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ARTICLE INFO ABSTRACT

Keywords: Spinel LiNipsMnj 504 (LNMO) is a promising cathode material due to its high operation voltage, cobalt free
Spinel LiNio sMn; 504 nature and low cost. High energy density of batteries could be realized by coupling LNMO with high-capacity Si
Overlithiation

based anodes, before which large active lithium loss at the anode should be addressed. Pre-insertion of additional
lithium (Li, x) into LNMO, namely overlithaition of LNMO (L; ;,NMO) here, becomes a promising approach for
active Li compensation. Understanding the materials structure and property evolution of L; ,NMO and their
further effect on electrochemical behavior is crucial. Although spinel LNMO could endure a certain amount of
extra Li, its excessive insertion could cause degradation in materials structure, interfacial stability and electro-
chemical performance due to the introduction of large strain, grain boundaries and immoderate reduction of Mn
element. L; 4NMO showed a tradeoff between donable lithium-ion capacity and electrochemical cycling stability
among the investigated L; ,NMO (x = 0, 0.2, 0.4, 0.6 and 1) samples. L; 4NMO| |Si/C cell presented a reversible
capacity of 121.7 mAh g! and energy density of 429 Wh kg™!, achieving over 50 % improvement than that of

Structural stability
Donable capacity
Lithium-ion batteries

LNMO||Si/C cell.

1. Introduction

LiNig sMnj 504 (LNMO) with high working potential (~4.7 V vs. Li/
LiT), cobalt free nature and low cost is becoming an attractive cathode
choice for high-performance lithium-ion batteries [1-5]. Coupling
LNMO cathode with Si based anodes to replace the state-of-art graphite
anode could increase the energy density of batteries due to its much
higher theoretical specific capacity (e.g., 4200 mAh g~! for Si vs. 372
mAh g™! for graphite). However, low initial Coulombic efficiency (ICE)
of current Si based anodes would irreversibly consume limited active
lithium (Li) from LNMO with theoretical capacity of 146.7 mAh g~ ! and
reduce the energy density of batteries [6]. Till now, abundant researches
have been conducted on Li compensation at both the anode and the
cathode [7-9]. Direct implantation of active Li into Si-based anodes goes
straight [6,10-16]. However, the as-formed Li,Si shows high chemical
reactivity and is usually moisture sensitive, associating with safety
concerns in large-scale manufacture. This makes it challenging to
implant anode prelithiation approaches into practical application at the
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current stage. In contrast, Li compensation at the cathode side, including
electrochemical prelithiation and chemical prelithiation, is relatively
stable and adaptive to the current battery fabrication conditions
[17-22]. Compared to electrochemical prelithiation, chemical pre-
lithiation does not need the assembly and disassembly of cells and could
be conducted at both material and electrode levels, which shows more
practical feasibility.

Spinel LNMO allows the insertion of extra active Li to form over-
lithiated LNMO (L;,NMO) [7,23-25]. Electrochemical and chemical
approaches have been previously explored for the prelithiation of
LNMO. For example, lithium pre-insertion into LNMO was conducted to
achieve L; ;NMO via electrochemical lithiation process and the full cell
with such overlithiated cathode exhibited increased capacity [7]. A full
overlithiation state of LyNMO was realized through the reaction be-
tween LNMO and 1.6 M n-butyl-Li solution (hexanes as solvent) [23]
and the reaction between LNMO and Lil in acetonitrile at 80°C with a
six-fold excess of Lil [24], respectively. However, the correlation be-
tween structural stability and materials microstructure in the evolution
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of LNMO overlithiation remains unexplored. Insights into the bulk
structure and interfacial evolution of LNMO caused by overlithiation,
and their effect on electrochemical cycling behavior could enhance
scientific understanding of cathode overlithiation and provide guidance
for materials design with rational structure and overlithiation degree for
achieving the tradeoff between donable lithium-ion capacity and elec-
trochemical cyclability.

In this work, we investigated an overlithiation degree (x)-mediated
evolution of L;,NMO structure, including phases, lattice strain, grain
boundaries and chemical/electrochemical reactivity, as well as their
dependence on the electrochemical properties. With the increase of
introduced Li, cubic LNMO gradually transformed to tetragonal L,NMO
phase. The phase transition initially started on the surface of particles
and gradually spread into the interior of the active particle, accompa-
nied by the generation of lattice strain, grain boundaries and changed
interphase chemical/electrochemical properties. The overlithiation-
degree tolerance of LNMO was analyzed based on the physicochemical
properties and electrochemical stability. L;;,NMO with deep over-
lithiation degree, such as x = 1 (L,NMO), displayed serious structural
degradation as well as high Mn>* content, which caused fast collapse of
the bulk structure and speeded up the parasitic reaction between active
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materials and electrolyte. L; 4NMO delivered a reasonably high doable
capacity of 52 mAh g~ at the initial charge process and comparable
electrochemical cyclability to LNMO at 0.5 C in regular carbonate
electrolyte. Lj 4/NMO||Si/C cell demonstrated 62.5 % increase in
reversible capacity and 57.7 % increase in energy density in comparison
to LNMO||Si/C cell (121.7 mAh g~ and 429 Wh kg™ for L1 4NMO||Si/
C, 74.9 mAh g~! and 272 Wh kg~! for LNMO||Si/C), due to the suc-
cessful compensation for the initial lithium loss at the anode. Correlating
structural evolution with electrochemical behavior caused by over-
lithiation provides valuable insights for rational cathode overlithiation
design and can facilitate the development of high energy density
lithium-ion batteries.

2. Results and discussion

To investigate the overlithiation degree (x)-mediated structural
evolution of L;,,NMO, samples with different overlithiation degrees
(denoted as L; ,NMO, x = 0.2, 0.4, 0.6 and 1) were fabricated via
chemical prelithiation using reductive Li containing solution. As shown
in Fig. la—c, with the increase of x in L;,NMO samples, the charac-
teristic X-Ray Diffraction (XRD) peaks for LNMO phase (PDF 80-2162)
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Fig. 1. (a-c) XRD patterns of L; ; ,NMO samples (x = 0, 0.2, 0.4, 0.6 and 1). (d) The ratio of the two phases according to the XRD Rietveld refinement results. (e) The
strain in LNMO phase and L,NMO phase for a specific L; ;,NMO. (f) HRTEM image of LoNMO sample. (g) HRTEM image and (h) the corresponding FFT image at a

selected area.
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gradually weakened, and that for Lo,NMO phase appeared and gradually
sharpened, indicating the gradual phase transition process accompanied
by the continuous Li intercalation [23]. Detailed crystallographic in-
formation of L, ; ,NMO samples with different prelithiation degrees were
analyzed by rietveld refinement (Table S1 and Figs. S2, S3). When x
reached 1 in L;,,NMO, pristine cubic LNMO with Fd-3m space group
was completely converted to pure tetragonal LoNMO with 14, /amd space
group. The intermediate L; , ,NMO samples with different overlithiation
degrees exhibited different phase ratios of LNMO and LoNMO (Fig. 1d).
Typically, L; 4NMO sample consisted of 62 % LNMO and 38 % LyNMO
phases. Moreover, the atomic concentrations of Li, Ni and Mn elements
in all L;;,NMO samples were also measured by inductively coupled
plasma optical emission spectrometer (ICP-OES) (Table S2), which were
overall in agreement with the results of rietveld refinement. Based on
above results, accurate regulation of the practical Li amount in
L1.xNMO samples can be realized by this chemical overlithiation
approach.

The average lattice strain in single-crystal was estimated by the
Williamson—Hall method according to the XRD results (Fig. S2) [26,27].
For simplicity, we compared the strain in LNMO phase and Lo,NMO
phase, separately. Overall, the strain for single LNMO phase increased
from 0.21 %o for pure LNMO sample, to 0.61 %o for L; o2NMO sample, to
0.71 %o for L; 4NMO sample, and 1.15 %o for L; gNMO sample. The
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increased tendency of strain dependence on x for Lo,NMO phase in all the
L1xNMO samples was also observed. The strain calculated based on
LoNMO phase increased to 1.85 %o, 1.70 %o, 2.02 %o and 2.99 %o for
L; 2NMO, L; 4NMO, L; §NMO and LoNMO samples, respectively. It was
noted that at x > 0.6 or higher in L; ; ,NMO sample, LNMO and L,NMO
phases both exhibited high values of strain (e.g., 1.15 %o and 2.02 %o for
L; 6NMO sample, respectively), suggesting that high overlithiation de-
gree could cause structural instability. The structure of LoNMO sample
was further measured by high-resolution transmission electron micro-
graph (HRTEM) and abundant grain boundaries were observed (Fig. 1f).
In the selected area (Fig. 1g), (2-20) planes of LoNMO phase with
different crystalline orientations were shown on two neighboring
nanodomains (colored as green and purple, separately), which was
again evidenced by the results of the corresponding fast Fourier trans-
form (FFT) image (Fig. 1h) and inverse FFT image (Fig. S4). Random
crystalline orientations of lattice were observed when enlarging the
selected area (Fig. S5), indicating the formation of grain boundaries in
the process of phase transformation. These results evidenced the lattice
distortion and defect structure in highly overlithiated LNMO (such as
LoNMO), due to the large strain and excessive growth of grain
boundaries.

The structure evaluation of L;,NMO sample during its chemical
lithiation was further investigated by TEM and selected area electron
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Fig. 2. (a) HRTEM image of L; osNMO sample. (b) FFT image at region I and (c) the corresponding inverse FFT image. (d) The FFT image at region II. (e, f) HRTEM
images and (g) the corresponding SAED pattern of L; 4JNMO sample. (h) Schematic of structural evolution for LNMO during overlithiation.
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diffraction (SAED). Fig. 2a showed a HRTEM image of slightly lithiated
sample (L; osNMO). Regions at the edge part (Region I) and inner part
(Region II) were selected and investigated. Mixed phases of LNMO and
LoNMO were verified at Region I according to the fast Fourier transform
(FFT) image (Fig. 2b). Planes with distances of 0.15 and 0.21 nm with an
angle of 45° were observed, which could be ascribed to (04-4) and (040)
planes for LNMO phase. Besides, (022) and (013) planes for L,NMO
phase were also shown, as evidenced by the plane distances of 0.24 and
0.26 nm with an angle of 30° (Fig. 2b). The distribution of LNMO and
LoNMO phases was further investigated by inverse FFT image (Fig. 2c).
Nanodomains with hybrid LNMO and LyNMO phases in several nano-
meters were observed and cross-linked with each other at the edge part
of the active material. In contrast, pure LNMO phase was shown at re-
gion II with (04-4) and (00-4) planes and no signals for LpNMO phase
were observed.

With higher overlithiation degree, only LoNMO phase was observed
at the edge part of L; 4NMO particle (Fig. 2e-g, Fig. S6). A set of lattice
fringes of 0.21 and 0.24 nm with an angle of 55° corresponded to (2-20)
and (20-2) planes of Lo,NMO phase (Fig. 2g), which was also observed in
the FFT image of pure Lo,NMO sample (Fig. 1h). In summary, Lo,NMO
phase existed at the edge region for L;,,NMO sample with low over-
lithiation degree, which would spread over the entire edge region with
increased overlithiation degree, and could further penetrate into the
inner of the particle with higher overlithiation degree. At the optimal
overlithiation degree, L; 4/NMO sample only showed LNMO phase after
its initial charge to 4.5 V (Fig. S7). The complete conversion of LoNMO
phase to LNMO phase and the structural recovery indicated high
reversibility of L; 4/NMO sample. The structural evolution of LNMO
accompanied with overlithiation was schematically depicted in Fig. 2h
according to the above analysis.

The elements and their chemical states were investigated by X-ray
photoelectron spectroscopy (XPS). The signal intensity for Li element
gradually increased with the increase of overlithiation degree (Fig. S8).
High-resolution Li 1s spectra of L; 4JNMO sample with varying sputtering
time were recorded. The sample before Ar™ sputtering displayed the
highest signal intensity for the peak at 54.4 eV, which gradually
degraded with the increase of sputtering time from 0 to 20 min (Fig. 3a).
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The recorded Li content of L; 4JNMO sample gradually decreased from
45.0 at % to 30.0 at % and 22.4 at % and finally decreased to 14.2 at %
with increasing sputtering time (0, 10, 20 and 60 min, Fig. 3b), which
indicated that the L; 4JNMO sample possessed Li-rich surface structure.
Fig. 3d compared the Li contents in LNMO, L; 4JNMO and LoNMO sam-
ples after 10 and 60 min sputtering time. The Li content remained
constant after different sputtering time for both LNMO and LoyNMO
samples.

We also compared the high-resolution Mn 2p spectra for LNMO,
L1 4NMO and LoyNMO samples. The binding energy of Mn 2p provided
information for different chemical states of Mn element. The Mn 2p peak
for LNMO sample suggested the predominate ratio of Mn*". During the
increase of overlithiation degree, the ratio of Mn** (643 and 654.5 eV)
to Mn>" (641.8 and 653.2 eV) was gradually decreased in L; ,NMO
samples, and dominated Mn®* was shown in the high-resolution Mn 2p
spectra for LoNMO sample [28,29]. The formation of too much Mn3* in
structure would bring a negative effect on maintaining the structural
stability, due to the Jahn-Teller distortion and disproportionation re-
action during electrochemical cycling (2 Mn®** - Mn** + Mn%")
[30-33]. The chemical state of Ni element was shown in Fig. 3e, which
displayed Ni 2p; 2 and 2p3,» signals. The binding energy of Ni 2p (2ps,2
at 854.7 eV and 2p; /» at 871.9 eV) for L; 4.NMO sample was similar to
that for LNMO (2ps3,» at 855.0 eV and 2p; /5 at 872.2 eV), suggesting
negligible effect of the chemical lithiation process on the chemical state
of Ni element. The above analysis also verified the Li-rich interphase of
partially overlithiated L;,,NMO sample and the gradual overlithiation
process from surface to inner, well in agreement with the TEM
investigation.

To investigate the effect of overlithiation-induced structural evolu-
tion on the electrochemical behavior, L;;,NMO samples with different
overlithiation degrees were subject to electrochemical charge/discharge
measurement. The capacity of L; | ,NMO samples during the first charge
process gradually increased with the increase of overlithiation degree
(Fig. 4a). When the overlithiation degree (x) was less than 0.4, the pre-
inserted additional capacity mainly deintercalated at ~2.9 V (vs. Li/Li",
~29 mAh g’1 for L; oNMO and ~42 mAh g’l for L; 4NMO) during the
first charge process. While the overlithiation degree (x) reached higher
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Fig. 3. (a) High-resolution Li 1 s spectra of L; 4JNMO sample. (b) The Li content in L; 4NMO sample via XPS analysis. (c) High-resolution Mn 2p spectra of LNMO,
L;.4NMO and LoNMO samples. (d) Element atomic concentration of Li for LNMO, L; 4JNMO and L,NMO samples via XPS analysis. (e) High-resolution Ni 2p spectra of
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than 0.6, the increased charge capacity was mainly contributed by the
voltage slope at ~4.0 V (~18 mAh g~ for L; gNMO vs. ~43 mAh g~ for
LoNMO). These newly formed voltage plateaus/slopes at ~2.9 and ~4.0
V correspond to the oxidation of Mn>" to Mn**, due to the pre-insertion
of additional Li ions [34]. Nearly all the pre-inserted Li in the measured
L1,xNMO samples was extracted below 4.5 V (vs. Li/Li") in the first
charge process and similar discharge capacities were observed for all the
L1xNMO samples with different overlithiation degrees (Fig. 4a, b and
Table S2). These results suggest that once the overlithiation-induced
extra Li was extracted during the initial charge process, it did not take
part in the electrochemical cycling in the regular working voltage
window of LNMO, and overlithiation would not sacrifice the reversible
capacity of LNMO. It is worth noting that L,NMO sample with the
highest overlithiation degree endured a slightly higher charge plateau
up to 4.86 V than that of other samples (Fig. 4a). Such result was also
confirmed by differential capacity versus voltage (dQ/dV) profiles
(Fig. S9). Compared to the peak value of 4.76 V for LNMO and L; sJNMO
electrodes, the peak for LoNMO electrode showed a shift to a higher
potential of 4.87 V (vs. Li/Li") in the dQ/dV profiles, and it recovered to
normal value in the following cycles (Fig. S10). The introduction of more
extra Li beyond the tolerance of structure intensifies lattice strain of
LoNMO, and induces the formation of numerous grain boundaries and
defaults, which could lead to higher overpotential for initial Li extrac-
tion. On the other hand, the residual Li species on sample surface after
chemical overlithiation would react with ambient moisture and CO5 to
produce Li;CO3 when exposed to ambient air for electrode fabrication
(Fig. S11), which could increase the overpotential for Li extraction

[43-45]. The L,NMO sample possessed the highest lithiation degree and
more residual Li species could be introduced to produce LioCO3 during
the electrode fabrication. The values of residual strain for LNMO,
L1.4NMO and LoNMO samples were shown in Fig. 4c according to the
XRD Rietveld refinement results after their first charge to 4.5 V
(Fig. S12). Residual strain value of 1.54 %o. was observed for LoNMO,
much larger than 0.32 %o for LNMO, 0.52 %o for L; 4JNMO and 0.86 %o for
L; 6NMO, respectively (Table S5). Moreover, Lo,NMO sample displayed a
lower intensity in XRD peaks for LNMO phase after the first charge to
4.5V, in comparison to that of LNMO and L; 4NMO under the same test
conditions (Fig. S12a), indicating reduced crystallinity of L;NMO after
the release of the pre-inserted Li [35,36]. The low lattice strain of
L1.4NMO after Li release suggested its more robust structure, which
could support stable electrochemical cycling.

The dependence of cycling stability on overlithiation degrees (x) of
L1+xNMO samples was further conducted. The capacity-cycle number
plots of L1 ,NMO (x = 0, 0.2, 0.4, 0.6 and 1) electrodes were displayed
in Fig. 4d. LNMO and L; sNMO electrodes showed close initial discharge
capacities of 125.5 + 0.2 mAh g at 0.5 C (1 C = 140 mA g™ 1), and
capacity retention of 94 + 1.5 % for 100 cycles. L; sJNMO electrode
presented reversible discharge capacity of 124.7 mAh g~ after initial
activation cycles, and highly reversible capacity of 118.6 mAh g~ on
the 100th cycle, with high capacity retention of 95.1 %. Typically,
LNMO, L; 52NMO and L; 4NMO electrodes displayed highly overlapped
curves for the 100th cycle (Fig. S13a), revealing similar electrochemical
cycling stability for these L;,,NMO samples (x = 0, 0.2 and 0.4). When
the overlithiation degree (x) was further increased to 0.6, L; {NMO
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electrode displayed gradual capacity fading from 123.2 to 98 mAh g!
after 100 cycles (Fig. 4d) with a much lower capacity retention of 79.5
%. Even more prominent performance decay was observed for LoNMO
electrode, which delivered the lowest capacity of 85.7 mAh g™ after
100 cycles (Fig. 4d). Besides, a severe increase in overpotential was
observed for LoyNMO electrode in comparison to that of LNMO, L; s2NMO
and L; 4NMO electrodes according to the corresponding dQ/dV profiles
of LNMO, L;4NMO and Lo,NMO electrodes at the 100th cycle
(Fig. S13b). The obvious negative effect of exceeding the overlithiation
degree (x = 0.6 or higher) on electrochemical cyclability may be caused
by the accumulation of structural strain, grain boundaries and Mn>*
species beyond the tolerance of materials structure. In our investigation,
L1.4NMO electrode delivered balanced capacity and electrochemical
cycling stability, suggesting an optimal overlithiation degree. Thus, the
LNMO, L; 4NMO and L,NMO samples were selected as the main objects
to investigate the correlation between structural stability and over-
lithiation degree in our further investigation.

XRD investigation on LNMO, L; 4JNMO and LyNMO electrodes after
100 cycles was carried out. The cycled LoNMO electrode displayed
relatively weaker diffraction peaks than the LNMO and L; 4NMO elec-
trodes (Fig. S14), suggesting that a reasonable overlithiation degree was
critical for sustaining stable structure and deep overlithiation degree
would inevitably induce structural degradation after over long cycles.
Electrochemical impedance spectroscopy (EIS) was conducted to
investigate the stability of the electrode-electrolyte interface. The
quantitative analysis was carried out by fitting the Nyquist plots of
LNMO, L; 4NMO and LoyNMO electrodes with an equivalent circuit
model (detailed results shown in Table S3 and S4). The three electrodes
exhibited similar charge transfer resistance (R¢) before cycling (Fig. 4e,
Table S3). However, a larger surface film resistance (Rgf, associated with
the ionic charge transfer at the electrode-electrolyte interface, 234.4
ohm) [37,38] and R (85.1 ohm) was shown by LoNMO electrode after
100 cycles, in comparison to that of LNMO and L; 4NMO electrodes after
100 cycles (Fig. 4f and Table S4). This result verified severe degraded
interface of the cycled LoNMO electrode. The surface of the cycled
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electrodes was further elucidated by XPS, in which the cycled L,NMO
electrode displayed much weaker O-transition metals (TM) signal in
comparison to L; 4JNMO electrode after 100 cycles [39], supporting
thicker by-product layer on the surface of the cycled LoNMO electrode
(Fig. S15).

The morphological evolution of electrodes was characterized by SEM
(Figs. 4g—j and S16). The LNMO and L; 4NMO electrodes after 100 cycles
exhibited a clean surface with intact particles of active materials (Fig. 4g
and h), which were similar to the fresh counterparts before cycling
(Fig. $17). In contrast, abundant by-products were formed and covered
the surface of the cycled LyNMO electrode (Fig. 4i and j), which should
be ascribed to the detrimental side reactions between the active mate-
rials and electrolyte, responsible for the continuously increased
impedance. The dissolution of transitional metals from the active ma-
terials after 100 cycles was also investigated by ICP-OES. The concen-
tration of Mn and Ni elements in electrolyte for L,NMO||Li cell (0.170
and 0.093 mg ml ™, respectively) was over three times than that for
LNMO||Li (0.035 and 0.008 mg ml ™, respectively) and L; 4NMO||Li
cells (0.047 and 0.016 mg ml_l, respectively) (Fig. S18). Also, the
content of Mn element on the anode surface for LoNMO cell was much
higher than that of LNMO and L; sJNMO cells based on the results of
electron probe micro-analyzer (EPMA) measurement (Fig. S19) [40-42].
As a result, a conclusion can be drawn that the LoNMO sample is not
chemically stable and suffers from parasitic reactions with electrolyte,
leading to degraded interface and violent dissolution of transitional
metals.

According to the above analysis, the evolution of LoNMO and
L;1.4NMO on cycling is summarized in Fig. 5. The intercalation of extra Li
beyond the tolerance of structure (especially for LopNMO sample) in-
tensifies lattice strain, induces numerous grain boundaries and
immoderate reduction of Mn element. Thus, the instability of structure
and side reactions between active materials and electrolyte would be
significantly aggravated, resulting in the increase of interfacial imped-
ance due to the fast dissolution of transition metals and the accumula-
tion of detrimental side products on the electrode surface. The

Transition metals dissolution

Side products accumulation

TM ion Structural degradation

Inferior cyclability

A

Good cyclability

Fig. 5. The structural evolution of (a) L,NMO and (b) L; 4JNMO electrodes after long-term cycling.
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unbearable overlithiation degree finally leads to structural deterioration
and rapid capacity fading (Fig. 5a). While for samples with rational
overlithiation degree (such as L; 4NMO), the side effect can be mitigated
effectively, by virtue of good reversibility of crystal structure during the
process of inserting and releasing the extra Li. With reasonable lattice
strain and Mn3+, L;.4NMO offers comparable electrochemical cycling
stability to the pristine LNMO (Fig. 5b).

The L; 4NMO cathode was coupled with Si/C anode to fabricate full
cells. Since the employed Si/C electrode possessed low ICE of ~75 %
(Fig. S20a), full cell pairing cathode with extra active lithium could
increase the overall capacity and energy density of batteries. As ex-
pected, the L; 4NMO||Si/C cell presented a much higher reversible
discharge capacity of 121.7 mAh g™! than that of 74.9 mAh g~ for the
LNMO||Si/C cell at the second cycle at 0.5 C after activation (Fig. 6a),
giving considerable 62.5 % capacity improvement. Moreover, the
L1.4NMO||Si/C cell displayed comparable cycling stability to LNMO||Si/
C cell (capacity retention of 83.5 and 77.6 % for the 100 cycle, respec-
tively). The good electrochemical stability of L; 4NMO electrode was
again verified by electrochemical measurement with full-cell configu-
ration, in good agreement with the results of half cell measurement
(Fig. 4a). The energy density of the full cells increased from 272 Wh kg !
for the LNMO||Si/C cell to 429 Wh kg™ ! for the Li 4NMO||Si/C cell
(calculated based on the total mass of cathode and anode active

materials), delivering 57.8 % improvement (Fig. 6¢). After 100 cycles,
the L; 4NMO||Si/C full cell displayed high energy density of 345 Wh
kg1, which was still much higher than that of the initial energy density
of LNMO| |Si/C cell.

Typically, active materials with high lithium content are often
moisture sensitive (e.g., LixSi and LixC), which could not endure long-
time storage in ambient air, not to mention in direct contact with liquid
water, which tremendously hinders practical implantation in industry
manufacture. We investigated the tolerance of L; 4NMO electrode
against ambient air with ~60 % relative humidity (60 % RH), a harsher
condition than that of industry manufacturing standard. After resting for
3 days, the L; 4JNMO electrode (denoted as L; 4JNMO-3d) delivered a
similar capacity to the fresh counterpart below 4.5 V (this partial ca-
pacity was mostly contributed by pre-inserted Li) for the initial charge
process (Fig. 6e). One thing needs to be mentioned is that L; 4NMO
electrode displays higher charging plateau after exposure to ambient air
(Fig. 6e), which could be explained by the formation of Li,CO3 on its
surface. It is common phenomenon that the Ni-rich layered oxides could
react with atmospheric moisture and CO to produce Li,CO3 [46-48],
which induced the increase of overpotential during the initial charging
process [43-45]. Li;CO3 could also be produced on the overlithiated
LNMO surface due to the existence of relatively active Li-rich layer
(LoNMO layer). According to the results of Fourier transform infrared
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(FT-IR) spectroscopy and XPS, the signals of LioCO3 were detected for
the L; 4NMO sample after resting in ambient air for 3 days (Fig. S21a and
b). Meanwhile, it was observed that the surface of L; 4JNMO-3d particle
got coarse in comparison to the fresh counterpart (Figs. S17b and S21c¢)
and the initial charging capacity of the L; 4sNMO was gradually
decreased after prolonging the exposure time in ambient air (Fig. 6e).
However, even after 6 days resting, the L; 4JNMO electrode could still
retain 80 % additional capacity (~52 mAh g~!, compared to the ca-
pacity of ~65 mAh g’1 for fresh L; 4.NMO) accompanied with similar
electrochemical cyclability to fresh L; 4JNMO (Fig. 6e and f), which
suggested that prepared L; 4NMO sample possessed strong resistance to
humid air. When treated in water for 10 s (washed with ethanol and
dried in vacuum), the L; 4JNMO electrode only displayed a little capacity
loss and slight decline with comparable capacity retention of 88.4%
after 100 cycles (Fig. 6f). This again supported its good moisture resis-
tance and chemical stability.

3. Conclusion

In summary, the overlithiation-dependent structure of LNMO cath-
ode materials was investigated, including phase, lattice strain and grain
boundary, as well as their effect on electrochemical properties. It was
revealed that lattice strain and grain boundaries were produced
accompanied by the overlithiation. Deep overlithiation of LNMO (e,g.,
LoNMO) would therefore cause fast structural degradation and acceler-
ated parasitic reaction with electrolyte, which further resulted in the
dissolution of transition metals and rapid increase of interphase
impendence, although high donable lithium ion capacity (e.g., addi-
tional 143.7 mAh g~! for LyNMO) was introduced. Experimentally,
L1.4NMO reached a balance between adequately donable lithium-ion
capacity and cycling stability. Coupled with Si/C anode, L 4NMO||Si/
C cell showed signficantly higher capacity than LNMO||Si/C cell (121.7
mAh g~! vs. 74.9 mAh g~1). The energy density of L1 4NMO||Si/C cell
increased to 429 Wh kg_1 from that of LNMO||Si/C cell (272 Wh kg‘l),
amounting for 57.7 % improvement. Taking advantages of high voltage
plateau and stable structure, L; 4NMO exhibited good compatibility with
low ICE anode and was thus promising to achieve high energy density.
Furthermore, L; 4JNMO possessed extraordinary tolerance against
ambient air. Even resting at 60 % RH air for 6 days, L; 4JNMO cell still
retained the 80% amount of pre-inserted Li and achieved remarkable
cyclability, indicating strong chemical stability.

4. Experimental section
4.1. Materials preparation

The chemical reductive solution of 0.5 M Naph-Li was prepared by
dissolving naphthalene and metallic Li in tetrahydrofuran (THF) solvent
with molar ratio of 1:1. Commercial LNMO powder was dispersed into
the as-fabricated Naph-Li solution, followed by resting for 10 hours
under contineous stirring at ~70 °C in a sealed container. After cen-
trifugal separation, the L;,NMO product was washed with THF and
dried in vacuum at 80 °C for 10 h. During the fabrication of L; {,NMO
electrode, 85 wt % active material, 7.5 wt % carbon black (CB) and 7.5
wt % polyvinylidene fluoride (PVDF) were mixed in N-methyl-2-pyrro-
lidone (NMP) solvent. The slurry was casted on aluminium foil and dried
at 80°C for 10 h under vacuum. The Si/C electrode consisted of 80 wt %
active material, 10 wt % CB, and 10 wt % Polyacrylic acid (PAA), which
was fabricated using similar procedure to L, xNMO cathode.

LiNipsMn; 504 + x Li-Naph — Li;;,NigsMn; 504 + x Naph
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4.2. Electrochemical characterizations

Electrochemical evaluation of the L;,,NMO electrodes was carried
out using half cell and full cell configuration (CR2032 coin cells). The
areal mass loading of cathode was ~9 mg cm™2. Considering capacity
decay on cycling for the employed Si/C electrode (Fig. S20b), a slightly
high capacity ratio of negative to positive electrode (1.25) was adopted
to ensure good cycling stability of full cells. The electrolyte was LiPFg in
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1, by
volume) with 5 % fluorinated ethylene carbonate (FEC). All the cells
were activated at 0.1 C for first three cycles. The energy density was
calculated based on total mass of cathode and anode of cells. The bat-
teries cycling tests were conducted on a LAND 8-channel battery tester
(CT-3001A) and Neware Battery Tester. The electrochemical impedance
spectroscopy (EIS) measurements were carried on Biologic VMP3 elec-
trochemical workstation.

4.3. Materials characterizations

X-ray diffraction (XRD) patterns were collected on a PANalytical B.
V. instrument with Cu Ka1 radiation (A = 1.5406 10\, 40 kV, 40 mA). The
XRD data refinements were performed by using the FULLPROF suite
software, based on the Rietveld method. Zeiss G300 scanning electron
microscope (SEM) and transmission electron microscope (TEM, Tecnai
G2 F30) were employed to investigate the morphology and structure of
materials. X-ray photoelectron spectroscopy (XPS) measurements were
performed on AXIS SUPRA+ with Al Ka radiation. Elemental analysis
was conducted by Electron probe micro-analyzer (EPMA, EPMA-
8050G). Fourier transform infrared (FT-IR) spectroscopy was per-
formed on Nicolet iS10 FT-IR. The ICP-OES was conducted on 700 Series
from Agilent Technologies.
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