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High voltage spinel cathode LiNigsMn; 50, (LNMO) offers higher energy density and competitive cost
compared to traditional cathodes in lithium-ion batteries, making it a promising option for high-
performance battery applications. However, the fast capacity decay in full cells hinders further
commercialization. The Li inventory evolution upon cycling in the LNMO-graphite pouch cell is system-
atically studied by developing lithium quantification methods on the cathode, anode, and electrolyte.
The findings reveal that active Li loss is a primary factor contributing to capacity decay, stemming from
an unstable anode interphase caused by crosstalk. This crosstalk primarily originates from electrolyte
degradation on the cathode under high-voltage operation, leading to increased moisture and acidity,
subsequently corroding the anode interphase. In response, two approaches including an aluminum
oxide (Al,Oz) surface coating layer on the cathode and lithium difluoro(oxalato)borate (LiDFOB)
electrolyte additives are evaluated systematically, resulting in cycling stability enhancement. This study
offers a quantitative approach to understanding the Li inventory loss in the LNMO—-Gr system, providing
unigue insights and guidance into identifying critical bottlenecks for developing high voltage (>4.4 V)
lithium battery technology.

Lithium-ion batteries experience capacity fading due to complex interplays between lithium inventory loss and active material loss. While advanced
characterization techniques shed light on these mechanisms, quantifying lithium inventory changes across all cell components has remained elusive. In
this work, we present innovative methods to quantify lithium inventory in the cathode, anode, and electrolyte of LNMO-Gr pouch cells, a high-voltage system
prone to degradation. This represents the first study to quantitatively understand the full cell degradation mechanism. Our results reveal that lithium inventory
loss, primarily resulting in solid electrolyte interphase (SEI) formation at the anode, is the major culprit behind capacity fading. These insights provide a deeper
understanding of LNMO-Gr degradation and demonstrate the versatility of the methods for studying lithium inventory in diverse Li-ion battery configurations

under demanding conditions.

Introduction

The transition to renewable energy systems around the world
has increased the interest in energy storage technologies,
especially in lithium-ion batteries (LIBs). The high energy
density and long cycle life of LIBs make them attractive for

“ Pritzker School of Molecular Engineering, University of Chicago, Chicago, IL
60637, USA. E-mail: shirleymeng@uchicago.edu, wubao@uchicago.edu

b Materials Science and Engineering, University of California San Diego, La jolla,
CA 92093, USA

¢ Department of NanoEngineering, University of California San Diego, La Jolla, CA
92093, USA

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4ee00842a

This journal is © The Royal Society of Chemistry 2024

various applications. The high-voltage spinel LNMO
(LiNip sMn, 50,4) has attracted wide attention due to the high
mass-specific energy density and high operating voltage
(4.7 v)." More importantly, it does not contain expensive cobalt
or an excessive amount of lithium, making LNMO cost-effective
and suitable for applications in power batteries and large-scale
energy storage.” However, LNMO has not been fully commer-
cialized due to its severe degradation over time. Various degra-
dation mechanisms have been proposed by different research
groups and can be classified into two modes: lithium inventory
loss and active material loss.® Fig. 1 shows a summary of the
degradation mechanisms in the LNMO cathode and graphite
anode cell. In this system, the cathode is the only source of
active lithium. The loss of active lithium leads to capacity loss,
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Fig. 1 Schematic of active Li inventory loss in Li transition metal (TM) oxide cathode/Graphite full cells. (a) Cathode structure change; (b) CEl formation;
(c) active material loss; (d) Li plating and trapped Li,Ce; (e) SEI formation; (f) electrolyte decomposition.

and it is straightforward to track the degradation using Cou-
lombic efficiency.? In detail, three major degradation mechan-
isms are proposed on the cathode: (1) structure change; due to
the J-T effect in the Mn-O framework, the distortion likely
causes structure degradation.’ (2) Excessive cathode electrolyte
interphase (CEI) formation. Upon electrolyte-cathode contact,
irreversible reactions form a lithium-contained CEI layer,
resulting in active Li loss.® The stability of the CEI layer is
closely tied to cycling conditions, such as the upper cut-off
voltage and electrolyte chemistry.”® (3) Active material loss. The
decomposition of electrolyte from various reactions typically
triggers an acidity increase, causing corrosion of cathode active
materials and the current collector, eventually resulting in
active material loss.>" As for graphite (Gr) anodes, two primary
mechanisms take precedence. (1) Excessive solid electrolyte
interphase (SEI) formation. SEI stability can be influenced by
the electrolyte and cathode.'" An additional SEI can be formed
with the consumption of active Li, resulting in capacity loss."?
(2) Unwanted Li plating and inactive lithiated graphite (Li,Ce)
trapping. Li plating on graphite anodes as a challenge for fast-
charging Li-ion batteries occurs due to kinetic limitations,
causing active lithium loss."”® This process often coincides with
inactive Li,Cs, likely a result of plated Li volume expansion
during charging, further contributing to active lithium loss."*"*
The electrolyte is another factor to take into consideration, as it
is involved in the charge-discharge process. In a practical full
cell, limited electrolyte is required to achieve high energy
density. Therefore, electrolyte depletion may also induce capa-
city decay of LNMO-graphite full cells. The complex interplay
among the LNMO cathode, graphite anode, and electrolyte
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makes these mechanism studies challenging and the dominant
degradation mechanism may vary under different testing
conditions.

Various characterizations have been employed to under-
stand capacity decay in LIBs quantitively, as listed in Table S1
(ESIt). Strehle et al.'® applied ex situ X-ray diffraction (XRD) to
quantify the Li content of a LiNiygMn,;C00,0, (NMC 811)
cathode in NMC 811/Gr full cells, revealing that the active Li
loss due to NCM-811 degradation at 45 °C is more than doubled
compared to at 22 °C. McShane et al.'” utilized mass spectro-
metry titration techniques to quantify the inactive Li%/Li,Cs and
SEI in a fast charging graphite anode and demonstrated that
plated Li causes extra SEI formation. Differential voltage ana-
lysis has been applied to quantify the active Li in the cathode
and anode in an aged NMC 811/Gr full cell. The results
demonstrate that active Li loss at the anode SEI dominates
capacity loss.'® Electrolyte depletion has been quantitively
investigated by Thompson et al.'® using inductive coupled
plasma mass spectrometry (ICP-MS). They demonstrated that
Li" in the electrolyte had not been consumed or has been
consumed at the same rate as the solvent in aged LiNiy sMng 3.
C0y.,0, (NMC 532)/Gr full cells. Many previous studies have
primarily focused on lithium loss in one or two components of
the battery. However, a comprehensive understanding of the
reaction mechanisms in LIBs necessitates the evaluation of
lithium inventory across the entire battery system, including
the cathode, anode, and electrolyte.

In this study, we set up methodologies to quantify the Li
inventory in cathode, anode, and electrolyte to understand the
degradation mechanism in the LNMO-Gr cell. XRD was applied

This journal is © The Royal Society of Chemistry 2024
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on the cathode to quantify the active Li. Titration gas chroma-
tography (TGC) was adopted to quantify the inactive Li,Cq in
the graphite anode since only the Li,C, can react with the protic
solvent to generate H, while SEI cannot. ICP-MS was applied to
evaluate the Li" concentration of the electrolyte upon cycling.
The results show that the SEI corrosion/formation due to the
cathode crosstalk is the primary cause of capacity decay. Two
strategies were proposed to prevent crosstalk: (1) cathode coat-
ing and (2) electrolyte additives. The results show that electro-
lyte additives achieve more improvement than a cathode
coating. Combining both strategies results in increased capa-
city retention. These findings provide a comprehensive under-
standing of the degradation behavior of the high voltage
LNMO-Gr system. The developed workflow can extend to the
Li inventory study for various Li-ion battery systems under
extreme operation conditions (such as high voltage and high
temperature storage).

Results and discussion
Electrochemical performance evaluation

Single-layer pouch cells with a 2 mA h cm~? level were prepared
using LNMO as the cathode, graphite as the anode, and Gen2
(1 M LiPFs in EC: EMC = 3:7 wt%) as the electrolyte. The
cycling performance is shown in Fig. 2a. The cell started from
C/10 for 2 formation cycles and C/3 for long-term cycling with a
voltage range of 3.5-4.85 V. The cell delivered 82% capacity
retention after 140 cycles, which is not comparable to the
LNMO half-cell using a lithium metal chip as the counter
electrode, where no obvious degradation was observed up to
150 cycles, as shown in Fig. S1 (ESIf). The performance

(a)
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discrepancy between the half cell and full cell may result from
the following reasons: (1) electrolyte depletion, and (2) Li
inventory loss. To verify the above hypothesis, first, the anode
and cathode from the cycled pouch cell were collected and
reassembled into a coin full cell with fresh electrolyte, and the
corresponding cycling performances are shown in Fig. 2b. The
even lower capacity indicated that the electrolyte depletion was
not the primary reason for the original capacity decay. The half-
cell performance of the harvested LNMO and Gr electrode with
fresh electrolyte was further determined to check the electrode
degradation, and the related data are shown in Fig. 2d and f,
respectively. Compared to the fresh LNMO (Fig. 2c), the cycled
LNMO exhibited a higher OCV of 4.6 V (pristine LNMO half cell:
~2.8 V) and delivered a lower charge capacity of 108.6 mAhg™*
but a similar discharge capacity of 135.4 mA h g " in the 1st
cycle. These results suggest that Li inventory loss occurred on
the cathode. With the compensation of active Li from a fresh Li
metal chip, the cycled cathode can be recovered, as evidenced
by the similar charge-discharge profile observed in the 2nd
(Fig. 2d) compared to the fresh LNMO (Fig. 2¢). On the anode
side, the cycled Gr, in comparison to the fresh Gr (Fig. 2e),
exhibits an OCV of 1 V but similar charge-discharge profiles.
Half-cell reassembly tests exclude electrolyte depletion and
electrode structure degradation as the predominant reasons
for capacity decay in the LNMO-Gr full cell; rather, it is the loss
of active Li. Therefore, understanding how the lithium inven-
tory changes quantitatively in each component is essential to
further improve the performance of the LNMO-Gr cell.

Methodology setup for Li inventory quantification

Li is present in the cathode (Licathode) and electrolyte (Liciectrolyte)
when the cell is assembled. Various chemical/electrochemical
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Fig. 2 LNMO-Gr single layer pouch cell (a) cycling performance and (b) reassembly test in a coin cell; Half-cell charge—discharge profiles of (c) fresh
LNMO, (d) harvested LNMO from the pouch cell, (e) fresh graphite, and (f) harvested graphite from the pouch cell.
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reactions occur in the full cell after cycling, leading to Li redis-
tribution as follows:

Licathode t Llelectrolyte — Licathode buik + Licer + Llelectrolyte + Liggr +

(1)

where Licgr, Liggr, and Lijnactive i c, are considered as inactive

Liinactive Li Cg

Li. To precisely measure the lithium content in each compo-
nent of the battery, we utilized specific analytical techniques
tailored to each part. XRD was used to analyze the cathode, TGC
was applied to the anode, and ICP-MS was employed to assess
the electrolyte.

Active Li quantification on the LNMO cathode via XRD

LNMO crystallizes in a spinel structure with Li" ions located on
the tetrahedral sites and the transition metal ions on the

(a) (b)
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octahedral sites in an oxygen cubic close packed network,”®
as shown in Fig. S2a (ESIT). The charging of cathodes is tied to
the decrease of lithium ions as the lithium ions leave the
structure, similar to the discharging process. From a structural
viewpoint, changes in lithium concentration lead to a change in
ion occupancy that could change the lattice constant.>* The
relative lattice parameter evolution of the supercell with differ-
ent Li amounts is plotted in Fig. 3a based on the density
functional theory (DFT) calculation. Both the lattice parameter
and lattice volume show a linear relationship along with Li
content which provides an avenue to quantifying the Li inven-
tory of LNMO cathodes via XRD.

To build a relationship between lattice parameters and the
Li inventory, several half cells were performed with identical
cell configurations to establish the methodology, stopping
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(a) Linear fitting of the LNMO structure change from computational results; (b) experimental XRD results of LNMO with different DOD states;

(c) XRD results of cycled LNMO, (d) TGC methodology for quantifying Li,Cg in the graphite anode; (e) charge and discharge curve of the Gr anode with
the designed charge capacity (all the cells are lithiated to 5 mV and delithiated to 0.2 mA h, 0.4 mA h. 0.6 mA h and 0.75 mA h); (f) TGC verification curve

for Li,Cg and Hy; (g) linear fitting of the remaining capacity and (111) peak
anode, and (i) Li concentrations in electrolyte after different cycles.
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position on LNMO with different DOD states; (h) TGC results of the graphite
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them at different depths of discharge (DOD) controlled by
discharge capacity. The charge-discharge profile is shown in
Fig. S2b (ESIT). The LNMO materials were collected from each
cell for XRD analysis. As shown in Fig. S2¢ (ESIY), all the LNMO
samples exhibit similar X-ray diffraction patterns with minimal
impurity phases. Notably, the peak position shifted towards the
right side with smaller DOD values, as detailed in Fig. 3b.
The 260 angle position of the (111) peak is quantified by
the first derivative method for each sample. The remaining
capacity in the cathode is then calculated using the equation as
shown below.

Remaining capacity = Theoretical capacity (147 mA h g ') —
(charge capacity — discharge capacity) (2)

Fig. 3g illustrates the relationship between the (111) peak
position and the remaining capacity of each sample. A linear
regression model was applied to the dataset and demonstrated
a strong fit, with an R* value of 99.94%, indicating excellent
model fitting. The fitted equation is provided in the figure for
subsequent Li quantification.

Fig. 3¢ shows the XRD data of LNMO collected from pouch
cells with different cycling numbers, together with the pristine,
fully charged, and fully discharged LNMO materials. The peak
position was extracted, and the remaining capacity was calcu-
lated based on a fitted calibration curve and is shown in Fig. 3g;
the results are listed in Table S2 (ESIt). The delivered capacities
were obtained from the cycler, while the remaining capacities
were calculated from the calibration curve. The difference
between delivered capacity and remaining capacity is due
to the kinetics limitation, which depends on the voltage
range, C-rate, and temperature. LNMO initially exhibits a
kinetically trapped capacity of 10 mA h g™, which increases
to 16 mA h g ' after long-term cycling, possibly due to
impedance growth. The increased amount of Kkinetically
trapped lithium after 140 cycles at the cathode side is around
6 mA h g~ ". Considering that the total delivered capacity loss is
24 mA h g%, nearly one-fourth of the capacity lost is due to the
cathode kinetically trapped lithium.

Li quantification on a graphite anode and in electrolyte

The inactive Li in the cycled Gr anode exists in the form of Li-
containing SEI compounds (SEI Li*) and inactive Li,Ce. Quan-
tifying the amount of Li,Cs is achievable using the TGC
method. The TGC method’s principle relies on the fact that
Li,Ce can react with a protic solution to generate hydrogen gas
(Hy). The total amount of H, gas is quantified by the peak area
in the GC test, as illustrated in Fig. 3d. Previous work has
demonstrated that the accuracy of the measurement is influ-
enced by the choice of protic solution.”* Therefore, to develop
the TGC method for Li,Cs, a Li,Cs standard sample is prepared
by using a Li||Gr half-cell cycle at current C/20, as shown in Fig.
S3a (ESIt). The Gr anode first lithiated to 5 mV and then
delithiated to 0.2 mA h. The delithiation state is chosen
because the capacity change during the delithiation process is
only related to the Li amount in Li,C¢s.>* Since the cells are

This journal is © The Royal Society of Chemistry 2024
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cycled at a low current rate, the major Li loss in the 1st cycle is
attributed to the SEI formation. Therefore, the amount of Li,Cg
can be estimated using the following equation:

Capacityy; ¢, = Capacityyjthiation X ICE — Capacityqelithiation
X6

3)

Five solutions H,0, 0.5 M H,SO,, 2 M H,SO,4, 3 M H,SO, and
4 M H,S0, are selected to determine the optimal titration
solvent, and the results are presented in Table S3 (ESIT). Unlike
metallic Li, which can be quantified using pure water, H,O only
titrates 83.0% of the Li,Cq. In contrast, 0.5 M H,SO, titrates
87.2%, 2 M H,SO, titrates 95.3% and 3 M H,SO, titrates 98.2%.
However, increasing the H,SO, concentration to 4 M leads to
additional side reactions between the Cu current collector and
H,SO, solution, impacting the titration accuracy. Fig. S3b
(ESIT) displays the TGC results of Cu foil in 2 M, 3 M and
4 M H,SO, solutions. Gases are detected when the Cu foil is
immersed in the 4 M H,SO,. The results indicate that the H"
concentration influences the titration accuracy, emphasizing
the necessity of acid to titrate the remaining Li,C¢ in the
graphite anode, while the concentration should be kept
below 4 M.

After identifying the optimal solvent, the linear relationship
between the remaining Li,Cs and the generated H, amount is
verified. Additional cells are made, and the delithiation capa-
city is well controlled as shown in Fig. 3e. Electrodes with
varying amounts of Li,Ce are taken from coin cells and stored
in sealed vials. Subsequently, 1 mL of 3 M H,SO, solution is
injected into the vial, reacting with Li,Cs and generating H,.
The TGC results are presented in Fig. 3f. The detected H,
amount from the TGC method aligned well with the Li amount
calculated by the capacity from eqn (3). It exhibits a linear
relationship with 2 as the slope, indicating that as long as there
is Li,Cg, the 3 M H,SO, solution can convert it to H, and be
quantified by the GC.

The amount of inactive Li in the form of Li,C, in the cycled
graphite anode was investigated by TGC and the results are
depicted in Fig. 3h. It is noteworthy that the amount of inactive
Li,Ce decreases after long-term cycling, suggesting the instabil-
ity of the anode interphase. The lithium content in the electro-
Iyte was monitored via ICP-MS as shown in Fig. 3i. It was
observed that the Li concentration did not exhibit significant
changes before and after long-term cycling (Li concentration of
Gen2:1 mol L), indicating simultaneous decomposition of
salt and solvent.

The TEM and XPS data further underpin the TGC results.
Fig. 4a-d show the morphology and structure of the cathode
and anode interphase. After the 1st cycle at C/3, as shown in
Fig. 4a, a thin and uniform CEI layer with a thickness of 1.5 nm
is observed on the cathode surface. After 140 cycles the thick-
ness of CEI is 3.5 nm from the TEM results as shown in Fig. 4c.
No significant changes in CEI layer are observed after cycling,
indicating that the consumed Li inventory on the cathode
interphase in the form of CEI is negligible. Assuming that the
entirety of the CEI consists of LiF, the consumption of Li in the

Energy Environ. Sci., 2024,17, 4263-4272 | 4267
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Fig. 4 HRTEM images of the LNMO interphase at (a) the 1st cycle after the formation and (c) 140 cycles. HRTEM images of the Gr interphase at (b) the 1st
cycle after formation and (d) 140 cycles, and the corresponding SEAD pattern and EDS mapping results of F. (e) XPS spectra of F 1s on the Gr interphase
after different cycles. (f) Atomic ratio of C, O, F, P and Li on the Gr interphase from the XPS depth profile.

CEl is still less than 1% after 140 cycles, as indicated in Fig. S4
and Table S4 (ESIT). However, a notable difference is observed
in the anode interphase. A thicker and uneven SEI layer with a
thickness of 40-200 nm is observed after the 1st cycle at C/3
compared to the CEI layer, as shown in Fig. 4b and d. After 140
cycles, the thickness of the SEI layer increased to 300-900 nm,
indicating a large amount of active Li consumption on the
anode interphase. The SEAD patterns detected LiF in the SEI
and a stronger F signal is detected in EDX after 140 cycles
compared to the 1st cycle sample. XPS F1s spectra further
verified that the dominant inorganic SEI component is LiF, as
shown in Fig. 4e. Besides, XPS depth profiling was further
applied to understand the distribution of elements in SEI
portraits, as shown in Fig. 4f and Fig. S5 (ESIt). The presence
of C 1s and O 1s signals indicates solvent decomposition along
with cycling, and P 2p and F 1s indicate salt decomposition.
Compared to the 1st cycle sample, the SEI components after
long-term cycling vary significantly. The C atomic ratio
decreases as etching time increases, implying that organic
components dominate the top of SEI. A weak Mn signal is
detected after long-term cycling, revealing that the transition
metal deposition is not the major SEI component. A significant
increase in the Li, P, and F atomic ratio on the anode surface (at
120 s and 240 s etching) compared to the 1st cycle sample is
observed, which indicates salt decomposition. This decomposi-
tion is triggered by by-products of solvent decomposition.
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Extensive studies have shown that the EC solvent can decom-
pose, producing H,O either electrochemically*® or through a
chemical reaction with O, released> by the cathode under high
voltage. While layered cathodes such as LCO and NMC indeed
release oxygen under high voltage, leading to solvent decom-
position, LNMO, which has a spinel structure, does not typi-
cally release oxygen, as supported by most evidence.?® Thus, in
systems using LNMO, EC is prone to electrochemical decom-
position. The H,O will further react with LiPF¢ salts and
generate strong acid F,PO,H/HF, which will corrode the cath-
ode and anode SEI. Considering only salts contained the F, and
no significant change was observed in Li concentration before
and after long-term cycling, the results further verified that
electrolyte depletion happened mostly on the anode surface.
All the pertinent Li inventory data are summarized in Fig. 5
and Table S5 (ESIt). After the 1st cycle at C/3, 7% of Li was
kinetically trapped in the cathode, 12.5% of Li formed SEI and
4% were trapped as Li,Ce. After 140 cycles, there was no
significant change in kinetically trapped Li in the cathode
and Li,Ce, indicating the intact of the cathode and anode.
The results align well with the reassembling testing in Fig. 2d
and f, where the capacity of the cathode and anode recovered
once compensated with active Li. Most of the Li inventory loss
is due to the SEI formation (>27%), leading to active Li
consumption and electrolyte depletion. This finding is consis-
tent with our previous study on electrolyte decomposition,

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Schematic of Li inventory evolution in the LNMO-graphite pouch cell system with Gen2 electrolyte.

where increased acidity results from the electrolyte decomposi-
tion on the cathode side.*® Fig. S6 (ESIt) displays the optical
image of the disassembled pouch cells. The LNMO material
delaminated from the Al foil after one cycle at C/3, and the
electrolyte changed to a dark brown color. The separator color
remained consistent with the electrolyte color. These issues are
exacerbated after long-term cycling in the LNMO cell, indicat-
ing severe electrolyte degradation.

Further electrolyte evaluation was conducted via Karl Fisher
titration to monitor the moisture level, and the results are
shown in Fig. S7a (ESIf). Compared with the fresh Gen2
electrolyte, an increased moisture level was observed in the
electrolyte from the cycled LNMO-Gr cell, which indicates
solvent decomposition. The moisture induces the decomposi-
tion of LiPF salts, resulting in acid formation. A quick pH value
check on the electrolyte is also performed, as shown in Fig. S8
(ESIT), the much darker red color implied the high acidity,
which can potentially corrode the cathode and anode inter-
phase. The ICP-MS results in Fig. S7b (ESIt) show that after
long-term cycling, Mn and Ni concentration in the LNMO-Gr
pouch cell electrolyte increased, implying the obvious crosstalk
between the cathode and anode through the electrolyte media.

Preventing crosstalk by cathode coating and stable interphase
formation by electrolyte additives

The quantitative and qualitative results confirm that the by-
products from electrolyte decomposition under high voltage
operation corrode the anode interphase, resulting in active Li
loss. Hence stabilizing the cathode under high voltage is crucial
for preventing crosstalk. Both cathode surface coating®”*® and
electrolyte additive®>* " have proven to be effective in passivat-
ing the cathode interphase. To prevent the cross talk in the
LNMO-Gr system, two strategies were systematically investi-
gated. One involves Al,O; surface coating on the LNMO cathode
surface using an atomic layer deposition (ALD) technique.*?
The other one introduces boron-contained electrolyte additives
LiDFOB. Fig. S9a (ESIt) shows the cycling performance of the
LNMO-Gr full cell with Al,O; coated/uncoated LNMO in Gen2
electrolyte with/without LiDFOB electrolyte additives. Com-
pared with the pristine LNMO-Gr (black dots), which shows
77.85% capacity retention after 150 cycles with 99.48% average
coulombic efficiency, improvements are observed in both

This journal is © The Royal Society of Chemistry 2024

strategies. A slight enhancement is observed in the Al,O;
coated LNMO-Gr cell (red dots), which shows 82.44% capacity
retention after 150 cycles with the average coulombic efficiency
of 99.71%. A significant improvement is obtained with LiDFOB
electrolyte additives (blue dots), showing 87.32% capacity
retention after 150 cycles with an average coulombic efficiency
of 98.99%. The lower average coulombic efficiency in the cell
with LiDFOB additives is likely due to the scavenger effect of
LiDFOB with the HF generated in the electrolyte, which is one
of the benefits of Boron-based electrolyte additives.*® A similar
trend is observed in the high temperature storage evaluation in
Fig. S9b (ESIt). The cells are stored at 100% SOC at 55 °C for 24
hours, and room temperature cycling is performed to check the
capacity retention. Without coating and electrolyte improve-
ment, fast capacity decay is observed. After repeating the
storage test 4 times, only 55.5% capacity retention is obtained.
With Al,O; coating, a slight improvement of 60% capacity
retention is observed, lower than the improvement that is
achieved with the LiDFOB electrolyte additives, which shows
70% capacity retention after storage. The results indicate
that both strategies can prevent crosstalk from the cathode,
with electrolyte additives showing significant improvement in
cycling performance compared with the Al,O; coating. A better
cycling performance with 86.47% capacity retention after
150 cycles and a significant improvement of 82% capacity
retention after a high temperature storage test were achieved
(green dots) by combining both an ALD cathode coating and
LiDFOB electrolyte additives. The results provide insights into
the need for comprehensive cell engineering for LNMO
commercialization.

Conclusions

In summary, Li inventory quantification methodologies were
developed to understand the primary cause of capacity decay in
the high-voltage LNMO-Gr system. XRD, TGC, and ICP-MS were
applied to the LNMO cathode, Gr anode, and electrolyte for Li
inventory investigation, respectively. It was revealed that the
excessive SEI formation consumes the most active Li, resulting
in capacity loss of the LNMO-Gr cell. This conclusion was
further supported by TEM and XPS results. Moisture and
pH tests revealed electrolytes degraded during high voltage
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operation. Charging to 4.85 V leads to by-products from para-
sitic reactions on the cathode surface migrating to the anode,
corroding the SEI that consumes more active Li. Both Al,O3
coating and LiDFOB electrolyte additives were applied to pre-
vent crosstalk from the cathode. Combining the two strategies
resulted in even better cycling performance, highlighting the
importance of novel electrolyte design and interphase protec-
tion for high voltage cycling stability. We believe that this
study provides a universal method to study the Li inventory
change for lithium-ion batteries, Similar methodologies can be
adapted to a broader range of chemistries to achieve a more
comprehensive understanding for future secondary battery
development.

Experimental methods
Electrochemical test

The LNMO powder and Gr electrode is from Haldor Topsoe
(Denmark) and Ningbo Institute of Materials Technology &
Engineering (NIMTE). For the half-cell testing, the LNMO
electrode and Gr electrode were assembled into a 2032 type
coin cell in an Ar-filled glove box. Li metal (1 mm thick, 0.5
inches in diameter) was employed as the counter electrode. The
electrolyte was Gen2 (EC:EMC 1/4 3:7 wt% with 1 mol L™*
LiPF¢) from Gotion company (USA), and the electrolyte amount
was fixed as 50 pL per cell. The Gr half-cell was lithiated to 5 mV
and delithiated to different states for TGC samples during
lithiation by limiting either the cut-off voltage or the cut-off
capacity. For the full cell testing, the Gr electrode was paired
with a 2 mA h em > LNMO cathode and assembled in a 2032
type coin cell with a negative to positive ratio (N/P) of 1.05. The
full cell was cycled between 3.5 V and 4.85 V at room tempera-
ture at a current density (1C = 147 mA h g ', based on LNMO) of
C/20 for the first two cycles and C/3 for the subsequent cycles.

The pouch cells were first assembled in the atmosphere
without electrolyte, and then the dry pouch was dried at 80
overnight under vacuum before the electrolyte injection. The
cathode size is 44 mm x 30 mm, and anode size is 45 mm X
32 mm. After electrolyte injection, the pouch cell was vacuum
sealed in the glove box. The electrochemical performances of
all the electrodes were tested at room temperature either using
a Neware Battery Test System, Arbin BT2000 instruments
(Arbin instrument, USA), and the electrolyte injection amount
is 500 pL.

Characterizations

Titration-gas chromatography. The TGC experiments were
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 ). The 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 . The
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electrode sample was put in a septum sealed glass vial, and
after injecting the 0.5 mL solvents, the sample gases were
injected into the machine via a 50 puL Gastight Hamilton
syringe.

X-ray photoelectron spectroscopy. XPS was conducted on
Kratos AXIS-Supra, using Al target as the X-ray source under
10~° Torr pressure. The cycled electrodes for XPS tests were
rinsed by DMC and then transferred into a nitrogen-filled
glovebox directly connected to the chamber without air expo-
sure. Survey scans were performed with a step size of 1.0 eV,
followed by a fine scan with 0.1 eV resolution. The spectra were
analyzed using CasaXPS software to different chemical species.

Transmission electron microscopy. The samples were trans-
ferred in TEM (ThermoFisher Talos 200X TEM operated at
200 kV) using an Airtight method. STEM-based energy-
dispersive X-ray spectroscopy (STEM-EDS) was performed on
ThermoFisher Talos 200X TEM with 4 in-column SDD Super-X
detectors operated at 200 kV. The probe current for EDS maps
on the TALOS was around 140 pA and an acquisition time of
3 min in total. EDS mapping was acquired from areas with
low-dose technology to minimize possible electron beam irra-
diation effects. The ThermoFisher Talos 200X TEM electron
microscope system was fitted with a Schottky X-ray FEG field
emission electron gun, STEM model. The SAED (selected area
electron diffraction) images were acquired with an electron
dose rate ~0.1 e A= s™" for ~4 s (FEI Ceta camera).

X-ray diffraction. The XRD measurements were obtained
using a Bruker APEX II Ultra diffractometer with Mo Ko (4 =
0.71073 A) radiation to check the crystal structures. The diffrac-
tion images gathered by the 2D detector within an angular
range of 4° to 40° were merged and integrated with DIFFRA-
C.EVA (Bruker, 2018) to produce 2d-plots. The samples were
prepared by scratching the cathode electrode and filling the
capillary tubes inside an Ar-filled glovebox with <0.1 ppm H,0O
level. The general structure analysis system II (GSAS-II) was
employed for the Rietveld refinement.

Inductively coupled plasma mass spectrometry. The ICP-MS
measurements were obtained using ICP-MS (iCAP RQ, Thermo
Fisher Scientific). The cycled electrolyte was digested in con-
centrated HCI (3 mL) overnight and diluted with DI water. The
ICP sample solution was prepared by mixing the diluted
solution with 0.5% HCI + 0.5% HNO; solution. The electrolyte
is harvested from the pouch cell with the following process: cut
one side of the cycled pouch cell and place it upside down
into the 50 ml polypropylene (PP) vial. The vial is sealed
with parafilm to prevent solvent evaporation. The tube is
then centrifuged at 2000 RPM at room temperature (RT) for
10 minutes. The extracted pure electrolyte is removed from the
vial and diluted for ICP-MS analysis for Li quantification.

First-principles calculations. LNMO at various charged/dis-
charged states were studied using density functional theory
(DFT) with the Vienna Ab initio Simulation Package (VASP) (G.
Kresse and ]. Hafner, Phys. Rev. B, 1993, 47, 558; G. Kresse
and ]. Hafner, Phys. Rev. B, 1994, 49, 251; G. Kresse and
J. Furthmuller, Comput. Mat. Sci., 1996, 6, 15; G. Kresse
and J. Furthmuller, Phys. Rev. B, 1996, 54, 11169). Periodic
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plane-wave DFT+U static calculations were performed for the
LNMO bulk structure. Supercell models, LigNi;Mn,,03,, were
used as Li,Niy sMn, 50, at x = 1. To simulate Li removal from
x =1 to 0, the corresponding number of Li atoms were removed
at each state. A 3 x 3 x 3 k-point mesh and an energy cutoff of
520 eV were employed at the calculation. U values were
chosen as 5.96 and 4.5 eV for the +U augmented treatment of
Mn and Ni 3d orbitals, respectively. The initial MAGMOM
parameters were set as follows: Li*(0), Ni*(—2), Mn*(+4), O*(0).
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