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Revealing the Effect of High Ni Content in Li-Rich
Cathode Materials: Mitigating Voltage Decay
or Increasing Intrinsic Reactivity

Xiaokang Ju, Xu Hou, Zhongqing Liu, Leilei Du, Li Zhang, Tangtang Xie, Elie Paillard,

Taihong Wang, Martin Winter, and Jie Li*

Li-rich layered oxides are considered as one of the most promising cathode
materials for secondary lithium batteries due to their high specific capacities,
but the issue of continuous voltage decay during cycling hinders their market
entry. Increasing the Ni content in Li-rich materials is assumed to be an effec-
tive way to address this issue and attracts recent research interests. How-
ever, a high Ni content may induce increased intrinsic reactivity of materials,
resulting in severe side reactions with the electrolyte. Thus, a comprehensive
study to differentiate the two effects of the Ni content on the cell performance
with Li-rich cathode is carried out in this work. Herein, it is demonstrated
that a properly dosed amount of Ni can effectively suppress the voltage decay
in Li-rich cathodes, while over-loading of Ni, on the contrary, can cause struc-
tural instability, Ni dissolution, and nonuniform Li deposition during cycling
as well as severe oxygen loss. This work offers a deep understanding on the
impacts of Ni content in Li-rich materials, which can be a good guidance for
the future design of such cathodes for high energy density lithium batteries.

1. Introduction

Because of the high specific capacities and low cost, lithium-
rich layered nickel cobalt manganese oxides (LNCM) is con-
sidered as a promising and partially greener alternative to
conventional cathodes for lithium rechargeable batteries.™!
However, the practical application of them still suffers from

intrinsic drawbacks, such as low initial
Coulombic efficiency (CE) and inevitable
voltage decay during cycling, which may
lead to continuous loss of energy density
and create difficulties for battery manage-
ment system to monitor and control.[0~]
Numerous studies have focused on the
mechanism and on mitigation strategies
of voltage decay. Generally, the voltage
decay is caused by many aspects, such as
oxygen release, phase transition, and sur-
face defects.'”l When charging up to 4.5V,
the oxidation of 0> to O, occurs to bal-
ance the delithiation from the Li,MnO;
phase, leading to the activation of the
Mn*—Mn?*" reduction during discharge,
which shows low redox potential.Zl There-
fore, the irreversible oxygen release occur-
ring during prolonged cycles leads to
severe voltage decay. Meanwhile, due to
the bonds between transtion metals (TMs)
and O get weakened by the formation of oxygen vacancies and
the reduction of TM ions,>] TM easily migrates to Li layer
sites, which can cause phase transition from layered structure
to spinel phase (with the activation of Mn?*/Mn?" redox at 2.8 V
vs Li/Li*), leading to a further decrease of average voltage.l'®"]
Except for the effect of structural change, extensive side reac-
tions between activated oxygen species and the electrolyte also
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generate accumulated undesirable compounds on the electrode
surface, which can increase cell impedance with the growth
layer, leading to an increased overpotential.’} “substitution” of
3d TMs with larger 4d or 5d metal ions (e.g., Nb, Ru, Sn, and Ir)
can suppress the voltage decay effectively by inhibiting the TMs
migration to Li layers and thus stabilizing the oxygen redox, thus
is the most widely used strategy to enhance the performance of
LNCM cathodes."®23] However, those alternative materials are
hardly considered for practical application, since most of the
used doping/substituting elements are rare and heavy.

An alternative procedure, i.e., adjusting the content of dif-
ferent TMs in LNCM, is proposed to be an economic way to
address the issue of the voltage decay.?*?! It has been reported
that when the Ni content increases, the formation of the layered
Li,MnO; component is suppressed, and subsequently lattice
oxygen evolution can be reduced.??] In the meantime, nickel
ions tend to reversibly migrate between the TM layer and the
interlayer during the delithiation/lithiation process, which can
suppress the formation of a spinel phase, leading to the improved
cycle stability.”) However, in addition to a decrease in capacity,
it brings new challenges in regard to higher surface reactivity
with higher Ni content due to the raising risk of side reactions
between Ni*" and electrolytes. As being widely discussed in con-
ventional high Ni layered cathodes, such as LiNiygCoyMng;0,
(NCM811), the Ni** ions in delithiated materials are thermo-
dynamically metastable against the typical organic carbonate
electrolytes.?8! Therefore, in addition to accelerating electrolyte
decomposition, side reactions between Ni*" and electrolyte also
lead to the dissolution of Ni ions in the electrolyte upon inten-
sive cycles. The dissolved Ni ions, together with dissolved Mn
ions cause a distortion of the layered structure, and further
aggravate oxygen evolution from the cathode. Besides, as being
demonstrated in lithium metal batteries (LMBs), the dissolution
of TM ions can affect the Li deposition behaviors and enlarge
the overpotential on the anode. These problems should not be
ignored when designing the high Ni LNCM cathodes.*”) Hence,
how to balance the TM ratio in LNCM to minimize the voltage
decay and to realize high cycle stability becomes a critical con-
cern in realizing the practical utilization of LNCM.

In this work, we aim to explore the effect of Ni content
in LNCM materials on their structural stability, thermal sta-
bility, cathode/electrolyte interphase (CEI) formation, and Li
deposition on Li metal anode by comparing three materials with
different Ni content, i.e., 0.4Li,MnOs-0.6LiNi;;3Coy,3Mny;30,
(LNCM111), 0.4Li,MnO; - 0.6LiNiy 4Coy ;Mng ,0, (LNCM622) and
0.4Li,MnO3-0.6LiNi, gCop;Mn,;0, (LNCM811) (also written
as  Lij16Nig17C091sMng500,,  Liz16Nig 30C00 10M1N.4402,  and
Li; 16Nig 490C00,05Mny 390,, respectively). The investigation on the
mutual restrictive effects of Ni and layered Li,MnO; provides
new insights into the optimization of TM ratio of LNCM to
realize the balance of voltage decay and cycle stability.

2. Results and Discussions

2.1. Physical Properties and Electrochemical Performance
of LNCM Materials

The chemical compositions of LNCMI111l, LNCM622, and
LNCMS811 were confirmed by Inductively Coupled Plasma
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Emission Spectroscopy (ICP-OES), and the proportions of
each metal element are listed in Table S1, Supporting Infor-
mation. The results agree well with the designed contents of
Li and TMs. Similar primary and secondary particle sizes of
100-300 nm and =4 um, respectively, were gained for all three
samples without obvious difference in partice shape, as dis-
played in Figure S1, Supporting Information. Therefore, any
influence of particle morphology aspects®l on the electrochem-
ical performance of LNCM materials can be eliminated during
the following discussions.

The XRD patterns and related Rietveld refinement of LNCM
materials are presented in Figure 1la—d. As shown in Figure 1a,
each pattern exhibits the typical LiTMO, layered structure (R3m)
except reflections in the range of 20°-25° coming from Li,MnO,
(C2/m).1263% Along with the increase of Ni content, the inten-
sity of superstructure reflections drops, indicating a gradually
decreased LiMnO; character. The proportions of Li,MnOs;
component in LNCM111, LNCM622, and LNCMS811 are about
38.0%, 23.6%, and 11.1%, respectively, as obtained from Riet-
veld refinement of XRD patterns (Figure 1b—d). The lattice para-
meter a and the unit cell volume V of the a~NaFeO, structure
(Figure S2) increase with the Ni content, which accordingly
originates from the decreased Mn* content in the particles as
Mn* has a smaller ionic radius compared to other TM ions.
The ratio of (003) and (104) peak intensity (Iyo3/L104) are 2.0, 1.6,
and 1.2 for LNCM111, LNCM622, and LNCMS8I11, respectively,
indicating high cation mixing in LNCM811 sample."32

Raman spectroscopy of LNCM materials was measured
to study the crystal structure evolution, since the vibration of
TM-O is sensitive in transition-metal oxides (Figure le). Two
broad bands at 400 cm™ (E,) and 600 (Ayg) cm™, corresponding
to the typical layered o~NaFeO, structure with R3m space
group, are observed in all three LNCM samples. Both peaks
show a slightly red shift with the Ni content increase, which is
similar to the trend of the results from commercialized LiTMO,
samples (Figure S3, Supporting Information). Meanwhile, the
bands below 430 cm™ that are assigned to the Li,MnO; com-
ponent,33] gradually decrease with increase of Ni content, sug-
gesting that the high Ni content can suppress the formation of
Li,MnO; component, which is consistent with XRD refinement
results. Consequently, in order to maintain the electro-neu-
trality, the average valence state of Ni increases in the LNCM
samples with high Ni content, which is confirmed by the Ni
K-edge change in XANES (Figure 1f) and Ni 2p spectra in X-ray
photoelectron spectroscopy (XPS) measurement (Figure S4,
Supporting Information). In the meantime, the valences of Co
and Mn remain at +3 and +4, respectively, for all three samples
regardless of TM ratio variation (Figure S5, Supporting Infor-
mation), which is consistent with previous reports.[26:34

Initial charge—discharge profiles and corresponding differen-
tial capacity (dQ/dV) vs voltage plots of lithium metal cells with
LNCMI111, LNCM622, and LNCM811 cathodes are shown in
Figure 2a and Figure S6, Supporting Information, respectively.
All cells were cycled in two-electrode 2032-coin cells with Li
metal as anode between 2.0 and 4.8 Vat 0.1 C (1C=250 mA g7}).
Upon 4.45 V during charge, the region which is ascribed to
the oxidation of TM (mainly Ni) in LiTMO,,* prolongs from
LNCM111 to LNCM811 due to the increase of the LiTMO, com-
ponent, as confirmed by XRD refinement. On the contrary, the
plateau above 4.45 V, which mainly refers to the O?~ oxidation
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Figure 1. a) XRD patterns of the three samples; b—d) Rietveld refinement patterns, ) Raman spectra, and f) Ni K-edge XANES spectra of LNCM111,

LNCM622, and LNCM811, respectively.

in Li,MnOj3, shortens along with the Ni content increase owing
to the suppressed Li,MnO; component.[?°l Thus, higher Ni con-
tent results in lower contribution of oxygen redox, leading to
lower discharge capacity, e.g., the initial discharge capacities at
0.1 C are 267, 255, and 222 mAh g! for LNCM111, LNCM622,
and LNCM811, respectively.

The mean discharge voltages of the three LNCM cathodes
during cycling are shown in Figure 2b. The cells were cycled
at 0.5 C after two formation cycles at 0.1 C at the range of
2.0-4.8 V. Although LNCM&811 possesses the highest mean
discharge voltage in the first formation cycle, and it drops in
the subsequent cycles. The voltage decay per cycle is 1.62, 1.06,
and 1.33 mV (vs the Ist value at 0.5 C within 100 cycles) for
LNCM111 LNCM622, and LNCM811, respectively. Obviously,
increasing Ni content in LNCM materials leads to less voltage
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decay, but overloading of the Ni content can undesirably aggra-
vate this issue. The intrinsic instability of Ni* at highly delithi-
ated states (e.g., at 4.8 V) is expected to be the main reason,
together with the weakened role of Li,MnO; in stabilizing the
layered structure.l The cycling performance of the three LNCM
materials is shown in Figure 2c. Though LNCM111 delivers the
highest initial discharge capacity, it experiences a relatively
serious capacity fading during the long-term cycling in com-
parison with that of the other two samples. No capacity fading
is seen from LNCM622, and the discharge capacity even shows
a slight increase in the first 50 cycles, which agrees with the
previous report from Manthiram et.al.?®l LNCM622 overtakes
LNCMI11 at the 28 cycle and further widens the gap during
the following cycles. Besides, LNCM622 exhibits the most stable
Coulombic efficiency than the other two samples (Figure S7,

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. a) Initial charge—discharge curves of Li metal cells with three LNCM electrodes at 0.1 C. b) Mean discharge voltage and c) cycling performance
of three LNCM electrodes when being investigated at 0.1 C for two formation cycles and at 0.5 C for the following cycles. d) Respective contributions
of TMs and O on the capacity in LNCM111, LNCM622, and LNCMZ811 at various cycles. Discharge curves of Li metal cells recorded per 10 cycles with
e) LNCM111, f) LNCM622, and g) LNCM811 electrodes within 100 cycles at 0.5 C.

Supporting Information). For LNCM811, it shows a notably low
capacity, which is less interesting for Li-rich materials. Even
if prolonged to 200 cycles, as shown in Figure S8, Supporting
Information, LNCM622 still exhibits superior electrochemical
performances with no capacity fading and good rate capability.
Hence optimization Ni content in Li-rich cathodes, e.g. that of
LNCM622, can not only suppresses the voltage decay, but also
maintains a desirable capacity.

To further understand the role of each element in charge
compensation and the evolution of redox couples during cycling,
the contributions of TMs and O on the discharge capacity in
LNCM111, LNCM622, and LNCMS811 are compared in Figure 2d.
Specifically, three regions are divided according to the redox
potential peaks shown in dQ/dV plots (Figure S6, Supporting
Information), namely, oxygen reduction (above =4.2 V vs Li|Li"),
the reduction of Ni*/Ni**/Ni?* and Co*®*/Co** (=3.4-4.2 V
vs Li|Li*), and reduction of Mn (below ~3.4 V vs Li|Li*).[*24
Regarding LNCM111, along cycling, the participation of oxygen,
Ni, and Co redox to the total specific capacity notably decrease,
and the contribution from Mn redox steadily increases. In com-
parison, the increase of Mn redox contribution is slower and a
proportion from Ni and Co redox maintains higher values in
LNCM622. When Ni content further increases, a high capacity
of 146 mAh g! in the initial discharge contributed by Ni and Co
redox is delivered in LNCM811. As most of the Ni ions are grad-
ually deactivated during the following cycles, the capacity deliv-
ered by Ni and Co redox in the 90" cycle is only 36 mAh g
Therefore, further increasing the Ni content promotes negative
effects on performance at high voltage.

The effect of Ni content on the Li* diffusion kinetics was
detected by EIS measurements on cells at the first discharge
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at 2.0 V. The fitted results and the equivalent circuit used are
shown in Figure S9. The charge transfer resistance (R;) of
LNCM111, LNCM622, and LNCM811 is 54.2, 43.9, and 90.3 Q,
respectively. LNCM622 shows the lowest R, among the three
samples.3® Since Li,MnO; has poor ionic conductivity, the
suppressed Li,MnO; component in LMCM622 results in a
reduced R, compared to LNCM111. However, severe side reac-
tion between Ni and electrolyte at high charge voltage causes an
increase of impedance again. Even the content of the Li,MnO,
component decreases in LNCM811. Figure 2e-g presents the
discharge voltage profiles within 100 cycles recorded per 10
cycles, facilitating the comparison of capacity and voltage deg-
radation. Obviously, LNCM111 and LNCM811 with either high
Mn or Ni content both exhibit serious voltage decay, while
LNCM622 with a proper Ni content shows much better mainte-
nance of voltage.

2.2. The Effect of Ni Content on Structural Stability
During Cycling

To investigate the structural stability of materials during
cycling, Raman spectroscopy was performed on electrodes
cycled at 0.5 C for 100 cycles (Figure 3a). Compared with the
pristine materials (Figure le), a new peak appears in each spec-
trum at around 640 cm™, which is assigned to A;, vibration
band of the spinel phase. The peak intensity is higher in the
spectrum of cycled LNCM111 electrode than the other two sam-
ples, indicating that LNCM111 undergoes the most pronounced
structural change during cycling. In other words, this observa-
tion indicates that an increasing Ni content inhibits the phase

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a) Raman spectra of LNCM111, LNCM622, and LNCM811 electrodes after cycling; b) TGA curves and corresponding differential points
(blue line) of all three samples with a delithiated amount of 0.9 per formula; c) TGA and corresponding differential curves (blue line) of LNCM622 at
various delithiated amounts; d) waterfall type in situ XRD pattern for LNCM622 cathode during the first two cycles at 0.1 C with 26 range of 30°-80°
and corresponding magnified patterns of e) (101) peak; f) (104) peak; g) (018) and (110) peaks.

transition of LNCM from layered to spinel. However, though
less phase transition occurs in the cycled LNCM811 electrode,
the peak positions of Ay shift to the left obviously, which is
ascribed to the Ni ions in high valence, demonstrating the loss
of Ni ions redox activity in LNCM811 when being cycled at high
cutoff voltage and the maintenance of Ni ion at a high oxida-
tion state at the discharged state.l’’-3% Therefore, the Ni content
should be strictly controlled when designing LNCM materials,
and the previous statement 3% that increasing the Ni content
can suppress the voltage decay of LNCM is only applicable
under certain limitation.

As oxygen loss at high voltage during the cycling can directly
reflect on the voltage decay of LNCM materials, investigations
on oxygen activity as well as structural evolution at highly del-
ithiated states is important. To achieve this target effectively,
chemical delithiation process (with NO,BF,) was used to obtain
“clean” delithiated samples in this work,*! in order to avoid
the influence of PVAF and conductive carbon which would res-
idue in electrochemical delithiated electrodes. The delithiation
amount is fixed to 0.9 per formula, corresponding to a charge
capacity of 276 mAh g™ based on LNCM622. Figure 3b shows
the TGA curves and corresponding differential curves of all
chemically delithiated samples. Within 30-600 °C, the weight
losses of LNCM111, LNCM622, and LNCMS811 are 14.1%, 10.5%,
and 12.2%, respectively. Since the weight loss mainly comes
from oxygen releasel in this case, the LNCM622 sample
clearly shows the least oxygen loss and the best thermody-
namic stability at high delithiated condition. The oxygen release
from LNCMG622 at different delithiated states, i.e., 0.3, 0.6, and
0.9 per formula (corresponding to a capacity of 92, 184 and
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276 mAh g7\, respectively), was further explored, and the results
are displayed in Figure 3c. With the increase of delithiation
amount, the oxygen loss increases gradually, this would lead to
the structural rearrangement “0# and therefore result in the
degradation of electochemical performance of LNCM materials.

Figure 3d and Figure S10, Supporting Information show the
contour map and waterfall plots of in situ XRD patterns for the
LNCMG622 electrode during the first two cycles in the 26 range
of 30°-80°, respectively. The magnified maps on (101), (104),
(018), and (110) peaks are shown in Figure 3e—g. During the ini-
tial charge-discharge process, due to the irreversible removal of
Li* and oxygen from the lattice, the (101) and (110) peaks could
not return to the original positions and slightly shift to the left
with shorten lattice spacing. However, during the second cycle,
the reversibility of the structural change increases, and the
peak positions move back to those at end of the first discharge
without obvious change. Besides, no new peak appears during
this process, demonstrating a single-phase reaction. Therefore,
LNCM622 shows high structural stability, which is consistent
with the results of Raman and TGA measurements.

2.3. The Effect of Ni Content on Side Reaction between
Electrode and Electrolyte

The side reaction between high valence Ni and electrolyte is
leading to the degradation of LNCM materials due to thick CEI
formation during cycling. Here, XPS was used to clarify the
components and thickness of CEI and investigate the interac-
tions between electrode and electrolyte.[***!l Figure 4a—d shows

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. a) F 1s, b) O 1s, ¢) Cls, and d) P 2p XPS spectra of LNCM111, LNCM622, and LNCM811 electrodes after 5 cycles; e) quantification of the
thickness contribution from each component in the CEl for different LNCM electrodes; f) DSC curves of LNCM electrodes after charging to 4.8V,
the measurement was carried out with LP57 electrolyte; g) dissolution of Ni in LP57 electrolyte of three LNCM electrodes after 5 cycles.

the F 1s, O 1s, C 1s and P 2p spectra of LNCM111, LNCM622
and LNCMS811 electrodes after 5 cycles at 0.1 C. In F 1s spectra
(Figure 4a), two peaks at 688.1 and 686.7 eV are detected, which
can be assigned to PVAF ] and LiF,*! respectively. The peak
from O 1s spectra (Figure 4b) at 534.0 and 532.5 eV are assigned
to organic carbonate compounds (LiRCO;) and Li,COs;, respec-
tively, which are considered as the main components of CEI
layer. Besides, the peak at 528.3 eV corresponds to the LNCM
active material.*™ It disappears on the surface of cycled
LNCMS8I1 electrode, indicating that its CEI layer constructed
by products from side reactions and decompositions of elec-
trolytes is much thicker than that of the other two electrodes.
The C 1s spectra can be fitted with five peaks corresponding to
CF,-CH,, polyethylene glycol (PEG), CH,-CF,, porous carbon,
and conductive carbon with the binding energy from high to
low.”] Two peaks can be identified in P 2p spectra, i.e., LiPFg
at a higher binding energy (139.2 ev) and LiPO,F, at a lower
binding energy (135.7 ev). Therefore, the CEI layer is composed
of LiF, LiRCO,, Li,CO;, PEG, LiPF;. etc., which is consistent
with previous literature.®# Using the previously reported CEI
calculation formula,[*>>0>1 the CEI thicknesses of LNCM111,
LNCM622, and LNCM8I11 are calculated to be 0.68, 0.53, and
1.65 nm, respectively, based on the intensity of Mn 2p signal
of cycled electrodes (Figure S11, Supporting Information). The
contents of individual CEI ingredients for three electrodes are
further quantitative calculated, as shown in Figure 4e. The
LNCM811 electrode has the thickest CEI, dominated by LiF and
LiRCO;, indicating more electrolyte consumption and unfa-
vorable side effects during the cycling, as well as the increased
interfacial impedance in the cell.

Small 2023, 19, 2207328 2207328 (6 of 9)

As reported, the highly delithiated layered cathodes show
high reactivity with the organic solvent-based electrolyte at ele-
vated temperature, leading to a thermal run-away.*! Figure 4f
shows the DSC curves of electrodes directly disassembled
from coin cells after the first charge step (to 4.8 V). Within
50-280 °C, the main exothermic peak shifts toward low tem-
perature, and the released heat gradually decreases along with
the increase of Ni content. For example, in LNCM111, the main
exothermic peak is located at 254.7 °C, and the released heat
is 486.2 ] g”!. While, LNCMS811 starts to decompose at 216.4 °C
and generate 384.7 ] g™ heat upon heating. It indicates that the
lower thermal run-away temperature occurs for samples with
higher nickel content. Since both lower reaction temperature
and higher exothermic heat cause safety issues, adjusting the
TM ratio appropriately is important to enhance the intrinsic
safety of materials.

The side reactions between the electrode and electrolyte also
cause the dissolution of metal ions in electrolyte, which can result
in capacity fading as well. Thus, to determine the amounts of dis-
solved TMs, the electrolytes collected from the cells after 5 cycles
were measured with ICP-OES (Figure 4g). No signals from Mn
and Co have been detected in this experiment, probably due to the
reason that Mn is precipitates on the anode and Co is much more
stable to stay on the crytal cites.’>>} Nevertheless, LINCM811
shows the highest value of Ni dissolution (10.88 mg L), clearly
due to the severe side reactions originated by the high Ni content.
This result further illustrates the importance of regulating the
TM ratio to achieve high thermal stability. Side reactions between
Ni and the electrolyte should be considered in designing Li-rich
material despite of the positive role of Ni in this system.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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2.4. The Effect of Ni Content on the Lithium
Deposition/Dissolution Processes

It has been demonstrated that the dissolved TMs can affect Li
deposition/dissolution on the Li metal anode in LMBs even
during the first Li deposition process.”” Thus, as clarified by
ICP-OES results (Figure 4g), i.e., the different Ni content results
in different TM dissolution behavior, the influence of Ni con-
tent in LNCM on the Li deposition performance is critical to be
investigated. Meanwhile, the initial Li deposition morphology
during the first charge process plays a crucial role on the cycle
stability in LMBs.’**% TM deposition along with Li deposition
can cause an uneven deposition of Li metal with massive sizes
and morphologies.”” In fact, deposited Li with high-surface-
area is not favorable in particular lithium dendrite and “dead
Li” formation.®l

Figure 5a—c shows the SEM images of Li deposition on Cu
substrate for 15 h at a current density of 0.1 C (0.15 mA cm™2).
The surface morphology of the Cu foil substrate is shown in
Figure S12, Supporting Information, and the mass loading of
cathode materials in this experiment is about 7 mg cm™2. After
Li deposition, the Cu surface is covered by aggregated “nodule-
like” and “rod-like” Li depositions, which is consistent with the
previous report.’”) By comparison, it is clear that dense deposi-
tion occurs on Li surface with LNCM622 cathode, which may
be caused by the suppressed TM dissolution in LNCMG622.
Therefore, the mild TMs dissolution is favorable for Li uniform
deposition.

Furthermore, the initial potential profiles of Li metal anode
with various cathodes at 0.1 C were obtained via measurement

www.small-journal.com

of three-electrode Swagelok cells (Figure 5d). Li potential pro-
files can be distinguished into three parts (represented as I, II,
and 111).58) Before electrochemical reactions, due to the contact
between electrolyte and Li metal, a passivation layer called solid
electrolyte interphase (SEI) is formed at the Li anode surface.
The first charge step (Process I) is accompanied by a sudden
spike in potential, which is highly associated with experimental
conditions, including current density, electrolyte formulation,
type of cathode, thickness of the formed SEI, etc. The fragile
SEI film cracks because of the stress change caused by Li dep-
osition, which can facilitate Li deposition on the surface of Li
metal. As a result, both the interphasial impedance and the
overpotential of the lithium metal anode decrease (process II).
In the subsequent discharge process, the previously deposited
Li does preferentially dissolve, and this process is accompanied
by a new SEI re-formation (process III). Since the surface of
the Li anode is covered with SEI layer, leading to an overpo-
tential increase, the kinetics of Li deposition/dissolution on the
anode can be directly compared by the different overpotentials.
Figure 5d clearly demonstrates that during the initial cycle,
the cell with the LNCM622 cathode exhibits the lowest over-
potential among the three cells, indicating a facilitated lithium
deposition/dissolution behavior. This advantage can be main-
tained during extended cycling, as can be seen in Figure S13,
Supporting Information. Therefore, Li deposition/dissolution
process needs to be carefully considered for evaluating the per-
formance of LNCM. Ni content actually plays an important role
in the amount of dissolved TM ion as well as in Li anode depo-
sition/dissolution behavior in the presence of LNCM cathode
materials.

*:;
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S 00004 mrmimmem e T s
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Figure 5. SEM images of Li deposits on Cu foil after the first lithium deposition at 0.1 C with a) LNCMT111, b) LNCM622, and c) LNCM811; d) overpo-

tential profiles at the first cycle for Li anodes in various cathodes.

Small 2023, 19, 2207328 2207328 (7 of 9)

© 2023 The Authors. Small published by Wiley-VCH GmbH

85UB01 7 SUOWILLIOD AIIERID B|ced ! dde 8y} Aq peuieob 812 Sao1e YO 8SN JO S9INJ 10} AT 3UIIUQ AB]IM UO (SUOTHPUOD-PUR-SWLBIAL0D" A IM Ale.d 1 jBul [Uo//Sdi) SUONIPUOD pue SWe | 84} 985 *[7202/20/92] Uo Akeiqi8uliuo A8|IM ‘Ind ullieg wWniusZ-z)oyweH Aq 82802202  1IWS/Z00T 0T/I0p/W0d A8 ARIq1jeuljuo//Sdny Wolj pepeojumod ‘02 ‘€202 ‘6289€TIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

3. Conclusion

In this work, we evaluated the effects of Ni content in Li-rich lay-
ered cathodes (LNCM) on various material and cell properties,
such as structural stability, thermal stability, CEI formation, TM
dissolution, and Li deposition during cycling. In difference to
previous results that an increase of the Ni content can suppress
the voltage fade in LNCM., we demostrate that the intrinsic reac-
tivity of Ni** in LNCM with high Ni content aggravates voltage
decay and capacity fading due to the severe side reaction with the
electrolyte, in particular Ni dissolution. Hence, Ni can only take
over the desired beneficial role in mitigating voltage decay with
a suitable TM ratio. The voltage decay associated with oxygen
loss is serious, at either high Ni or Mn contents in LNCM mate-
rials. In addition, through the intensive studies on the thick-
ness and chemical composition of CEI, the dissolution of TMs
into the electrolyte, and the heat, we also indicatethe strong
correlation between the TM ratio in cathodes and the side reac-
tions between cathode and electrolyte. Furthermore, nonuniform
Li deposition and large overpotentials were observed in lithium
metal cells using LNCMs with high Ni content. In a word,
a suitable TM ratio, especially proper Ni content, for LNCM
(e.g., LNCM622) could not only alleviate voltage decay, but also
provide better compatibility with the electrolyte and the Li metal
anode. These results are essential for adequately utilizing
high-capacity lithium-rich cathodes in the future.
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