge cycle. Thus, despite having a
sufficient amount of lithium in the lattice, the electrochemical performance cannot be fully
recovered only through hydrothermal treatment.
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Figure 3-15 The electrochemical performance of spent LNMO particles. The cycling
performance of S-LNMO and L-LNMO particles at C/3.
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Figure 3-16 The electrochemical properties evaluation of different LNMO samples. (a) Voltage
profile of P-LNMO and L-LNMO particles in different relithiation conditions. (b) Cycling
performance of S-LNMO, P-LNMO and R-LNMO at C/3 and 4C. (c) Rate performance of P-
LNMO and R-LNMO. (d) EIS fitting and () DRT analysis of P-LNMO, L-LNMO and R-LNMO
at 100% SOC. (f) DCIR result of P-LNMO, L-LNMO and R-LNMO at different SOC.

We implemented a systematic investigation on the annealing process to optimize the
electrochemical performance of R-LNMO. Avoiding the oxygen deficiency during the
regeneration, an oxygen atmosphere was chosen to heal the defects of the remaining low-valence
Mn3* after hydrothermal treatment. Varying degrees of cation ordering in R-LNMO cathodes are
obtained in different temperatures after 4h annealing under 650 °C, 750°C, 850°C and 950°C
(referred as ‘R-LNMO-1’, ‘R-LNMO-2’, ‘R-LNMO-3’ and ‘R-LNMO-4"). As depicted in Figure
3-17, the Mn*' plateau tends to diminish after annealing in an oxygen atmosphere at all
temperatures. R-LNMO-1 and R-LNMO-2 exhibit a higher degree of cation ordering than R-
LNMO-3, likely due to the proximity to the phase transition temperature of ordered/disordered
LNMO. A more detailed analysis using dQ/dV versus V plots reveals two peaks around 4.7 V

(Figure 3-18), indicating the two-step oxidation or reduction for the Ni?*/Ni** redox couple. The
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separation between these peaks reflects the disordered/ordered phases, with a narrower separation
indicating a higher degree of cation ordering*?®. In Figure 3-19, a worse cycling stability is
observed in R-LNMO-2 and R-LNMO-1, attributed to their high degree of cation ordering, which
leads to poor electronic conductivity in ordered LNMO cathodes*?. The proportion of ordered and
disordered phases in the sintered samples was further analyzed qualitatively using Raman
spectroscopy (Figure 3-20). Among the sintered LNMO samples, R-LNMO-2, sintered at 750°C,
exhibited the most distinct Eg vibrational mode around 400 cm™, indicating the most ordered
structure. This resulted in the worst cycling stability and the narrowest dQ/dV peak splitting. With
optimized temperature, R-LNMO demonstrated a cycling performance similar to the pristine
sample, retaining 97.4% capacity after 100 cycles and 87.96% after 200 cycles at a C/3 rate
(Figure 3-16b). Additionally, Figure 3-16c¢ highlights the superior rate performance of R-LNMO
compared to the pristine sample. Notably, R-LNMO maintained stable cyclability at a 4C rate,
delivering 92.6 mAh/g, in contrast to 73.7 mAh/g in the pristine sample. However, as shown in
Figure 3-21, the enhanced rate performance was diminished when higher annealing temperatures
were applied in R-LNMO-4. Therefore, this distinctive electrochemical performance is attained

by effectively adjusting the Mn®* content through an optimized annealing process.
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Figure 3-17 The electrochemical performance of annealed LNMO particles of interest. The
voltage profile of P-LNMO and R-LNMO particles in different temperatures.
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Figure 3-18 The electrochemical performance of annealed LNMO particles of interest. The
dQ/dV plots of (a) R-LNMO-1, (b) R-LNMO-2, (c) R-LNMO-3 and P-LNMO.
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Figure 3-19 The electrochemical performance of annealed LNMO particles of interest. The
cycling performance of P-LNMO and R-LNMO particles in different temperatures.
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Figure 3-20 The structural analysis and bond information of sintered LNMO particles of interest.
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Figure 3-21 The electrochemical performance of R-LNMO-4. (a) Cycling and performance of R-
LNMO-4 at C/3. (b) Rate performance of P-LNMO and R-LNMO-4.

A comprehensive electrochemical analysis has been carried out to further understand the
divergence in kinetic dynamics. We conducted an electrochemical impedance spectroscopy (EIS)
analysis with the distributions of relaxation times (DRT) calculation and direct current internal
resistance (DCIR) to unveil the improvement in Li* kinetics in regenerated LNMO cathodes. EIS
measurements were performed under different states of charge (SOC) during the charging process,
as shown in Figure 3-22. The observed three semi-circles correspond to the resistance of the
contact interface (Rs), solid-electrolyte interface (Rsei), and charge transfer (Rct) from high to low
frequency. Consistent with the enhanced high-rate performance, smaller Rct value (7.41 Ohm) was
observed in R-LNMO compared to it (12.86 Ohm) in P-LNMO (Table 3-3). On the other hand,
the enlarged Rct value (51.59 Ohm) in L-LNMO (Figure 3-16d and 3-16e) indicates that the
hydrothermal-treated sample exhibits significantly increased resistance, due to the abundance of
mentioned lattice defects. Nevertheless, at both 60% SOC and 100% SOC, R-LNMO demonstrates
the lowest resistance compared to P-LNMO, indicating faster kinetics in the bulk and interface

(Figure 3-23).
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The DCIR was measured at different SOC and normalized by the capacity of individual
cells. These values represent the average from repeated tests in three cells after different current
pulses at 0.5C, 1C, and 2C (see details in methods).The Rocir value comprises R; (series resistance),
Rt (charge transfer resistance), and Ruitr (diffusion resistance)'?2. Given that the morphology and
electrode-electrolyte interface of R-LNMO are identical to the pristine sample, the variation in
determined Ropcir can be considered to represent the difference in Li* diffusivity among samples.
As depicted in Figure 3-16f, the highest DCIR value was detected in L-LNMO, owing to the
impedance by its imperfect cation mixing. Intuitively, the lower Rpcir across the entire SOC range
indicates that R-LNMO has rapid lithium-ion diffusion kinetics compared to the pristine sample.
Although such a variation in Li* diffusion resulting from defect engineering is valuable,

understanding the structural properties required for this improvement is vital for future progress.
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Figure 3-22 The interfacial impedance analysis in LNMO particles of interest. The
Electrochemical impedance spectroscopy (EIS) analysis of R-LNMO, L-LNMO and P-LNMO at
different SOC.
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Table 3-3 The interfacial impedance analysis in LNMO particles of interest. The EIS fitting
result of LNMO particles at 100 SOC and 60 SOC.

100 SOC
Sample Rs Rsei Rct
P-LNMO 3.536 10.78 12.86
L-LNMO 6.084 12.03 51.59
R-LNMO 2.424 5.809 741
60 SOC
Sample Rs Rsei Rct
P-LNMO 3.895 12.71 5.559
L-LNMO 5.563 14.0 17.88
R-LNMO 2.512 6.166 5.468
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Figure 3-23 The interfacial impedance analysis in LNMO particles of interest. The EIS fitting
and DRT analysis of R-LNMO, L-LNMO and P-LNMO at 60% SOC.

The DCIR was measured at different SOC and normalized by the capacity of individual
cells. These values represent the average from repeated tests in three cells after different current
pulses at 0.5C, 1C, and 2C (see details in methods).The Rocir value comprises R; (series resistance),
Rt (charge transfer resistance), and Ruitr (diffusion resistance)'?2. Given that the morphology and
electrode-electrolyte interface of R-LNMO are identical to the pristine sample, the variation in
determined Rpcir can be considered to represent the difference in Li* diffusivity among samples.
As depicted in Figure 3-16f, the highest DCIR value was detected in L-LNMO, owing to the
impedance by its imperfect cation mixing. Intuitively, the lower Rpcir across the entire SOC range
indicates that R-LNMO has rapid lithium-ion diffusion kinetics compared to the pristine sample.
Although such a variation in Li* diffusion resulting from defect engineering is valuable,

understanding the structural properties required for this improvement is vital for future progress.
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Li+ diffusion Dominated by Induced Defects
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Figure 3-24 Evidence of twining defects and preferred grain orientations in regenerated cathodes.
(a) HAADF-STEM images of the grain boundary in R-LNMO particle. (b, c) Fast Fourier
transform (FFT) images of regions in a. (d) Structure schematic of twining grain boundary (Li,
Mn, and O). (e, f) The disorientation angle distribution in R-LNMO and P-LNMO. (g, h) The
inverse pole figures (IPF) in x, y, z directions in R-LNMO and P-LNMO. The color bar refers to
the intensity of IPF pole figure.

To gain a more precise understanding of the underlying structure and electrochemical
behavior of regenerated LNMO particles at an atomic level, we conducted further characterization
using spherical aberration-corrected STEM measurements. Upon revisiting the microstructure of

R-LNMO (Figure 3-24a), a prominent feature emerged in the lattice-twinning structures
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accompanied by a substantial number of twin boundaries. The asymmetrical twinning structure
in R-LNMO reveals that the upper and lower variants are connected via an operation of reflection
and an additional shift along the {111} mirror plane®. Consequently, the {111} planes become
staggered, crossing the twin boundary (highlighted by white lines). In Figure 3-24b-c, the FFT
images of two regions demonstrate the different orientations of the bulk across the twinning feature.
In Figure 3-25, two-line profiles extracted from the twinning structures demonstrate that the
intensities of Mn atoms located at the twin boundaries are weaker than those in the bulk region
(indicated by blue dashed lines as a guide). This observation implies that lithium will occupy the
Mn sites at twinning boundaries rather than the surface region in regenerated LNMO, resulting in
the decreased intensity of these columns (Figure 3-24d). This insight underscores the
accommodation of Li/Mn disordering and the presence of twin boundary defects in regenerated

LNMO, which is considered as a key reason of enhanced inter-granular Li* diffusion.
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Figure 3-25 The microstructure of twinning defects. Linear profile of the atomic contrast curve
of Line 1 and Line 2 in Figure. 3-24a.

To further elucidate the structural merits in regenerated cathodes, we conducted an electron
backscatter diffraction (EBSD) experiment to statistically analyze the crystallographic features.
To quantify grain orientation and morphologies across the entire cross-section of the LNMO
particles, the EBSD test was performed following a milling process by Plasma Focused lon Beam
(PFIB). The selected cleanup area for both samples is depicted in Figure 3-26. In the context of a
cubic crystal, applying possible symmetries, the misorientation between two adjacent grains can
be reduced to the disorientation angle ranging from 0°-62.80°123, Notably, Figure 3-24e illustrates
a distinct peak present in the regenerated cathode at around 60 °, corresponding to the twin

¥3/<111> boundaries*?*. In comparison, the pristine LNMO exhibits a more random grain
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disorientation at lower angles (Figure 3-24f). Li* diffuses from one tetrahedral site to an adjacent
one through an octahedral vacancy surrounded by six Mn ions at the octahedral site, forming a
channel perpendicular to the {111} surface®. The energy barrier for this channel is primarily
influenced by the surrounding six Mn ions. Notably, the energy barrier for Li* diffusion along the
twin boundary is lower than in the bulk region in spinel type structure®®. This observation is
consistent with the electrochemical behavior of R-LNMO-4, as the diminished twin boundaries
after high-temperature annealing lead to altered diffusion properties. Thus, the induced twin

boundaries contribute to the divergence in Li* diffusion in regenerated LNMO samples.

Figure 3-26 .Preferable orientation distribution of LNMO particles of interest. The selected area
of (a) R-LNMO and (c) P-LNMO for EBSD statistical analysis after cleanup. The colored pole
figures of (b) R-LNMO and (d) P-LNMO.

Furthermore, it has been observed that the electrochemical properties, especially the rate
performance, are also influenced by the preferred crystallographic planes in spinel-type
cathodes'?®, As a primary outcome of the annealing step, the recrystallization enables the growth
of preferential crystallographic planes in regenerated samples!?. A significant increase in average

grain size is noted in regenerated cathodes (0.45 pm), compared to the pristine sample (0.35 pum),
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indicating crystal regrowth following the annealing step (Figure 3-27). In the Inverse Pole Figures
(IPF) mapping (Figure 3-24g, h), unlike the predominantly <001>-oriented grains observed in
pristine samples, preferred <111>-oriented grains appear in regenerated cathodes. Additionally,
from X-ray diffraction pattern (XRD), an enhancement of the relative peak intensity between the
(111) peak and the (311) peak in regenerated samples (Figure 3-28). Preferred {111} facet
facilitates the efficiency for intragranular Li* diffusion!?® 127, Therefore, the defect control step,
combined with twin boundaries and preferred crystalline facets, results in distinct rate performance,

facilitating rapid Li* diffusion.
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Figure 3-27 Grain size distribution of LNMO particles of interest. The size distribution of
equivalent circle diameter of grains in (a) P-LNMO and (b) R-LNMO.
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Figure 3-28 Preferable orientation investigation of LNMO particles of interest. The X-ray
diffraction pattern of P-LNMO and R-LNMO.

3.2.3 Conclusion
In summary, our study comprehensively investigated the mechanisms of rejuvenation for

high-voltage spinel-type cathodes by systematic control and tuning of composition and structural
defects. Through advanced characterization methods, we illustrated the existence of Li/Mn
disordering during the relithiation step, which contributes to the failure of restoring
electrochemical performance. In addition to mitigating Li/Mn disordering, the induction of twin
boundaries and preferred grain regrowth, identified through STEM and EBSD techniques,
effectively promotes inter-granular lithium-ion diffusion in a defect engineering step via controlled
short annealing. Significantly, the resulting regenerated LNMO demonstrates a substantial
enhancement in its rate performance without sacrificing energy density at low rates, retaining 97.4%
capacity after 100 cycles and 87.96 % after 200 cycles at C/3. This effective direct recycling

method, by leveraging defect control, not only provides a systematic understanding of the healing

78



mechanism in spinel structures but also integrate defect engineering into the cathode design of

primary synthesis, thereby enhancing the sustainability of next-generation LIBs.
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Chapter 4 Direct Upcycling of Spent Low Nickel Cathodes to Nickle-Rich NCMs: from
Polycrystals to Single-Crystals

4.1 Introduction
Rapid growth in lithium-ion battery (LIB) production has served the rising demand for

portable electronics, electric vehicles (EVs), and grid energy storage systems!?8, Since the 2010s,
an expeditious growth of EVs has been accompanied by tumbling prices and enormous enthusiasm
for LIBs!?. As these EVs inevitably reach their end of life (EOL), a large number of spent LIBs
would be generated after their service life of up to 8-10 years®. For these EOL batteries from the
primary applications with 80% of their original capacity, one potential solution is to reuse them in
less demanding applications, such as utility and backup power storage devices, where they can
extend their lifespant®%-132, Nonetheless, this approach only postpones the eventual recycling of
LIBs. It remains a critical and pressing issue to recycle all EOL LIBs.

Hydrometallurgical and pyrometallurgical processes have been adopted in the state-of-the-
art LIB recycling industry. Involving intensive energy consumption and caustic processes, such as
high-temperature smelting, acid leaching, and chemical precipitation, are inevitably associated
with heavy CO, emission and other waste generation. On the other hand, the emerging direct
recycling technology has attracted rising attention due to the minimum energy consumption and
maximum potential profit compared with traditional hydrometallurgical and pyrometallurgical
recycling methods®® 100 133 134 ' Extensive efforts have been devoted to healing the structure and
composition defects of cathode active materials from spent LIBs, including solid-state sintering®3,
hydrothermal treatment!3 % 134 jonothermal'®, redox mediation!®’, and molten eutectic salt
relithiation® followed by a short annealing process. While solid-state sintering by mixing all
precursors in a stoichiometric ratio seems to be a simple strategy, determining the amount of

supplementary Li source is challenging for the mixed waste streams with spent LIBs with a wide
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range of state of health (SOH). By comparison, some self-saturated relithiation strategies have
demonstrated high effectiveness in direct recycling without considering the SOH variation3% 9 100
101, 138_

However, with the growing demands in high energy density LIBs, improving the
performance of spent cathode active materials beyond the original pristine materials via recycling
processes remains challenging as a critical milestone in the next-generation battery recycling®®.
In addition, single-crystal LiNixCoyMn1xyO2 (NCM) cathodes have attracted increasing attention
due to their superior structural stability compared with conventional polycrystalline particles°.
As the accumulation of lattice strain and lattice distortion are susceptible in the polycrystalline
particles due to the grain boundary evolution,*** an effective direct approach to eliminate grain
boundary fracture is to convert polycrystalline into single-crystal domains, delivering superior
kinetics and rate capability with significant integrity improvement with optimized size and
morphology control**?, Recently, a molten salt method based on LiOH-Li,SO4 salt mixture has
been demonstrated to upgrade polycrystalline NCM 1113 and NCM 532 into single-crystal
NCM 622. This concept has also been illustrated to convert spent polycrystal
LiNio.8sC00.005Al0.02502 (NCA) into regenerated single-crystal with same composition by LiOH-
Na,SO. eutectic molten salt system*®. Moreover, a reciprocal ternary molten salt system of
LiNOs-NaCl is developed for upcycling spent NCM 111 into NCM 62246, At the same time,
producing high-performance nickel-rich cathodes (Ni > 80%) has garnered significant attention
due to their high energy output. In this regard, upgrading spent NCM 111 into single-crystal NCM
811 (or even higher Ni) is being considered as one of the ultimate solutions to avoid the multi-step
high-temperature calcination process by using excess lithium salt or a molten-salt flux method**’.

However, upcycling low- nickel cathodes to NCM811 remains a difficult task.
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Herein, we report an efficient method to upgrade polycrystalline delithiated NCM 111 (D-
NCM 111) into single-crystal NCM 811 with LiOH as a single supplementary source of lithium.
The universality of this simple method was further demonstrated in synthesizing single-crystal
NCM 433 and 622 by tuning the precursor ratios. We found that the Ostwald ripening phenomenon,
occurring during flux growth of oxides when merging D-NCM with Ni precursor, played a
dominant role in determining particle morphology. Various characterization methods were applied
to examine the uniformity of Ni valence and distribution within the single-crystal particle. These
upcycled single-crystal NMC showed outstanding electrochemical performance compared with
their polycrystalline counterparts. Particularly, the resulting upcycled NCM 811 exhibited a
significant improvement of its rate capability with superior cycling stability, surpassing the
performance of the original polycrystalline NCM 811. This effective direct upcycling method with
limited Li salt, avoiding excess molten salt flux, significantly reduces the overall cost as well as
simplifying the recycling process, which provides a feasible pathway to scalable direct upcycling.

4.2 Direct Upcycling of Spent LiNi0.33C00.33Mn0.3302 Cathodes to Nickle-Rich NCMs
Using Lean Precursors: from Polycrystals to Single-Crystals

4.2.1 Experimental
4.2.1.1 Materials
Chemically delithiated NCM111 with ~10% of Li loss, denoted as “D-NCM111”, was

made by the Materials Engineering Research Facility (MERF) at Argonne National Laboratory.
Briefly, pristine NCM111 (provided by Toda America Inc.) was reacted with an aqueous solution
of potassium persulfate to leach Li out. Afterwards, the leached material was washed by water,
then acetonitrile, and finally dried under vacuum at the ambient condition. This delithiated

NCM111 was utilized as our starting material for additive screening and was manufactured at 1
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kg per batch size. Ni(OH). were also provided by the Materials Engineering Research Facility
(MERF) at Argonne National Laboratory

4.2.1.2 Direct upcycling of cathode materials
10g of D-NCM 111 and certain amounts of nickel precursor (calculated based on the end

product) were mixed in 15 ml of acetone by the PQ-NO4 planetary ball milling (Across
International) at 600 rpm for 12h. The mixture was collected after drying overnight in a vacuum

oven.

1g of ball milled mixture was pelleted with 1.1x molar ratio (based on stoichiometry in
final product, Liz1NixCoyMn,O> for compensating the Li loss during sintering) of LiOH. For
sintering, the pellet was held at 480 °C for 3 h with a ramping rate of 5 °C/min and then held at a
certain temperature for 10h, 12h, and 15h with a ramping rate of 10 °C/min under pure oxygen

flow. The optimal condition for upcycling NCM 811 is sintering the pellet under 850°C for 12h.

4.2.1.3 Materials Characterization
The chemical composition of NCM powders was evaluated by inductively coupled plasma

mass spectrometry (ICP—MS, Thermo Scientific, iCAP RQ model). Their crystal structures were
examined by X-ray powder diffraction (XRD) employing a Bruker D2 Phaser (Cu Ka radiation,
A=1.5406 A). The morphology of the NCM powders was observed by FEI Apreo LoVac scanning
electron microscope (SEM) with X-Max 80 EDS detector. The particle size distribution was
analyzed with Nano Measurer software. The size distribution is counted by Nanomeasurer 1.2.
Since the irregular shape of single-crystals we consider the greatest diameter(the length of the line
which connects the two farthest boundary points) as the diameter of particles.
Brunauer-Emmett-Teller (BET) surface area analysis was conducted using an Autosorb 1Q

gas adsorption analyzer (Anton Parr) following the multiple points BET method, with the
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adsorption—desorption isotherms of nitrogen. Samples were degassed at 300 °C for 6 hours to
remove the residual molecules before characterization.

The thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) curve
of upcycling process were collected in alumina pans by A Instruments™ Discovery SDT 650™
simultaneous DSC/TGA in UC San Diego Materials Research Science and Engineering Center
(UCSD MRSEC).

Time-of-flight (TOF) powder neutron diffraction was measured at the VULCAN
instrument at the Spallation Neutron Sources (SNS), Oak Ridge National Laboratory (ORNL). The
diffraction pattern was measured at the detector banks at 26 = + 90°, equipped with 5 mm receiving
collimators. Neutron powder diffraction patterns were collected in the high-intensity mode (Ad/d
~0.45%) for a duration of 2 h under the nominal 1.4 MW SNS operation and then processed using
VDRIVE software. Rietveld refinement against the neutron diffraction was performed using
General Structure Analysis System (GSAS) software with the EXPGUI interface®®: 4.

X-ray photoelectron spectroscopic (XPS) measurement was conducted with an AXIS
Supra by Kratos Analytical with an Al Ka anode source working at 15 kV and 10 Torr chamber
pressure. The spectra data were processed by CasaXPS software. All spectra were calibrated with
the hydrocarbon C 1s peak at 284.6 eV. The cross-section images of upcycled NCM experiments
were performed using a FEI scios dual beam focused ion beam (FIB). Aberration corrected
scanning transmission electron microscopy (AC-STEM) and energy-dispersive X-ray
spectroscopy (EDS) were conducted using a JEOL JEM-ARM 300F at 300 kV.

Spectroscopic transmission X-ray microscopy (TXM) was performed at the 6-2¢c beamline
at the Stanford Synchrotron Radiation Light source (SSRL). 8.95 keV X-rays were utilized to

characterize the particle morphology. The NCM particles were placed in a quartz tube and sealed
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with epoxy in an Ar-filled glovebox. The tomography data were taken over an angular range of
180°. The field of view of each tile was 16 um, consisting of 1024 x 1024 pixels, with a pixel size
of 28.7 nm. The images were then processed in the TXM-Wizard software suite, with reference
correction, energy average, image alignment, and 2D X-ray Absorption Near-Edge Structure (2D
XANES) analysis.** The edge energy maps saved by TXM-Wizard were exported into 64-bit .raw
files using MATLAB for visualization.

4.2.1.4 Electrochemical characterization
Pristine NCM 111, NCM 433, NCM 622, and NCM 811 (noted as T-NCM 111, T-NCM

433, T-NCM 622 and T-NCM 811) were obtained from Canrd Ltd, China. The active materials
were mixed with polyvinylidene difluoride (PVVDF) and Super P65 in NMP at a mass ratio of 8:1:1
to make electrode slurries. Then the formed slurries were cast on an aluminum foil using a doctor
blade and dried in a vacuum at 120 °C for 6 h. The electrodes were cut and compressed by rolling.
The areal mass loading of electrodes was around 6 mg/cm?. Coin cells were assembled with a Li
metal disc (thickness 1.1 mm) as the counter electrode, 1.2 M LiPFe¢ in EC/EMC = 3:7 as the
electrolyte, and a tri-layer membrane (Celgard 2325) as the separator. Galvanostatic charge-
discharge was carried out using a Neware battery testing system in the potential range of 3.0-4.3
V at different rates for 100 cycles after C/10 in the first 3 activation cycles.

4.2.2 Results and discussions
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Figure 4-1 Schematic illustration of the direct upcycling method. The spent (delithiated)
polycrystalline NCM particles (e.g., D-NCM111) are mixed with Ni-containing precursors (e.g.,
Ni(OH).) by ball milling to form a homogenous mixture, which is subject to relithiation with
limited amount of LiOH (by the sintering process) to obtain single-crystal NCM particles with
clean surface (no lithium salt residuals), well-defined structure and enhanced rate performance.
The amount of molten salt is based on the state-of-the art method by Ma et al.’s work*®

It is a growing consensus that increasing the nickel content is a direct way to boost the
specific capacity of the NCM cathodes, which can also be applied to recycling/upcycling areas. In
Figure 4-1, we show an efficient and versatile method to upgrade the polycrystalline D-NCM 111
to higher nickel NCM with single-crystal morphology control using limited Li supplementary
source. The SEM images of D-NCM 111 and Ni(OH) precursor are shown in Figure 4-2a-b. The
morphology evolution reveals the transformation of polycrystalline particles to single-crystal
particles. To achieve such a transformation, the D-NCM 111 was first pulverized into primary
grains via ball milling with Ni(OH) precursor, facilitating the extra Ni to diffuse into the NCM
bulk phase. The homogenous precursor (Figure 4-2c) was then subject to a relithiation sintering
step with 10% molar excess LiOH (to compensate for Li loss during sintering step). The TGA-
DSC analysis (Figure 4-3) illustrated the compositional evolution during the sintering process. A

temperature hold at 480 °C for 3 h is applied to form a uniform lithium hydroxide solution with
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D-NCM and decomposed Ni(OH). precursor. Following by a long-term sintering at high
temperature, the fully-lithiated single-crystal NCM 811 was obtained with no significant lithium
salt residual on the surface. Similar methods can be applied to synthesize NCM 433 and 622 with
good control of composition (Table 4-1) and phase purity (Figure S4-5). The corresponding
samples under the optimal conditions are denoted as “U-NCM 433”, “U-NCM 622”, and “U-NCM
8117, respectively.

Compared with single-crystal NCM 622 obtained using excess amount of molten salt flux
of Li mixture reported in recent works!43 144146 'oyr lean LiOH approach enabled a better control
of homogeneity as it is challenging to upgrade into single-crystal NCM 811 from the same starting
material, D-NCM 111 with large excess of Li salt, which also involves a large amount of transition
metal diffusion between metal precursors and the existing NCM host. As shown in Figure 4-1,
more than 20x or 4x of the volume of Ni(OH): is required to reach the compositional formula for
final NCM811 product compared with NCM 433 or NCM 622 upcycling. More importantly,
instead of using a large amount of mixed lithium salts to form the molten salt system, our direct
upgrading process utilizes a minimum amount of single lithium salt (LiOH) to compensate the
lithium loss in spent NCM and to react with newly added Ni precursor to form the desired Ni-rich
NCM single- crystals with high uniformity and tunable particle sizes. Our work demonstrated such
a simple yet efficient method to upgrade NCM 111 into single-crystal NCM 811 with high
elemental integrity and superior electrochemical performance without any excess molten salt flux,
which is critical for low-cost and scalable upcycling. Particularly, in large scale operation this lean
salt upcycling process will significantly reduce the water and energy usage for washing and

reclaiming the extra Li.
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Figure 4-2 SEM image of D-NCM 111, Ni(OH)2 and mixture after ball milling.
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Figure 4-3 The thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
measurement during the upcycling process. Zone I : LIOH.H20 lost H20O to form LiOH. Zone II :
Ni(OH)2 melts and decomposes into NiOx. Zone III : LiOH starts to melt. NiOx and D-NCM merge
into LiOH solution. Zone IV: DNCM starts to decompose and reacts with NiOx.
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Table 4-1 ICP result of pristine NCM particles, precursor mixtures and upcycled NCM particles.

Sample Li Ni Co Mn
D-NCM 111 0.901 0.334 0.335 0.332
T-NCM 433 1.006 0.401 0.294 0.305
U-NCM 433 1.025 0.377 0.309 0.314
D-NCM 111+ Ni(OH)2(622) 0.597 0.594 0.200 0.206
T-NCM 622 1.04 0.612 0.189 0.200
U-NCM 622 1.061 0.599 0.202 0.207
D-NCM 111+Ni(OH)2(811) 0.284 0.802 0.096 0.102
T-NCM 811 1.022 0.801 0.096 0.103
U-NCM 811 1.064 0.801 0.097 0.102

The ability to control the size of the upcycled particles has been investigated by tunning
the sintering conditions. This process has revealed the occurrence of the well-known Ostwald
ripening phenomenon, which is caused by variations in the solubility of smaller and larger particles
in the surrounding medium. It affects the diffusion of Ni into D-NCM 111, merging in the mixture
of Ni(OH). and LiOH. By extending the sintering time from 10h to 15h at 900°C, the obvious
growing trend of primary particle sizes has been observed in “U-NCM 811-900-10h”, “U-NCM
811-900-12h” and “U-NCM 811-900-15h” with the D50 size of 1.8, 2.1, and 2.5 um, respectively
(Figure 4-4). Additionally, the smallest (1.6 um) and largest (4.9 um) D50 sizes are obtained for
U-NCM 811-850-10h and U-NCM 811-925-15h. The morphology on temperature dependence can
be ascribed to the higher solubility and mobility of the reactive components, allowing Ni diffusion

and lithiation at higher temperature*®. These manners of crystal growth have been observed in the
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flux growth of oxides, suggesting that the crystal size increases with the reaction time and holding
temperature® 11, Thus, through the optimization of sintering duration and temperature, we were
able to exert control over the morphology of the upcycled NCM 811 material. The conversion of
particles and their morphology change was thus featured as the Ostwald ripening phenomenon,
which occurs during the flux growth of oxides when D-NCM particles merge and grow at the

expense of the Ni precursor via dissolution and precipitation.
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Figure 4-4 The scanning electron microscopic (SEM) images and size distributions of (a) U-NCM
811 -850-10h, (b) U-NCM 811-900-10h, (c) U-NCM 811-900-12h, (d) U-NCM 811-900-15h and
(e) U-NCM 811-925-15h.
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Figure 4-5 (a) The scanning electron microscopic (SEM) images of upcycled NCM 433. (b) The
XRD patterns of pristine, upcycled NCM 433 and the precursors with enlargement of the regions

in the range of 63.0-66.0°.
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Figure 4-6 (a) The scanning electron microscopic (SEM) images of upcycled NCM 622. (b) The
XRD patterns of pristine, upcycled NCM 622 and the precursors with enlargement of the regions

in the range of 63.0-66.0°.

With the aforementioned direct upcycling method, the Ni-rich NCM single-crystals are
obtained with desired compositions, confirmed by inductively coupled plasma mass spectrometry
(ICP-MS) (Table 4-1). Note that the 10% Li-deficient D-NCM 111 (Lio.901Ni0.334C00.335Mng.33102)
was converted into fully-lithiated NCM primary particles (Li1.025Nio.377C00.309Mno.31402,
Li1.061Ni0.599C00.202Mn0.20702, and Li1.064Ni0.801C00.0s7MnN0.10202) in the form of single-crystal
particles. According to the Brunauer-Emmett-Teller (BET) analysis (Table 4-2), the U-NCM 811
shows a relatively higher surface area (1.74 m?/g) than that of polycrystalline T-NCM 811(1.20

m?/g). To illustrate the effectiveness of our developed synthesis method, SEM images and XRD
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patterns of U-NCM 811 with optimized synthesis condition are shown in Figure 4-7a and 2b.
Meanwhile, Figure 4-5, 4-6 illustrates the XRD patterns of other upcycled cathode samples,
including both NCM 433 and NCM 622. Rietveld refinement was performed on all the XRD
patterns using the GSAS software with EXPGUI as the graphic user interface (Table 4-3). The
standard pattern of a hexagonal a-NaFeO: type structure with the R-3m space group was validated
in all samples without detectable phase impurities. The peak positions are well matched in all
regenerated samples and the virgin polycrystalline NCM sample (T-NCM 433, T-NCM 622, and
T-NCM 811), indicating that the pure high Ni phase was successfully constructed. Moreover, the
separation of (108)/(110) peaks became narrower when the Ni content increased in NCM,
indicating the smaller c/a ratio in a hexagonal lattice’®?. The regenerated samples maintain the
same peak separation with T-NCM433, T-NCM622 and T-NCM811 while the precursor samples
have larger distances. The refinement results show that the c-axis lattice parameter (14.257 A in
T- NCM 111, 14.248 A in U-NCM 433, 14.198 A in U-NCM 622, 14.179 A in U-NCM 811) of
the NCM cathodes decreases, while the a-axis parameter and lattice volume increase with the
increase in the Ni content in the structure of the cathodes (2.859 A in T-NCM 111, 2.867 A in U-
NCM 433,2.871 A in U-NCM 622, 2.874 A in U-NCM 811) (Table 4-2)'%3, This can be attributed
to the increased proportion of Ni%* ions and the simultaneous decrease in the concentration of Mn**
ions™*. Furthermore, the peak intensity ratio of 1(003)/ 1(104) was above 1.85 in single-crystal
samples compared to 1.44 in the pristine polycrystalline particles, which indicates the highly

ordered lattice structure and lower Li/Ni mixing in single-crystal particles>®.
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Figure 4-7 The phase determination and bulk information of nickel distribution of upcycled NCM
811. (a)The SEM images and size distribution of U-NCM 811 synthesized at optimized condition.
(b)The XRD pattern of U-NCM 811, T-NCM 811 and precursors. The neutron diffraction patterns
of (¢) U-NCM 811 and (d) T-NCM 811. (e)The SEM-EDS image of U-NCM 811. The 2D XANES
mapping image of Ni in (f) U-NCM 811 and (g) D-NCM 111.
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Table 4-2 Brunauer-Emmett-Teller (BET) surface area analysis of pristine polycrystal NCM 811
and upcycled NCM 811.

Sample Surface Area (m?/g)
T-NCM 811(poly) 1.20
U-NCM 811 1.74

Table 4-3 XRD refinement results of upcycled NCM particles

Sample a/A /A (003)/(104)  Rup/% R/%
T-NCM 111 2.859 14.257 1.443 3.93 2.05
T-NCM 433 2.867 14.248 1.456 437 3.02
U-NCM 433 2.867 14.244 1.861 3.39 2.63
T-NCM 622 2.8712 14.225 1.427 3.44 3.12
U-NCM 622 2.8710 14.198 1.770 5.45 3.15
T-NCM 811 2.8760 14.218 1.485 3.45 3.09
U-NCM 811 2.8735 14.179 1.657 4.45 3.58

To further quantify the occupancy of Li sites and the percentage of Li/Ni anti-site defects
in the lattice, neutron diffraction was conducted on the T-NCM 811 and U-NCM 811(Figure 4-
7a and 4-7b). Both samples demonstrate the O3 type layered a-NaFeO- structure, which consists
of a closely packed oxygen array occupying the 6c¢ sites. Li and transition metals (Ni, Co and Mn)
occupy the octahedral sites along the (111) plane, named as 3a and 3b sites!®®. Typically, the Li/Ni
anti-sites defects are composed of Li* and Ni?* due to their closer radius (0.76 A for Li*, 0.69 A

for Ni?*)!®. According to the Rietveld refinement results listed in Table 4-2, the upcycled NCM

96



811 contains less oxygen loss and less Ni?* compared with pristine NCM 811 due to the highly
ordered structure inhibiting the oxygen release. Hence, the lower Li/Ni mixing (3.54%) is observed
in U-NCM 811 compared with 3.97% in T-NCM 811.

To confirm the uniformity of transition metal distribution in the U-NCM 811 sample, SEM-
EDS was performed, and the related mappings are shown in Figure 4-7e. It is apparent that Ni,
Co, and Mn are uniformly distributed along with the whole single-crystal particles. Similarly, the
elemental distribution in upcycled NCM 433 and NCM 622 was also confirmed by SEM-EDS in
Figure 4-8 and Figure 4-9, respectively, showing uniform composition. Moreover, a 3D
tomography by transmission X-ray microscopy (TXM) and 2D X-ray Absorption Near-Edge
Structure (XANES) mapping with the resolution of 28.7 nm per pixel were performed for a detailed
investigation on Ni valence distribution to reveal the element uniformity with good resolution.
Figure 4-10 demonstrate the volume renderings of a primary particle from U-NCM 811 and D-
NCM 111. The spherical D-NCM111 particle with secondary structure is > 5 pum in diameter,
while the single-crystal U-NCM 811 is ~ 1.8 um with an anomalous shape. The 2D XANES
mapping illustrates that the near-edge energy of Ni shifts to higher energy with good uniformity
after the upcycling process (Figure 4-7f-g). Therefore, a well-defined bulk structure characterized
by a highly uniform Ni distribution was achieved through this simple sintering method with limited

lithium source, resulting in upcycled single-crystal NCM 811 products.
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Figure 4-8 SEM-EDS mapping of U-NCM 433.

Figure 4-9 SEM-EDS mapping of U-NCM 622.
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Figure 4-10 The screenshot of the 3D morphology of (a) D-NCM 111 and (b) U-NCM 811.

To investigate the valence distribution of transition metals from the upcycled cathode
material, XPS was performed on the upcycled NCM 811 and D-NCM 111. The fitted Ni 2pz..
spectra in Figure 4-11a illustrates an unneglectable amount of Ni®* observed in D-NCM 111 due
to a significant lithium deficiency in D-NCM 111. Figure 4-11b reveals a higher Ni®**/Ni?* ratio
in upcycled NCM 811 in a fully-lithiated status, suggesting that the average valence of Ni increases
when its content increases from 33% in D-NCM 111 to 80% in U-NCM 811. The XPS results are
consistent with the observation from 2D XANES mapping.

To further understand the microstructure of upcycled materials, the FIB lamella of the U-
NCM 811 was prepared and examined by STEM. Figure 4-11c shows the cross-sectional view of
U-NCM 811 without any cavities, cracks, and clear grain boundaries. The high-resolution high-
angle annular dark-field (HAADF)-STEM images with fast Fourier transform (FFT) pattern again
confirm the pure phase of a-NaFeO.-type layered structures (Figure 4-11d). EDS mapping
illustrates the uniform local distribution of Ni, Mn and Co at tens of nanometer scale (Figure 4-
11e). The linear scanning validates the distribution of Ni, Mn and Co with exact 8:1:1 ratio with

high uniformity in the grain of interest (Figure 4-11f).
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Figure 4-11 Microstructure and valence uniformity analysis of upcycled NCM 811. The XPS
spectra of (a) D-NCM 111 and (b)U-NCM 811. (c) The cross-section image of U-NCM 811. (d)
HAADF-STEM image of upcycled NCM 811 with the inserted image of the FFT pattern. (e)The
TEM-EDS mapping of Ni, Co and Mn. (f) The EDS linear scanning with inserted elemental
distribution intensity.
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Figure 4-12 The electrochemical performance evaluation of upcycled materials. (a)\VVoltage profile
at 0.1C and (b)The rate performance of T-NCM 811 and U-NCM 811. Cycling performance of T-
NCM 811 and U-NCM 811 at (c)C/3 and (d)1C cycling. The dQ/dV plots of () U-NCM 811 and
(f) T-NCM 811 at the first two activation cycles.
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The electrochemical performance of the pristine and upcycled NMC811 cells was
evaluated by half cells at the potential between 2.8 and 4.3 V (versus Li/Li*). The U-NCM 811
exhibits a similar specific discharge capacity at 1% C/10 cycle (~198mAh/g) and similar retention
under C/3 cycling (Figure 4-12a-c) compared with the pristine sample. Moreover, Figure 4-12b
illustrates the superior rate performance of U-NCM 811 compared with controlled sample. The
1C/1C cycling data reveals the significant improvement of structural durability in upcycled NCM
811, ascribing to the single-crystal structural integrity. The U-NCM 811 shows 82.6% capacity
retention after 100 cycles at 1C/1C cycling compared to only 72.2% retention in the pristine
polycrystal sample (Figure 4-12d). To elaborate the difference between U-NCM 811 and T-NCM
811, the dQ/dV curves of the materials of interests are plotted in Figure 4-12e and 4-12f. As shown
the dQ/dV curve of the first two activation cycles, more irreversible capacity appears at ~3.8V in
upcycled single-crystal NCM while a significant irreversible capacity is observed at ~4.1V in the
pristine polycrystaline NCM. The extra charging capacity at low state of charge (SOC) may be
ascribed to the H1-M-H2 transition behavior in the single-crystal NCM 811, similar to that of
LiNiO, triggered by the rearrangement of Li/vacancy ordering™®®. A sluggish redox kinetics at
low SOC governed by ionic transport at low SOC in single-crystals is also confirmed by a recent
study®>®. Generally, the dQ/dV feature could show the H1-M-H2 transition existing in the first
activation cycle at slow rate. The smooth transition between H1 to H2 with M phase significantly
reduces the strains and mechanical crack on the grain boundaries raised by the coexistence of H1
and H2 phase'®. It could be one of the important factors leading to the high stability of upcycled
single-crystal particles at a high rate. On the hand, without significant H1-M-H2 phase transition
in lower Ni NCMs such as NCM 622, the difference of rate performance in upcycled NCM 622

and pristine sample is not as significant as that in NCM 811, which is only 88.1% vs 81.0% after
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100 cycles at 1C/1C (Figure S9). Both pristine and upcycled NCM 622 cathodes show similar

dQ/dV at ~4.1V (Figure S10), which demonstrates the said phenomenon could not be observed in
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Figure 4-14 The dQ/dV plots of (a) U-NCM 622 and (b) T-NCM 622 at the first two activation
cycles.

4.2.3 Conclusion
In summary, we successfully demonstrated an effective strategy for direct upcycling

cathodes with minimized lithium source. Our approach involves converting spent polycrystalline
NCM 111 into single-crystal high Ni NCM particles with desired Ni content and crystal size. We
have also revealed a mechanism controlling the growth of NCM single-crystals, supported by a
thorough investigation of the size distribution and improved Ni content in the upcycled single-
crystal NCM. By leveraging this straightforward process, the desired composition and high phase
purity were achieved in the upcycled single-crystal particles, leading to superior rate performance
and improved cycling stability compared to the virgin polycrystalline cathodes. This study paves
the way for a cost-effective and scalable upcycling approach for spent LIB materials,
accommodating the diverse chemistries used in today's NCM cells.
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Chapter 5 Enhanced Electrolyte Transport and Kinetics in Fast-Charging Li-lon Batteries

5.1 Introduction
The widespread adoption of lithium-ion battery (LIB) powered electric vehicles (EVS) is a

vital step in the transition to a future based on sustainable energy sources’®. Though substantial
progress has been made in extending the driving range of EVs due to advancements in LIB energy
density, battery charging times lag far behind standard refueling periods for gas-powered
automobiles. To address this, the US Department of Energy has set an ambitious extreme fast-
charge (XFC) goal to achieve charging times of 15 minutes or less without a significant reduction
in energy density or cycle life of the cell*®!. To achieve and exceed this benchmark, various
limiting kinetic processes within high-energy LIBs must be optimized and understood. In principle,
the kinetic limitations of LIB operation are considered to be diffusion of Li* within the bulk of the
electrode materials, migration of Li* through the solid-electrolyte-interphase (SEI), diffusion of
Li* through the electrolyte bulk, and charge-transfer at the electrode interphase!®? 163,

Though there is a deep history in the literature on improving the performance retention of
battery electrode materials at high rate of 4 C or above, achieving adequate energy density and
cycle stability in concert with the aforementioned charging times remains an immense challenge.
Though alternative electrode materials designed for high-rate cycling exist, none have projected
energy densities comparable to graphite anodes and transition-metal oxide cathodes'®* 165,
However, maintaining the electrode materials and loadings required for EV — level energy density
results in extreme cyclability and safety tradeoffs for high-rate cycling. Cathode materials have
been shown to face reduced capacity retention at high rates due to insufficient kinetics associated
with micron-scale particles, placing undue strain on the electrode composite!. In this regard,

previous works have found that despite significant structural changes and surface reorganization
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as a result of high degrees of Li* loss, these losses in NMC cathodes are relatively recoverable!®®-
188 Hence, the limiting electrode for the retention of energy and cycle-life is generally understood
to be the anode!®®17*, Specifically, the proximity of the LiCs redox potential to Li/Li* has been
shown to lead to Li metal plating, which leads to rapid cell failure, and causes immense safety
concerns due to internal shorting from dendritic growth!” 170 171 To mitigate these issues,
researchers have demonstrated a variety of electrode design methods, including patterning of
graphite anode architectures’?>’* and increasing of active surface area either by modification of
the graphite itself or the inclusion of high-area carbons within the composite!” 1’6, Though they
may be a promising route forward in some form, these strategies generally result in greater void
space within the electrodes, increasing the minimum allowable electrolyte loading, giving rise to
the reduced total energy density at scale'’” "8, Though rational design of the charging protocol is
also a vital direction, rapid storage kinetics is still necessary'’®. In this regard, a number of
strategies exist for electrode optimization, but many phenomena at the electrode/electrolyte
interphase remains to be fully discovered and addressed.

Design of the battery electrolyte has been demonstrated to have a transformational effect
on the performance retention of LIBs under XFC conditions. Generally, improving the bulk ionic
conductivity and transference number has been considered as a crucial strategy, where Colclasure
et al. has demonstrated a correlation between Li* depletion at the interphase to the induction of Li
plating®®® 181, These effects are therefore exacerbated in practical cells with increased electrode
loadings and non-negligible effects from alignment and porosity*! 182, Additionally, the inclusion
of additives known to form low-impedance SEI components have been a focus of development!&*
185 In this regard, electrolyte composed of low-viscosity solvents which offer rapid Li* diffusion,

e.g. methyl acetate (MA) have shown great promise for energy density retention at high rates®*
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189 Moreover, work from Du et al. has demonstrated that variations in salt chemistry may also
produce such improvements'®. However, the electrochemical stability of these unorthodox
solvents tend to yield reduced cycle life compared to conventional carbonate systems, and raise
concerns associated with gas generation during cycling*®. In addition to the SEI and bulk transport,
recent evidence suggests that the solvation structure of Li* within the electrolyte dictates the
desolvation-related charge-transfer impedance at the interphase®®%4, In this regard, electrolytes
which improve performance at reduced temperatures, where Li* desolvation dictates overall
Kinetics, may prove to be a valuable design metric. Hence, discovery of a battery electrolyte with
rapid Li+ transport, facile charge transfer, low-impedance interphases, and exceptional
electrochemical stability is vital to enable 4 C or above charging and understanding the processes
of interest at the electrolyte/electrode interphase under kinetic strain.

Herein, we present an analysis of the rate-induced anode failure of LiNio.sMno2C0o.2 (NMC
622) || graphite full pouch cells employing conventional carbonate electrolytes when run under
XFC conditions. We demonstrate clear evidence that the graphite anode in cells employing
conventional electrolytes undergo severe capacity decay due to loss of Li through Li plating,
dislocation of isolated graphite, and exfoliation-driven interstitial SEI formation due to insufficient
charge-transfer kinetics. Further, we comprehensively address each of these failures with proper
selection, design and application of a carboxylate ester-based electrolyte. This optimized
electrolyte, 1 M lithium hexafluorophosphate (LiPFe) methyl propionate (MP) + 10 %
fluoroethylene carbonate (FEC) (M9F1) enabled the retention of 82.5 % cell energy density when
charged at 4 C (15 min) compared to only 73.4 % for cells employing the conventional 1.2 M
LiPFe in 3:7 ethylene carbonate (EC)/ethyl methyl carbonate (EMC) (Gen 2) blend. Moreover,

cells employing M9F1 were found to demonstrate 88.2 % and 77.9 % capacity retention after 500
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and 1000 cycles, respectively, compared to only 54.1 % and 12.4 % in Gen 2. The ability of M9F1
to circumvent the aforementioned failure conditions was found to be a result of improved ionic
conductivity, high transference number, a favorable solvation structure allowing facile charge
transfer, and the formation of a thin SEI of favorable composition (Figure 5-1). This work
unambiguously presents the compounding failure modes of LIBs under XFC protocols while
demonstrating the transformational effect of electrolyte composition on such processes and the

resulting performance.
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Figure 5-1 Impact of electrolyte chemistry on the typical failure modes of XFC lithium-ion
batteries.

5.2 Enhanced Electrolyte Transport and Kinetics Mitigate Graphite Exfoliation and Li
Plating in Fast-Charging Li-lon Batteries

5.2.1. Experimental
5.2.1.1 Materials
LP40 (1.0 M LiPF6 in EC/DMC=50/50 (v/v)), methyl propionate (MP, 99%), methyl

acetate (MA, anhydrous 99.5%) and methyl butyrate (MB, 99%) were purchased from Sigma. Gen
2 (1.2 M LiPFg in EC/EMC 3 : 7 w/w) and lithium hexafluorophosphate (LiPFs) were purchased

from Gotion and used as received. The Fluoroethylene carbonate (FEC, 98.07%) was purchased
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from TCI America. MP, MA MB and FEC were soaked in molecular sieve (10 Angstrom, Sigma)
over night before using.

5.2.1.2 Coin cell preparation
The cathode composition is LiNiosC002Mng202 (Canrd Ltd.)/PVDF (Kynar® HSV

1800)/carbon black (Super-P) at 90:5:5 wt.% ratio. The areal capacity is 2.7 mAh cm. The anode
composition is graphite (Carnad Ltd.) / (Kynar® HSV 1800)/carbon black (Super-P) at 90:5:5 wt.%
ratio. The anode areal capacity is 3 mAh cm. The slurries of cathode and anode materials was
casted on aluminum and copper foils, respectively. Both cathode and anode electrodes were
transfer into vacuum oven for drying overnight at 120 °C and 80 °C, respectively. CR-2032 type
coin cells were assembled with prepared cathodes and anodes (N/P ratio = 1.1) with a tri-layer
membrane (Celgard 2325) as the separator soaked with 80 pL of electrolyte.

5.2.1.3 Electrochemical testing
All electrochemical data provided in this work were produced by CR2032 coin cells and

heat-sealed multilayer pouch cells assembled in an Ar-filled glovebox kept at <0.5 ppm O and
<0.1 ppm H20. The NCM622||graphite dry pouch cells were made by Carnad Ltd. The dry pouch
cells (Carnad Ltd) were filled with 1mL of electrolyte (4.7g Aht) and sealed by vacuum sealer
machine (MTI Corp.). The low-temperature data points were obtained from these cells inside a
SolidCold C4-76A chamber for —40 °C testing. All potentiostatic tests were carried out on a
Biologic VSP-300 potentiostat.

The NC622||graphite cells (CR-2032 type) were utilized for investigating the optimized

MP/FEC ratio in for fast charging purposes. The coin cells were galvanostatically activated from

2.8V t0 4.3 V at 0.1C (1C = 180 mAh g™) for 5 cycles before testing. The coulombic efficiency
and specific capacity were analyzed at the first cycles of 4C/0.1C mode. Battery cyclers (Neware

BTS-4000) were used for electrochemical cycling.
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Pouch cells were galvanostatically activated from 2.8V to 4.3 V at 23mA (0.1C) for 5
cycles before testing. Both constant current (CC) with a charging voltage cutoff of 4.3 V and
constant current- constant voltage (CC-CV) charging protocol with a charging time cutoff (15min
for 4C and 10min for 6C) were operated for testing the capacity retention in designed electrolytes.
For 15min/10min fast charging, the activated pouch cells were charged at a CC mode until reaching
an upper voltage cutoff 4.3V and then held the potential until the total time (CC+CV) reached
15min/10min. The discharging rate was set at C/3 with a voltage cutoff of 2.7V. The galvanostatic
testing was done on an Arbin LBT-10V5A system.

For low-temperature rate-capability test, the pouch cells were galvanostatically charged to
4.3V under room temperature, and then discharged to 2.8 V by different rate after switching the
temperature to -40 °C. Cells are soaking for at least 2 hours to reach the target temperature. The
galvanostatic testing of pouch cells was done on an Arbin LBT-10V5A system.EIS tests of
NC622||graphite pouch cells were performed on a Biologic VSP-300 potentiostat with a 10 mV
perturbation in the frequency range of 1 MHz to 100 mHz.

The transference numbers of all the electrolytes were measured by a potentiostatic
polarization technique on a Biologic VSP-300 potentiostat. A Li||lLi CR2032 coin cell with five
Celgard 2325 separators filled by designed electrolyte was applied 5mV for 2h to obtain the initial
current lo. When the cation concentration is uniform and the current corresponds to both the cations
and anions, the steady state current Iss, is only attributed to the cations. The cell impedance before
and after the polarization was obtained EIS spectra. Thus, the transference number was then
calculated using the following equation:

_ Iss(AV = I4Ry)
" IO (AV - ISSRSS)
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5.2.1.4 Electrolytic thermal stability measurements
The thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)

curve of electrolyte were tested in sealed aluminum pans by A Instruments™ Discovery SDT
650™ simultaneous DSC/TGA in UC San Diego Materials Research Science and Engineering
Center (UCSD MRSEC).

5.2.1.5 Electrolytic conductivity measurements
The ionic conductivity of the electrolytes was measured by a customized stainless-steel

two-electrode cells. Two polished stainless-steel (SS 316L) were spaced symmetrically as
electrodes. The cell constant was calibrated from 0.447 to 80 mS cm™ by using OAKTON standard
conductivity solution. The data for ionic conductivities was measured by LabView Software. An
ESPEC BTX-475 temperature chamber was utilized for testing data point at temperature from
60 °C to —60 °C. To maintain the cell at a set temperature, a 45 minutes intervals was applied
during measurement. The ionic conductivities were calculated using the following equation: o; =
L / (A x R), where L and A are the length and area of internal space between the electrodes,

respectively, and R is the solution resistance.

Q
I

A XR

5.2.1.6 Cell gassing test
Cell gassing tests were performed with NCM622||Gr pouch cells (cell capacity ~250 mAh).

The evolution of gas volume during XFC cycling was measured via the Arrhenius method
according to Dahn et al*®. As shown in Figure 5-2, cells were weighed while submerged in

deionized water (18MQ cm) before and after the experiment. The volume of generated gas is
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directly proportional to the difference in weight of the pouch cell while submerged in water. The
volume of the gas generated after cycling was calculated by the following equation:
Volume of gas generation

_ Weight of the cell in water

before cycling

Weight of the cell in water

after cycling )/Density of water

Before

0.1 C activation

XFC cycling

Weight in air Weight in water

Figure 5-2 Scheme of cell gassing measurement.
5.2.1.7 Materials Characterization
The electrode cross-section experiments were performed using a FEI Scios DualBeam

FIB/SEM. Cryo stage was used to prevent ion beam damage on the Li metal on the graphite
electrodes. During ion beam milling, the cryo-stage temperature was maintained at around -180 °C.
Cryo-TEM study was conducted using a JEOL 2800 TEM at 200 kV.

AC-STEM and EDX experiment was conducted using a JEOL JEM-ARM 300F at 300 kV.
To prevent electron beam damage on the SEI, Gatan 626 cooling holder was used to maintain the

sample temperature to about -170 °C during the TEM session. To fabricate the lamella samples, a
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dual-beam focused ion beam FIB/SEM FEI Scios was used to lift-out the lamella from the cycled

electrodes. Sample transfer in/out the FIB/SEM was performed using an air-free quick-loader (FEI)
under vacuum. The sample transfer in/out the TEM was performed using an Ar-purged glove bag.

The sample preparation and transfer were performed with minimum contact with ambient air. The

detailed procedure was illustrated in Fig.S19.

XPS was performed using an AXIS Supra XPS from Kratos Analytical using a
monochromatized Al Ka radiation under 10-9 Torr chamber pressure. The sample transfer was
performed using the nitrogen filled glovebox directly attached to the XPS. For the depth profile
experiment, a 5 keV Ar1000+ ion cluster was used to etch the electrode for 30 s. All spectra were
analyzed using CasaXPS software.

Raman (Renishaw inVia/Bruker Innova) was performed with 532 nm illumination,
provided by a Modu-Laser 50 mW Ar+ ion laser. The samples were prepared by placing the
electrode onto a coverslip and sealed with Kapton tape in glovebox.

All X-ray diffraction (XRD) samples were prepared by placing the electrode onto a
coverslip and sealed with Kapton tape in glovebox. Their crystal structures were examined by X-
ray powder diffraction (XRD) employing a Rigaku Miniflex (Cu Ka radiation, A=1.5406 A) from
scanning rate of 2 deg/min.
5.2.1.8 Neutron Diffraction mapping

The time-of-flight (TOF) powder neutron diffraction data were collected on VULCAN
beamline at the Spallation Neutron Sources (SNS) of Oak Ridge National Lab (ORNL). The pouch
cell was exposed to the neutron beam. An incident beam (5Smm*5mm) of 0.7 to 3.5 A bandwidth,

allowing 0.5~2.5 A d-space in the diffracted pattern of the £90° 2q detector banks, was selected

using the double-disk choppers at 30 Hz speed. High intensity mode was employed with Ad/d
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~0.4%. Powder neutron diffraction data were collected in high intensity mode for a duration of 0.5
h and processed using VDRIVE software. Full pattern Rietveld refinement was performed using

GSAS software, with EXPGUI interface.

5.2.1.9 Titration-gas chromatography analysis

The TGC experiments are performed using a Shimadzu GC-2010 Plus Tracera equipped
with a barrier ionization discharge (BID) detector. The Split temperature was kept at 200 °C with
a split ratio of 2.5 (split vent flow: 20.58 ml-min~%, column gas flow: 8.22 ml-min?, purge flow:
0.5 ml-min™%). Column temperature (RT-Msieve 5A, 0.53 mm) was kept at 40 °C, and the BID
detector was held at 235 °C. Helium (99.9999%) was used as the carrier gas, and the BID detector
gas flow rate was 50 ml-min~t. The electrode sample was put in a septum sealed glass vial, and
after injecting the 0.5 mL H2SO4 solution, the sample gases were injected into the machine via a
50 pL Gastight Hamilton syringe. The detailed quantification of lithium loss is described in Figure.

5-3.
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a Electrolyte system Gen2 M9F1
Reversible capacity at 15t 4C cycle 183.62 205.13
(mAh)
Total capacity density 2.09 2.33
(mAh/cm?)
Irreversible capacity LiC,/Li% after 1000t 4C cycle 1.31 0.44
(mAh/cm?)
Reversible capacity after 1000t 4C cycle 25.32 159.75
(mAh)
Reversible capacity after 1000 4C cycle 0.29 1.82
(mAh/cm?)
b _ 20
£ 1000th cycle
é 1.8 1st cycle
H 1.6 -
i:, 1.4 1 I
O 1.2
-
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Figure 5-3 Quantification of lithium loss in cells after 1000 XFC cycles in the electrolytes of
interest. a) The calculation results of TGC analysis. b) The irreversible capacity loss after 1000
XFC cycles in Gen2 and M9FL1.

5.2.1.10 Computational methods

Standard MD simulations
Classical, fixed-charge Molecular Dynamics (MD) simulations were performed in

LAMMPS using the General Amber forcefield for solvents and Li* with the anion described with
OPLS-AA potentials and charges of Kumar et al*®®. Liquid simulation boxes were constructed
from random distributions of the molecules, with 38 LiPFe, 171 EC, and 257 EMC molecules for
Gen 2 and 40 LiPFs, 55 FEC, and 374 MP molecules for M9F1. In all cases the charges of the Li*

and PFs~ molecules were scaled to the high-frequency dielectric properties of the solvents present
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in the system according to the method employed by Park et al.**” which is 0.73 for M9F1 and 0.72
for Gen 2. Periodic boundary conditions were applied in all directions.

For each system, an initial energy minimization at 0 K (energy and force tolerances of 10-
4) was performed to obtain the ground-state structure. After this, the system was slowly heated
from 0 K to room temperature at constant volume over 0.01 ns using a Langevin thermostat, with
a damping parameter of 100 ps. The system was then subjected to 5 cycles of quench-annealing
dynamics in order to eliminate the persistence of any meta-stable states, where the temperature
was slowly cycled between 298 K and 894 K with a ramp period 0.025 ns followed by 0.1 ns of
dynamics at either temperature extreme. All 5 anneal cycles thus take 1.25 ns total. After annealing,
the system was equilibrated in the constant temperature (Table S1), constant pressure (1bar) (NpT
ensemble) for 1.5 ns. We resolved stresses in the system isotropically using the Andersen barostat
(pressure relaxation constant of 1 ps). Finally, we performed 10 ns of constant volume, constant

temperature (NVT) production dynamics. Visualized simulation boxes were generated in VMD.

MD Metadynamics simulations
MD simulation boxes after equilibration (Standard MD section) were used as initial

configuration for the free energy sampling with the metadynamics protocol. This protocol was
applied in a 2-D fashion with respect to Li*/EMC or Li*/MP distance (defined by center-of-mass)

and coordination number based on the following definition of CN:

_ ()’
ZN 1 (TO)
=11 _ ﬂ q
l 1 (To)
where p=6 and q=12. r; is the distance between Li* and the i-th coordinating atom. In this

case only the solvent carbonyl oxygen was considered as a coordinating species, consistent with
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observations from the RDF analysis. ro is the cut-off radius that defines atoms as inside or outside
of the first solvation sphere, where i runs over the range that includes all possible coordinating
atoms. The applied cut-off radius was 3.25 Angstroms The simulations were carried out using the
Colvars module in LAMMPS. In Table 5-1 we summarize the parameters of the metadynamics
free energy sampling for various simulations: height of the Gaussian hills (kcal/mol), frequency of
hill creation (steps), width of hills in A for electrode distance or unitless for CN, and simulation
time in ns. The free energy profiles shown in this work were averaged over the last 100 ns using
Python and set to the same maximum free energy value for comparisson. 2-D profiles were

generated in gnuplot.

Table 5-1 Metadynamics parameters for each simulation of interest.

Hill Hill Hill Simul.
Simulation Height Width Creation | Time
(kCal mol?) | (kCal mol?) | Freq. (fs) (ns)

Gen 2
2-D, 298 K 0.02 0.05 200 ~ 400
Li*/EMC distance based on center-of-
mass (1-10 A)
Li*/solvent CN based on carbonyl
oxygen of EMC or EC (1.5 -6.0)

M9F1
2-D, 298 K 0.02 0.05 200 ~ 400
Li*/MP distance based on center-of-
mass (1-10 A)
Li*/solvent CN based on carbonyl
oxygen or MP or FEC (1.5-6.0)

Quantum Chemistry Calculations
Quantum chemistry simulations were performed using the Q-Chem 5.1 quantum chemistry

package. lonization potential and electron affinity simulations (Figure S2) involved a geometry
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optimization step at the M06-HF//6-31+G(d,p) level of theory followed by single point energy
measurement in neutral, oxidized, and reduced states at the M06-HF//6-311++G** level of theory.
Solvent removal simulations (Figure S8) involved a geometry optimization step at the B3LYP//6-

31+G(d,p) level of theory where binding energy was calculated as follows:

AE = (ELL""(MP)3 + Eyp) — Epi+up,

or
AE = (ELi+(EMC)2(EC) + Eguc) — ELi+emo)s(EC)

5.2.2 Results and discussions
5.2.2.1. Electrolyte Impact in Extreme Fast Charging LIBs
Carboxylate ester systems have been shown to improve the energy retention of cells at

reduced temperature due to their beneficial physicochemical properties®: 187194198 \we have
applied similar MP/FEC electrolytes for improving low-temperature performance retention,
establishing a clear correlation between systems designed for low-temperature and those designed
for high-rate is a useful endeavor!® 20 Additionally, the well-understood, inherently kinetic
temperature scaling relationships of this system makes it an ideal platform to investigate
improvement strategies for the failure modes associated with long-term XFC cycling. However,
the long-term cycling performance of cells utilizing such solvents requires consideration of their
electrochemical stability and kinetic benefits. To evaluate the impact of ester selection, the long-
term stability of 250 mAh NMC 622 || graphite pouches (Figure 5-4) was assessed by comparing
methyl acetate (MA), MP, and methyl butyrate (MB) with a 10% FEC additive. This FEC additive
has been previously demonstrated as the minimum amount required for stable graphite cycling8
19 As shown in Figure 5-5, MA/FEC and MB/FEC were found to be less desirable for XFC

applications, resulting in capacity retentions of 55.3% and 80.3% after 500 cycles. Instead, we find

that the M9F1 system exhibited optimal characteristics, retaining 88.2% capacity under the same
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conditions. We hypothesize that this optimum is a product of a balance between electrochemical
stability and viscosity, where MP shows an improved reductivity compared to MA (Figure 5-6),
at a reduced molecular size relative to MB. The MP/FEC ratio of 9:1 was also found to be optimal

in terms of discharge capacity retention during a 4 C charge (Figure 5-7).
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Figure 5-4 Dependence of XFC Performance on Electrolyte in Pouch Cells. a) Photograph of 250
mAh NMC 622||graphite pouch cells applied in this work. b) Cycling performance of pouch cells
in electrolytes of interest. Voltage profiles over 4 C constant current cycling duration in ¢) Gen 2,
and d) M9F1 electrolytes.
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Figure 5-5 Extended electrochemical performance in ester-based electrolytes of interest. a) The

extended XFC cycling performance in MA9F1, MB9F1, and MP9F1. b) Summary of Li*

transference numbers of carbonate and carboxylate ester electrolyte.

a11s b 30
MA+PFs

107 mA e 5] -
%105 > MB+PFs
© Increasing —.2.0- Decreasing
£ 10.0 - Oxidative =2 Reductive
o Stability !_E Stability
S 951 £ .15
c c 4
S 9.04 MA+PF& 2104
8 g5] MP+PFs 3 |
5 MB+PFs | W 05 MA MP  MB
~ 8.0 ’

7.5 0.0

Figure 5-6 DFT calculation of ester solvents. a) lonization potential of MA, MB, and MP with and
without PFe. b) Electron affinity of MA, MB, and MP with and without PFs".
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Figure 5-7 Investigation of composition optimization of MP/FEC system for XFC applications in
homemade coin cells. a) The coulombic efficiency and discharge capacity of different MP ratios
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in the MP/FEC system at the first 0.1C/0.1C activation cycle. b) Voltage profile at first 4C/0.33C
cycle in each electrolyte.

To understand the performance advantages of M9OF1 over a state-of-the-art carbonate
system (Gen 2), pouch cells employing each electrolyte were constructed and subjected to a 4 C
constant charging protocol and a C/3 discharge. Under such conditions, the cell employing Gen 2
exhibited 73.4% of its C/10 capacity in addition to a substantial and progressive increase in voltage
polarization and a rapid decline in capacity to 54.1 % after 500 cycles (Figure 5-4b, c). In contrast,
the M9F1 cell was found to retain 82.5% of C/10 energy and retains 88.2% and 77.9% of this
capacity after 500 and 1000 cycles with minimal loss in output voltage over the cycling duration
(Figure 5-4b, d). To ensure that M9F1 is also compatible with typical constant current-constant
voltage (CC-CV) charging procedures, this protocol was also applied with a total charging time
cutoff of 15 (4 C), 10 (6 C) and 6 (10 C) minutes. Under such conditions, M9F1 cells achieved
86.95%, 85.53% and 84.43% discharge capacity of its C/10 capacity for only 15min, 10min, and
6min charging, respectively (Figure 5-8). In addition, those M9F1 cells obtained a capacity
retention of 85.9% and 71.8% after 500 cycles of 4C and 6C fast charging, respectively (Figure
5-9)!1, To our knowledge, such cycling stabilities under 6C fast-charging conditions have only
been produced by a specialized carbonate-phosphate-nitrile blend on the order of 50 repeated
cycles®®. Additionally, the improved XFC performance of M9F1 does not come at the expense of
stability at typical rates, exhibiting stable long-term cycling at C/3 (Figure 5-10). Though such an
improvement in XFC performance as a result of electrolyte design is valuable, understanding the

physiochemical properties required for said improvement is vital for future progress.
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Figure 5-10 Cycling stability of pouch cells employing the M9F1 electrolyte under 0.33C/0.33C
current density.

To provide a basis for the improvement in XFC performance and the following
characterization of failure mode mitigation, we apply a series of experimental and computational
characterization techniques to the electrolytes of interest. As shown in Figure 2a, the M9F1 system
demonstrates an improved ionic conductivity of 12.1 mS cm™ at room temperature compared to
8.25 mS cm™ and 6.95 mS cm™ for Gen2 and 1 M LiPFs in EC/diethyl carbonate (DEC) (1:1),
(commonly referred to as LP40), respectively. Moreover, we find that M9F1 also exhibits
enhanced retention of this conductivity at reduced temperatures, retaining 7.66 and 2.48 at -20 and
-60 °C, respectively. The improved ionic conductivity of M9F1 does not come at the expense of
Li* transport selectivity, where the t.;" of MOF1 was determined to be 0.46, compared to 0.35 and
0.34 in Gen 2 and LP40, respectively (Figure 5-11b). A similar simultaneous increase in ionic
conductivity and t.i* was observed via the implementation of LiFSI, and is a rare but sought after
electrolyte characteristic'®. To further investigate the wide operation temperature window of
MP/FEC electrolyte system, thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) are conducted among Gen 2, M9F1 and M7F3(Figure 5-12). Even though the

MOF1 behaves an obvious volatile property compared with Gen 2 due to its ester- based solvent,
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the thermal stability has been significant improved by blending with carbonate (FEC) in. Even

under 45 °C cycling, M9F1 still shows a good capacity retention of 90.7% after 100 cycles, which

is comparable to Gen 2 electrolyte (Figure 5-13) and with other ester systems. Though such rapid,

selective Li* transport in the bulk electrolyte is known to be crucial for improved high-rate

performance, factors impacting charge-transfer at the interphase are also crucial to consider.
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Figure 5-11 Experimental and Simulated Electrolyte Properties. Measured a) ionic conductivity,
and b) Li+ transference numbers of carbonate and carboxylate ester electrolyte of interest.
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Figure 5-13 Cycling stability of MPFEC system in wide operation window. Cycling
performance under 0.33C CCCV charging protocol in M9F1 and Gen2 at 45 °C.

There is growing consensus that the Li* desolvation portion of the charge-transfer process
at the electrode is highly influential in electrochemical kinetics, and is fundamentally defined by
the solvation structure of Li* in the electrolyte!’® 11 1% To gain a more precise understanding of
the underlying structure and behavior of these electrolytes at an atomic level, molecular dynamics

(MD) simulations of the systems of interest were carried out in the manner outlined in materials
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and methods (Figure 5-11c, d). After equilibration, the radial distribution functions (RDFs) with
respect to Li* in M9F1 and Gen 2 were computed and shown in Figure 5-11e and 5-11f. In terms
of probability, it was found that EC and EMC were relatively comparable (Figure 5-11e), resulting
in an average solvation structure of [Li(EMC)s.1(EC)1.0]" (not equimolar due to overall molecular
prevalence in the 7:3 mixture). On the other hand, we find that the most probable coordinating
species in M9F1 is MP, resulting in an average structure of [Li(MP)ss(FEC)o.3]*. For both systems,
it was found that there was negligible pairing between Li* and PF¢’, indicating that the improved
transference number of M9F1 is not a result of ion-pairing. Rather, we hypothesize that the
improved ionic conductivity and transference number in M9F1 is a direct result of the
advantageous transport of MP itself, as shown by its improved diffusivity relative to EMC (Figure
5-14). Though the movement of MP appears to be facile relative to EMC, whether or not such

behavior results in facile desolvation is still relatively uncertain.

60

QL
w
o
o

25+

20+

RMSD (Angstrom)
RMSD (Angstrom)

0 T T T T T T T T T
0 2 4 6 8 10
Time (ns)

Figure 5-14 Root-mean-squared displacement of various electrolyte molecules during the
duration of MD simulations in a) Gen 2, and b) M9F1 systems.
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To answer this fundamental question, we apply a MD metadynamics free energy sampling
technique which has been previously applied to understand the dynamic ion solvation behavior of
Mg?* and Li* systems?°-2%4, In doing so, we are able to explore multiple aspects of the electrolyte
phase space, including states beyond what is thermally accessible through standard MD
simulations. Though density functional theory (DFT) binding energy calculations are typically
applied to understand this process, the above approach accounts for thermal motion and many
body effects present in the electrolyte that would otherwise be ignored?®>2%’, Specifically, we
examine 2 dimensional free energy surfaces with respect to the coordination number of one Li*
and the distance between said Li* and a coordinating solvent molecule (Table 5-1). We only
consider removal of one coordinating solvent, which is generally considered to be the necessary
step to induce electronic coupling between electrode and charge carrier, as the removal of all
coordinating species typically produces activation barriers far too large to represent experimental
measurementst’® 2%, |t is important to note that this analysis is carried out in the bulk electrolyte
without the inclusion of an explicit electrode to obtain an indication of desolvation energetics,
where removal of one coordinating solvent molecule would otherwise be replaced by the electrode.
While ideal, the inclusion of such an electrode would necessitate a 3-D free energy analysis, which
is currently unfeasible.

When examining the 2-D free energy profiles shown in Figures 5-11g and 5-11h, we
consider a solvent removal pathway to be a reduction of coordination number (CN, x-axis) from
the global minima of 4 to 3 with a simultaneous increase in the given EMC or MP distance. Note
that this CN definition is strictly defined by cutoff distance (see Methods), in which the carbonyl
oxygen of any solvent present in the system may contribute (MP, FEC, EMC, and EC). We take

EMC/MP removal as the most probable removed species due to the increased dielectric of cyclic
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carbonates as well as the higher average CN of these species shown in the RDF analysis (Figure
5-11e, f). As shown in Figure 5-15, this removal can proceed via 2 pathways, either by direct
removal of the solvent (point A to C in Fig. 5-15), or by detachment of the carbonyl oxygen via
solvent rotation followed by removal (point A to B to C in Fig. 5-15). When examining the profiles
for Gen 2 (Figure 5-11g) and M9F1 (Figure 5-11h) from this perspective, it is clear that the M9F1
system displays a well-defined pathway (point A to C) for direct removal within the energy range
of ~5 kCal mol™, whereas the Gen 2 system exceeds 7 kCal mol™. It is noteworthy that the removal
of one such species is followed by the replacement of the coordination site by either a single-
bonded oxygen or a PFe (neither contribute to the defined CN), however the initial removal
contributes largely to the energy penalty. While the energetics of this replacement may diverge
slightly in the investigated systems, we find that the formation of the lower CN = 3 state in quantum
chemistry simulations is significantly more facile in M9F1, which further indicates that MP
removal from Li* in M9F1 faces a significantly lower barrier than EMC removal from Li* in Gen
2 (Figure 5-16). The facile desolvation behavior of M9FL1 is also supported by the significant
reduction of charge transfer impedance shown in Figure 5-17, and its substantially improved
performance at -40 °C over Gen 2, where desolvation is known to define performance (Figure 5-
18)2%%:210 Despite the clear physiochemical advantages of M9F1, the effect of these properties on
the LIB failure modes introduced by XFC conditions is necessary to fully understand the influence

of electrolyte design on performance.

129



0 1 2 3 4 5 6 7 8

i B - * ot
AG 1 ! N
(kCal mol") i - i i &:
|
\ ! 1 1

‘ \

Li*/MP Distance (A)

5.5

Figure 5-15 2-D Free energy surface breakdown for M9F1 with visualized molecular processes.
Of the depicted processes, only A—~B—C and A—C correspond to desolvation.

a [LIEEMC)5(EC):]* [LIEEMC),(EC)4]*

EMC

C —p }O + M AE = 0.486 eV

[Li(MP),]*

MP

+ w AE = 0.189 eV

Figure 5-16 Binding energy of single component removal from average solvation shells found in
a) Gen 2, and b) M9F1 electrolytes.
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Figure 5-18 Dependence of low-temperature behavior on different electrolytes. VVoltage profile
of different discharge rates in Gen2 and M9F1 at -40 °C.
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5.2.2.2. Identification and Mitigation of Active Li* Loss
To understand the origin of capacity loss in each cell, we conduct titration gas

chromatography (TGC) analysis of graphite anodes in the discharged state after 1000 cycles in
each electrolyte of interest. This technique allows for the differentiation between capacity lost to
metallic Li and Li* in the SEI through quantification of H, produced after reaction of the ostensibly
delithiated anode with a protic solvent (Figure 5-20a)?! 212, While TGC has been previously
applied to quantify the amount of “dead” Li formed during Li metal cycling in various electrolytes,
similar chromatography has been recently applied to graphite anodes cycled under fast-charge
protocols, where reacted and unreacted in the SEI and the electrode, respectively can be
differentiated®!® 24, We apply TGC here to differentiate between Li lost to SEI formation, and
remaining reactive Li, which may exist as dead Li°, or LiCxin each electrolyte of interest. It is
crucial to note that the latter may be active or inactive, where active Li* would be trapped within
the anode as a result of cathode degradation or increased anode polarization. When applied to the
discharged graphite anodes harvested after 1000 XFC cycles in Gen 2 and M9F1, we find that 23 %
of capacity loss after 1000 cycles in Gen 2 can be attributed to SEI growth, compared to only 3 %
in MOF1. This 20 % difference between cells implies that SEI growth during cycling is continuous,
and is likely a result of the growth of Li metal and/or the exfoliation of said graphite during XFC
charge®: 188 This excessive capacity loss in Gen 2 clearly implies the formation of excessive
reactive sites for decomposition during cycling, where the cell employing M9F1 produced only
0.17 mL of gas after 100 cycles compared to 0.66 mL in Gen 2 (Figure 5-19). Moreover, 63 % of
the capacity loss after 1000 cycles in Gen 2 can be attributed to irreversible LiCx or Li° compared
to only 19 % in M9F1. The morphology evolution of cathodes reveals no significant changes after
1000 cycles fast cycling even at such a high amount of Li loss from NCM particles (Figure 5-21).

Through monitoring the lattice parameters evolution from cathode side via neutron diffraction
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mapping, we also find that this Li* loss is relatively uniform throughout the pouch cell (Figure 5-
22). Such degradation is in agreement with the work from Liu et al, and is likely a result of loss in
Li* inventory due to the aforementioned effects.’! However, the origin of this excessive SEI

growth and irreversible Li requires further characterization.

Figure 5-19 Morphology evolution after 1000 cycles in electrolyte of interest. The SEM image of
(a) pristine NCM particles, (b) pristine cathode electrodes and (c) cycled cathode electrodes after
1000 cycles in M9F1.
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Figure 5-20 Quantification of capacity loss under XFC conditions and direct evidence of Li plating.
a) Titration gas chromatography , and b) Quantification of Li loss in cells after 1000 XFC cycles.
c) dQ/dV profile of 1st cycle of XFC cells in Gen 2 and M9F1 consisting of a 4 C charge and C/3
discharge. d) Optical photograph of separators and anodes harvested from pouch cells after 1000
cycles in Gen 2 and M9F1. SEM images of graphite anodes after cycling in Gen 2 and M9F1; e)
top-view, and f) cross-section SEM image after FIB milling.
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Figure 5-22 The detection of Li loss from cathodes in different electrolytes. a) The photography
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To probe the existence of Li metal during XFC charge in Gen 2, we first compare the

differential capacity/voltage (dQ/dV) profiles of cells employing the electrolytes of interest during
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their first cycle. As shown in Figure 3c, the 4 C charging profile of Gen 2 exhibits substantially
increased polarization compared with M9F1, with a third peak present at high voltage, implying
the formation of another phase during charge. As this peak is clearly not visible in either the M9F1
XFC profile, or in either electrolyte at 0.1 C (Figure 5-23), it is highly probable that this peak
represents Li plating as a result of excessive polarization®® 6% 170 \When disassembled, metallic
Li was also observed on both the anode surface and the separator of cells employing Gen 2, further
confirming this conclusion (Figure 5-20d). In comparison, there was no visible Li° found on either
the separator or anode of the cell employing M9F1, even when fully un-wound (Figure 5-24).
When examined under SEM, plated Li° was also clearly observed on the surface of the graphite
anode cycled in Gen 2, which was also found to be covered in a considerable SEI layer, given the
poor conductivity of the material during imaging (Figure 5-20e, f). As a comparison, no metallic
Li was observed on top or between the particles of the M9F1-cycled anode, which exhibited a
morphology comparable to the pristine electrode (Figure 5-20e, f, Figure 5-25). It is also
noteworthy that no plated Li was observed in the other carboxylate ester electrolytes of interest,
whereas the LP40 system displayed Li growth far beyond that of Gen 2. Though the improved
transport and charge-transfer behavior of the M9F1 system are likely highly influential in the
mitigation of Li plating during XFC cycling, further characterization of the formed SEI is also
necessary to determine compositional or thickness variance that may contribute to the disparate

kinetics.
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Figure 5-23 Electrochemical behavior at slow rate in different electrolytes. The dQ/dV curve of a)
the 1% activation cycle and b) the following activation cycle at 0.1C in Gen2 and M9F1.
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a MOF1

Figure 5-24 Large-area of anodes and separators harvested from pouch cells employing a) M9F1,
b) Gen 2, and c) LP40 electrolytes. Exposed metal in a) is a result of electrode delamination
during disassembly, not metallic Li.
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graphite anodes in pristine pouch cells and the pouch cells after 500 15min CCCV cycling in
LP40, MA9F1, and MB9F1; a-d) top-view, and e-h) cross-section after cryo-FIB milling.

5.2.2.3. Rate-Driven SEI Growth, Co-intercalation and Interstitial Decomposition
To determine any variation in SEI composition between cells employing Gen 2 and M9F1,

we first examine its thickness via cryogenic transmission electron microscopy (cryo-TEM). This
analysis revealed that the interphase formed after 1000 cycles in Gen 2 was ~20-30 nm thick,

compared to M9F1, which was ~10-15 nm (Figure 5-25a, b). Further, X-ray photoelectron
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spectroscopy (XPS) measurements also reveal significant compositional differences between the
two systems. The compositional analysis of surface spectra from Figure 5-27 & 5-28 are shown
in Figure 5-25c-e. We find that in addition to the thickness differences, the SEI formed in
MO9F1demonstrated a substantially larger LiF/LixPFy ratio, indicative of more effective passivation
and aligned with Cryo-TEM results. Further, a substantially lower ratio of ROCO,LIi/Li>CO3
species are found in M9F1, which are generally believed to be sub-optimal for Li* migration
through the SEI*%> 214 Generally, we also find that the SEI formed in M9F1 contains more fluorine,
and maintains a more homogenous composition than that formed in Gen 2 and LP 40 (Figure 5-
29). However, we do notice a significant discrepancy in the XPS data, where LiCy is observed in
the Gen 2 surface spectra, which would not be expected given the larger thickness of its SEI
relative to M9F1, and should in principle exceed the XPS sampling depth of ~10 nm. A closer
examination of this finding reveals another source of capacity loss for the Gen 2 system which

further highlights the importance of rapid charge-transfer for XFC applications.
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Figure 5-26 SEI Characterization of Anodes Cycled in Electrolytes of Interest. Cryo-TEM images
of the graphite surface after 1000 cycles in a) Gen 2, and b) M9F1. XPS compositional analysis
from c) C 1s, d) F 1s, and e) O1s spectra of anodes cycled in electrolytes of interest.
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Figure 5-27 Extended SEI surface characterization of anode cycled in electrolytes of interest.
Extended XPS fitting of C1s, F1s, and O1s regions of graphite anodes after 1000 cycles in a)
Gen 2, and b) M9F1 without etching.
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Figure 5-28 Extended SEI surface characterization of anode cycled in electrolytes of interest.
Extended XPS fitting of C1s, F1s, and O1s regions of graphite anodes after 1000 cycles in LP40

without etching.
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Figure 5-29 SEI composition analysis of anode cycled in electrolytes of interest. XPS quantitative
element composition ratios of SEI interface with a various duration of Ar* sputtering after 1000
cycles in a) M9F1 and b) Gen2.

Throughout the history of LIB development, the mitigation of Li*/solvent co-intercalation
between graphene sheets has been a critical step towards the stabilization of long-term anode
cycling®®™ 218 While the well-known transition from propylene carbonate (PC) to EC has
effectively solved this issue under standard operating conditions due to the formation of a solvent-
shedding SEI, the fact remains that the activation energy for Li*/solvent co-intercalation has been
measured to be roughly half that of intercalation including de-solvation?'’. For this reason, it has
been proposed that high kinetic stress such as XFC charging may result in the co-intercalation of
Li*/solvent complexes, which would then further exfoliate the graphite layers, leading to poor
cycling stability6? 169 170 Ag the activation energy of de-solvation relative to co-intercalation at
the interphase directly governs this phenomenon, we conclude that the improved de-solvation
mechanics of M9F1 gave rise to an intrinsic advantage in this regard.

By conducting cryo-TEM investigations of the graphite anode cycled in Gen 2, multiple
incidents of such exfoliation events were observed (Figure 5-30a). Further, it is clear that the co-

intercalation of such complexes resulted in substantial SEI growth between graphene sheet,
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effectively increasing the active area for electrolyte decomposition to a degree that we believe to
be significant in the aforementioned SEI loss discrepancy. To further study the SEI penetration
into the bulk of the graphite particles, focused ion beam (FIB) lamella of the cycled graphite
powders was prepared and studied using cryogenic aberration corrected electron microscope
(Cryo-AC-STEM). After cycling in Gen 2, the graphite showed nanometer-thick cracks
penetrating into the bulk particles (Figure 5-30b). Energy-dispersive x-ray spectroscopy (EDS)
mapping of the same region showed enrichment of O, F, and P signals within the crack, which
further showcased the co-intercalation of the solvent and anions followed by interstitial
decomposition between the graphene layers (Figure 5-31). Through further zooming in at the
origin of the crack in Figure 5-30e, the bright field (BF) image also reveals that there is a
significant d-spacing difference between graphite on the right side (~0.341 nm) and the left side
(~0.335 nm), which implies that graphite within exfoliated regions may struggle to be fully
delithiated. Evidence of such exfoliation was also observed in both Raman spectroscopy and X-
ray diffraction of the cycled anodes, which reveals a substantially higher D/G ratio and d-spacing
for the anode cycled in Gen 2 (Figure 5-32). We propose that the exfoliation of such lithiated
graphite domains leads to the observation of LiCy in the XPS spectra of the Gen 2 system at

significantly more shallow sampling depths (Figure 5-30d,e).
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Figure 5-30 Evidence of Exfoliation and Interstitial SEI Formation in Graphite Cycled under XFC
Conditions. Cryo-TEM images of graphite after 1000 XFC cycles in Gen 2. a) Cryo-TEM image
of exfoliated graphite with interstitial SEI formation between graphene sheets. b,c) Cryo-STEM
images of the cycled graphite FIB lamella with fluorine EDS inset. d) XPS C1s spectra of graphite
cycled in Gen 2 at various stages of etching. Cryo-TEM images of graphite after 1000 XFC cycles
in M9F1. e) Cryo-TEM image of graphite without the presence of exfoliation. f,g) Cryo-STEM
images of the cycled graphite FIB lamella. h) XPS C1s spectra of graphite cycled in M9F1 at
various stages of etching.
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Figure 5-31 Extended evidence of exfoliation and interstitial SEI formation in graphite cycled
under XFC conditions. a) The schematic of Cyro-STEM-EDS analysis. Cryo-STEM images of b)
the cycled graphite FIB lamella with c) carbon, d) phosphorus and e) oxygen EDS signal.
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Figure 5-32 Evidence of exfoliation in graphite cycled under XFC conditions in the electrolyte of
interest. The Raman spectra of a) the pristine anode and anodes cycled in b) Gen2 and c) M9F1
after 1000 cycles. d) The XRD pattern of the pristine anode and anodes in each electrolyte after
1000 cycles.

In comparison, no signs of significant graphite exfoliation or interstitial SEI growth was
observed in the graphite cycled in M9F1, which demonstrated a uniform SEI consistent with the
previously presented images (Figure 5-30f, 4b). Furthermore, FIB lamella of the cycled graphite
in M9F1 indicated no signs of cracking or co-intercalation inside the bulk of the particles, as shown
in the cross-section low-magnification high angle annular dark field (HAADF) image in Figure

5-30g. We also find that the d-spacing of graphite layers within the bulk are substantially more
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homogenous than that of Gen 2, which were observed to be between 0.337 and 0.335 nm (Figure
5-30h). Additionally, XPS spectroscopy at various etching depths reveals an intuitive trend, where
the outer SEI regions do not show detectable LiCy species, the signal for which slowly increases
as the bulk of the particle is reached during etching (Figure 5-30i). In addition to the mitigation
of Li plating and increased cell polarization during cycling, the optimized physiochemical
properties of M9F1 effectively resolves rate-induced co-intercalation, exfoliation, and interstitial

SEI formation.

5.2.3 Conclusion
In this work, we make significant progress towards achieving commercially viable LIBs

charged at 15 minutes or less through the comprehensive design of the battery electrolyte.
Specifically, by employing M9F1, a carboxylate-ester-based system results in a substantial
improvement in XFC performance, retaining 82.5% of C/10 energy when charged at 4 C compared
to only 73.4 % in identical cells employing Gen 2. Crucially, cells employing M9F1 also
demonstrated 88.2 % capacity retention after 500 cycles, compared to only 54.1 % in Gen 2. We
find that this rapid capacity loss in Gen 2 is a result of a combination of Li plating, poor SEI
characteristics, the co-intercalation of Li* /solvent complexes and excessive gassing, resulting in
graphite exfoliation and interstitial SEI formation. On the other hand, the rapid, selective Li*
transport, and facile Li* desolvation provided by the M9F1 system was found to successfully
mitigate all of the aforementioned failure modes, and is responsible for the state-of-the-art
performance. This work highlights the various electrolyte characteristics responsible for improved
fast-charging performance while demonstrating the origin of benchmark-exceeding

electrochemical behavior.
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Chapter 6 Conclusion and outlook

This thesis focuses on addressing two critical challenges in lithium-ion batteries:
sustainability and fast-charging performance limitations. To enhance both aspects, | propose
innovative recycling and upcycling strategies for NCM and spinel-type cathodes, along with the
development of ester-based electrolytes capable of enabling 6C/10C charging. Direct recycling
technology has gained increasing attention due to its low energy consumption and high economic
potential compared to traditional commercialized recycling methods. Through in-depth research
on degradation mechanisms, direct recycling has been effectively applied to advanced cathode
chemistries using various techniques. However, there is still significant room for improvement to
further optimize sustainability and overcome performance limitations, ensuring both substantial
environmental benefits and strong economic viability.

o To meet the growing demand for extended EV driving ranges, advanced cathode materials
with high nickel content are expected to dominate the market due to their superior energy
density and lower costs. However, recycling these high-Ni chemistries remains a major
challenge, even within the research community. Developing a universal and efficient
method for recycling all types of NCM cathodes will be a long-term yet crucial endeavor.

o Asthe development and adoption of next-generation cathode materials for EVs accelerate,
improving the performance of spent LIB cathodes beyond their original pristine state
remains a challenge. Strategies such as single-crystal structures, increased nickel content,
and dopant incorporation are still in their early stages. Comprehensive and systematic
research is needed to assess their feasibility for future LIB recycling efforts.

o Currently, direct recycling methods have only been demonstrated at the laboratory scale.

Scaling up these processes may introduce inconsistencies in electrochemical performance,
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posing challenges for commercialization. Further efforts are required to accelerate the
industrial adoption of direct recycling and achieve the anticipated economic benefits.

e The slow charging speed of lithium-ion batteries (LIBs), particularly in electric vehicles
(EVs), remains a significant hurdle to widespread adoption. Unlike internal combustion
engine (ICE) vehicles that refuel within minutes, current LIBs require 30—-60 minutes for a
full charge. Meeting global fast-charging targets, such as the U.S. Department of Energy’s
15-minute EV charging goal, demands that LIBs support high charging rates (>4C) while
maintaining long-term stability. However, fast charging accelerates battery degradation,
leading to lithium plating (which increases the risk of short circuits and capacity loss),
graphite exfoliation and SEI instability (reducing efficiency), and high interfacial
resistance (causing excessive heat and electrolyte breakdown). To mitigate these
challenges, electrolyte engineering is crucial in enhancing fast-charging performance.
Innovations such as dual-ion ester-based electrolytes with high Li* transference numbers
and SEl-stabilizing additives facilitate faster Li* diffusion to minimize polarization and
lithium plating, improve charge transfer kinetics to extend battery lifespan, and enhance
compatibility with cathodes, paving the way for sustainable high-performance LIBs.

By combining sustainability with cutting-edge performance improvements, this thesis
contributes to the advancement of next-generation lithium-ion batteries, addressing the dual

challenges of resource constraints and technological limitations in energy storage.
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