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The electrification trend in the automotive industry is fueling research on Ni-rich layered NCM cathode materials
with high specific capacities. The simplest way to maximize the electrochemical performance of Ni-rich NCM is
to tune the crystal structure by controlling the Li content and synthesis temperature. Herein, we demonstrate the
critical roles of the Li content and synthesis temperature in determining the crystal structure of Li-excess Ni-rich
NCM with enhanced electrochemical performance. The crystal structure of Li-excess Ni-rich NCM was systemi-

cally investigated using X-ray diffraction, neutron diffraction, and X-ray absorption spectroscopy, revealing that
excess Li can be accommodated in Ni-rich NCM as the synthesis temperature decreases, resulting in stable cycle
performance at high working voltage. We believe that our findings provide a rational reason for the excess
amount Li required for optimization of the synthesis of Ni-rich NCM and offer insight for the simplest design of
Ni-rich cathode materials that are stable under high-voltage operation.

1. Introduction

Ni-rich LiNi,CoyMn;_y_,03 (x > 0.8) (NCM) materials are consid-
ered promising cathodes for application in electric vehicles (EVs) and
grid-scale energy storage systems (ESSs) because of their high reversible
capacity of over 200 mAh g~! [1-3]. Nonetheless, a high Ni content in
layered transition-metal (TM) oxide materials leads to serious stability
issues, including i) the generation of non-stoichiometric Lij_,Nij 4Oz
during high-temperature synthesis due to unstable trivalent nickel
(Ni3+), which tends to be converted into divalent nickel (Ni2+); ii) ox-
ygen release from the host structure; iii) microcracks in the bulk arising
upon cycling as a result of the anisotropic lattice volume change; and iv)
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the low thermal stability of the charged phases at high temperatures
[4-13]. In addition, with increasing Ni content, more cation mixing
between Ni ions in the TM layer and Li ions in the Li layer occurs during
electrochemical cycling because of the similar ionic radii of Ni?* (0.69
A) and Lit (0.76 /DX), and the intermixing creates a more stable insulating
Ni2*0 impurity phase on the particle surface, making the structure more
unstable [14-18].

Many efforts have been focused on enhancement of the electro-
chemical performance of Ni-rich NCM materials through cation doping
and surface coating. Doping with high-charge cations (i.e., Zr**, Nb5*,
and Ta®") in Ni-rich NCM materials efficiently suppresses the lattice
volume change upon repeated charge/discharge processes, and the
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uniform surface coating of NCM particles drastically reduces micro-
structural degradation and side reactions [19-26]. One simple approach
to optimize the electrochemical performance is to change the amount of
Li precursors and the synthesis temperature. Approximately 1-6 mol%
excess Li precursors is commonly used for the synthesis of Ni-rich NCM
materials to stabilize the trivalent nickel (Ni3+) in the crystal structure
and avoid the formation of the Li-deficient phase Li; ,Ni;, 03 [27-31].
Zhenlu et al. successfully synthesized Li; ,(Nig.ggMng.06C00.06)1-xO2 (x
= 0-0.055) at 750 °C without impurities and demonstrated that superior
electrochemical performance is achieved for a Li/TM ratio of 1.06 [27].
Eyob et al. also reported superior structural stability and electrochemical
performance for Lij (Nig9C0g.0sMng 0s5)1-xO2 with 4% excess Li syn-
thesized at 760 °C [31]. Li-excess Ni-rich NCM materials exhibit
improved electrochemical performance; however, our understanding of
why Li should be overloaded and how much Li can be incorporated into
the crystalline lattice remains incomplete.

Various studies on Li- and Mn-rich layered compounds have indi-
cated that the Li content and synthesis temperature are critical factors in
determining the crystal structure and electrochemical performance
[32-37]. As such, in Ni-rich NCM materials, various structural aspects
depend on the amount of Li and the synthesis temperature, and the
electrochemical properties of these materials are also diverse (detailed
information was summarized in Table S1) [27-31,33,34,38-40].
Recently, Bianchini et al. reported the Li-excess phase of Li;NiOs with
high specific capacity [40]. They showed that an excess amount of Li can
be incorporated into the crystal structure of Li; xNi;_,O2 (0 < x < 0.33)
at low synthesis temperatures below 600 °C, forming the
LiNiO,-LisNiOg solid-solution phase, similar to conventional Mn-rich Li-
excess layered oxide materials. The solid solubility of Li in the crystalline
lattice of Ni-rich NCM is strongly dependent on the synthesis tempera-
ture and atmosphere, which can directly affect the crystal and surface
structures as well as the electrochemical performance. Furthermore, a
large amount of unreacted Li source (most likely present as LizO) can be
generated during high-temperature synthesis, and it can be transformed
into LiOH or Li;CO3 when exposed to H30 or CO, in ambient air,
respectively, which requires additional washing and coating processes
[19,41,42]. Therefore, understanding the crystal structure of Li-excess
Ni-rich NCM and whether Li ions can be included in the TM layer or
remain in the form of impurities at certain synthesis temperatures is
essential.

In this study, we successfully synthesized Li-excess Ni-rich NCM
materials of Li(1+x) [Ni0.92C00104M1‘10_04] (l—x)OZ (X = 0.015, 0.029, 0.048,
0.074, 0.13) and unveiled the role of excess Li in the lattice upon elec-
trochemical cycling, which differs from that in previously known Li- and
Mn-rich (or Ni-rich) NCM materials. The crystal and surface structures of
Li(14x)[Nip.92C00,04Mng 04](1-x)O2 were systematically investigated
using X-ray diffraction (XRD), neutron diffraction (ND), and X-ray ab-
sorption spectroscopy (XAS) analyses, revealing that excess Li can be
incorporated into the TM layer at a relatively low synthesis temperature
of 750 °C or 700 °C in the form of LiMO5 (R-3 m) or Li,MO3 (C2/m).
Excess Li ions located in the TM layer serve as a structural stabilizer
during charging and discharging with low and high cut-off voltages (i.e.,
4.25 and 4.5 V), enhancing the cycle stability. We believe that our
findings will shed light on optimization of the synthesis of Li- and Ni-rich
layered cathode materials while maximizing their electrochemical per-
formance with a highly stabilized redox reaction under high-voltage
operation.

2. Experimental section

2.1. Synthesis Of Li(]+x)[Nio_92COo.o4Mrl0_o4](1,X)Og

Li(1+x)[Ni0_92C00_04MHO_04](1,x)02 (X = 0015, 0029, 0048, 0074,
0.13) powder samples were synthesized using a conventional solid-state
method. A stoichiometric amount of (1+x)LiOH-H50 (99.995%, Sigma-
Aldrich) and (1—x)Nig.92C0004Mng 04(OH)2 were carefully mixed by
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hand grinding to prevent particle breakage, and the ground powder was
pelletized under a pressure of 250 kg cm™2. The mixture pellets were
calcinated at different temperatures of 800 °C, 750 °C, and 700 °C for 12
h under O, gas flow. The Oy gas flow rate was 400-500 cc min~'. The
resulting powder was collected from the furnace at 120 °C and stored in
an Ar-filled glove box to avoid moisture exposure. To clarify the corre-
lation of the Li and TM ratio, the nominal ratios between LiOH-H;0 and
Nip.92C00.04Mng 04(OH)2 were set as 1.03:1 (x = 0.015), 1.06:1 (x =
0.029), 1.10:1 (x = 0.048), 1.16:1 (x = 0.074), and 1.30:1 (x = 0.13) for
the synthesis of Li(1+x) [Nig.92C00.04Mng 04] (1-x02.

2.2. Structure characterization OfLi(]+x)[Nio.92C00'04.Mn0.04](1,x)02

The crystal structure of the Li(;,)[Nig.92C00.04Mng 04](1—-x)O02 pow-
der samples was characterized using XRD and ND analyses. Powder XRD
data were obtained using an X-ray diffractometer (Empyrean, Malvern
PANalytical) equipped with Cu Ko, radiation (A = 1.540598 A). The
measurement was performed in the 26 range of 10°-90° with a step size
of 0.013° and step time of 1 s. In situ charge/discharge XRD data were
collected in the 20 range of 10°-70° with a step size of 0.026° and step
time of 0.3 s. The measurement was conducted using specially designed
Swagelok-type cells with beryllium windows. Synchrotron XRD experi-
ments of Ligx)[Nip.92C00.04Mng 04](1-x)02 (x = 0.13) samples synthe-
sized at 800 °C (E5) and 700 °C (H-E5) were performed at BLIB
beamline at Pohang Accelerator Laboratory (PAL). ND data of
Li(1+x) [Ni0‘92C00‘04Mn0‘04] (l,x)02 were obtained LlSiIlg Echidna ma-
chine at the OPAL facilities of the Australian Nuclear Science and
Technology Organization (ANSTO). ND data were collected in the 26
range of 0-163.95° with a step size of 0.05 using a constant wavelength
of 1.6215 A. The local structural analysis of Li(jx)[Nig.92C00.04
Mnyg 04](1-x)O2 was conducted using neutron total scattering spectrom-
eter (NOVA, beamline BL21 at the 90° (Q (=2n/d = 4nsin0/)A) detector
bank) at Japan Proton Accelerator Research Complex (J-PARC). Neutron
pair distribution function (PDF) analysis (PDFgui) was performed for
both PDFs G(r) Fourier transformed from the synchrotron and neutron
total scattering data [43]. The valence states of Ni, Co, and Mn were
characterized XAS at beamlines of 7D (XAFS), 8C (Nano XAFS), and 6A
(MPK MEXIM) at the Pohang Acceleratory Laboratory (PAL). XAS data
around the Ni K-edge, Ni L-edge, Co L-edge, and Mn L-edge were ob-
tained in transmission mode using an electron energy of 3 GeV and a
current of 400 mA. The particle morphology of 50 cycled samples of
Li(1+x)[Ni0_92C00_04M1'10_04](1,x)02 (X = O, 0029) synthesized at 750 °C
was characterized using Scanning Electron Microscope (SEM) (S-4800,
Hitachi). The cross-section image was obtained from the sample by
Focused Ion Beam (FIB)-SEM (Helios Nanolab 450 F1) at KAIST Analysis
Center for Research Advancement (KARA).

2.3. Washing process of Li14x)[Nip.92C00.04Mng,04] (1—x)O02

0.5 g of Li(1+x) [Ni0'92C00'04MI’10‘04] a —X)OZ were mixed with 2.5 ml of
ethanol (99.99%, Sigma-Aldrich) with 0.04 g of H3BOg3, and stirred with
700 rpm for 5 min. The solution was filtered, and the resulting powder
was dried at 110 °C for 2 h under vacuum, followed by heating at 400 °C
for 4 h under O, gas flowing.

2.4. Electrochemical analyses of Li(1x)[Nip.92C00.04Mng.04] (1—x)O02

The electrodes were prepared using Li(1.x)[Nip.92C00.04Mno. 041 (1-x)
O,, Super P, and polyvinylidene fluoride (PVDF) binder in a mass ratio
of 92:4:4 in N-methyl-2-pyrrolidone (99.5%, Aldrich). The resulting
slurry was coated to 250-um thickness onto aluminum foil, vacuum
dried, and roll pressed. The mass loading of the active material in each
electrode was 4.6-5.7 mg cm 2. Li foil was used as the counter and
reference electrode. Coin-type half cells (CR2032, Wellcos) were
assembled using the electrode, a lithium metal counter electrode, a glass
microfiber filter (grade GF/F, Whatman) as a separator, and 1 M LiPF¢ in
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ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1 v/v, PanaXEtec)
as the electrolyte. The preparation was conducted in an Ar-filled glo-
vebox. Galvanostatic charge/discharge measurements of the
Li(14.9[Nio.92C00.04Mng 041 (1-x)O2 electrode samples were performed in
the voltage ranges of 2.5-4.25 V and 2.5-4.5 V vs. Li*/Li with a constant
current of 40 mA g~ ! and 200 mA g, each equivalent to 0.15C-rate and
1C-rate at 25 °C, respectively (WBCS 3000, WonA Tech).

3. Results and discussion

3.1. Synthesis and structural characterization of
Li(14+x)[Nig.92€00.04Mn.04] (1902

Fig. 1a presents XRD patterns of Li(j.)[Nig.92C00.04Mng 041 (1-x)O2 (x
= 0.015, 0.029, 0.048, 0.074, 0.13) synthesized at 800 °C, 750 °C, and
700 °C. The corresponding samples were designated as E1 to 5, M—E1 to
5, and H-E1 to 5, respectively, depending on the Li content and synthesis
temperature. The nominal ratios between LiOH-HyO and Nigg2C-
00.04Mng 04(OH), were set at 1.03:1 (x = 0.015), 1.06:1 (x = 0.029),
1.10:1 (x = 0.048), 1.16:1 (x = 0.074), and 1.30:1 (x = 0.13) for the
synthesis of Li(; ) [Nig.92C00.04Mng 041 (1-x)O2, where x means the target
Li content, not the composition of the real sample, detailed information
was covered in a later section. All the diffraction peaks can be readily
indexed to the hexagonal structure (R-3 m) of LiNiO,. No trace of im-
purities for x = 0.015 was observed for any of the samples, and the
different peak intensities were assigned to LipO, LioCOs3, and C2/m
LioMOs3 phases depending on the Li composition and synthesis temper-
ature. Impurity peaks of Li;O and Li»CO3 began to appear when the Li
content reached ~ 3% (x = 0.029) for the series of E1 to 5 samples
synthesized at 800 °C and increased with increasing Li content. Fewer
impurity peaks were observed for the powder samples synthesized at the
lower temperature of 750 °C, and there was no trace of impurity phases
in the 700 °C samples, indicating the presence of the solid-solution phase
Li(11x)[Ni.92C00.04Mng 041 (1-x)O2. Note that weak broad peaks near 22°,
which can be indexed as the (020) and (110) planes of the monoclinic
structure (C2/m, LioMO3), were observed for H-E5, as shown in the inset
of Fig. 1a and Fig. S1. From these results, it can be observed that with
decreasing synthesis temperature, more Li can be incorporated into the
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hexagonal structure (R-3 m), and the Li transforms into the
LiMO2-LioMO3 phase with Li-Ni ordering in the TM layer when the Li
content reaches x = 0.13. Fig. 1b shows the quantitative amount of Li,O
and LiCOs impurities analyzed by Rietveld refinement of the XRD
patterns. Approximately 1.49 wt% of the LiO phase was evolved from
the E2 sample, with this amount gradually increasing as the Li content
increased to x = 0.13 (E5), reaching 5.31 wt%. A smaller amount (~2
wt%) of LioO was observed for the M—E1 to 5 samples synthesized at
750 °C, and no impurity phase was detected for the H-E1 to 5 samples.

The lattice parameter and unit-cell volume of Lix)[Nig.92C00.04
Mny 04] (1-x)O2 were further characterized to confirm whether the excess
Li resides in the crystalline lattice, as shown in Fig. 1c and Fig. S2-S3.
Negligible a- and c-lattice and unit-cell volume changes (<0.2%) were
observed for the E1 to 5 samples with increasing Li content. For the
M-—E1 to 5 samples synthesized at the lower temperature of 750 °C, the
unit-cell volume decreased from 101.401 (1) to 100.634 (1) A3 as the Li
content increased, indicating a volume change of ~ 0.75%. Note that the
largest volume change (~1.59%) was confirmed for the H-E1 to 5
samples, indicating that the largest Li content can be accommodated in
the lattice of Li(1.1x)[Nio.92C00.04Mng 041 (1-x)O2. The significant decrease
of the cell parameters of H-E1 to 5 is attributed to the increase of the
oxidation state of the TM for charge compensation, shortening the bond
length between the TM and oxygen ions. The atomic disorder or lattice
strain in Li(4)[Nig.92C00.04Mng 04](1-x)O2 was further characterized
using a Williamson-Hall (W-H) plot, as shown in Fig. S4. The slope of
the W-H plot increased as the synthesis temperature decreased from
800 °C to 700 °C and the Li content increased, indicating an increase of
microstrain or structural disorder in Li;4x)[Nip.92C00.04Mng.04](1-x)O2.
From these results, it is expected that as the synthesis temperature de-
creases and the Li content increases, more atomic disorder is present in
the structure. Detailed structural information obtained from Rietveld
refinement of the XRD patterns is presented in the Supporting Infor-
mation (Fig. S5-7 and Tables S2-4).

To quantify the atomic structural parameters of Li;)[Nig.92C00.04
Mnyo.04](1-x)O2, ND experiments were conducted. The ND patterns in
Fig. 2a indicate that all the reflection peaks can be well assigned to the
hexagonal structure (R-3 m) with a trace amount of Li;O and Li,CO3
impurity phases, consistent with the XRD results. The atomic positions
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Fig. 1. (a) X-ray diffraction (XRD) patterns of Li(1 ) [Nip.92C00.04Mng 04](1-02 (x = 0.015, 0.029, 0.048, 0.074, 0.13) synthesized at 800 °C, 750 °C, and 700 °C. (b)
Weight fraction of impurity phases of Li,O and Li»CO3 from Rietveld refinement of XRD patterns. (c) Unit-cell volume changes of Li(; ;x)[Nio.92C00.04Mng 04](1-002 at

800 °C, 750 °C, and 700 °C.
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Fig. 2. (a) Neutron diffraction (ND) patterns of Li(.y)[Nig.92C00.04Mng 4] (102 (x = 0.015, 0.029, 0.048, 0.074, 0.13) synthesized at 800 °C, 750 °C, and 700 °C.
(b) Percent of Ni in the Li layer and excess Li content in the TM layer obtained from Rietveld refinement of the ND patterns. (c) TM-O bond length
Li(1+x)[Nio<92C00'04Mn0_04](1_x)02 (x = 0015, 0029, 0048, 0074, 0.13) synthesized at 800 OC, 750 OC, and 700 °C.

and occupancies were analyzed by Rietveld refinement, as shown in
Fig. §8-10 and Tables S5-7. The fitting was satisfactory with low
reliability factors. Fig. 2b shows the quantitative amount of Ni in the Li
layer and excess Li in the TM layer of Li(1+x) [Ni0‘92C00‘04MHO‘04] (1—x)02
synthesized at 800 °C, 750 °C, and 700 °C. A comparably large amount
(>3.0%) of Ni in the octahedral sites in the Li layer (Lioct) was observed
for the samples synthesized at 700 °C (H-E1 to 4), whereas negligible Ni
in Liger (<1%) was observed for the samples synthesized at 750 °C and
800 °C (E1 to 5 and M—E1 to 5). As the synthesis temperature and Li
content decreased, more Ni®" cations were present in the lattice, which
may have resulted from the insufficient oxidation of Ni in Li(j1)[Nig o2
Co9.04Mnyg 04] (102 during the synthesis process [44-46]. Unlike the Ni
migration to Liy, the excess amount of Li in the TM layer increased as
the synthesis temperature decreased from 800 °C to 700 °C (as indicated
by the purple bars). Approximately 3% excess Li was detected in the
lattice in E5 for the target Li content of x = 0.13. The remaining Li
reacted with O, and CO,, forming Li,O and Li;COs impurity phases,
respectively. A maximum 8% of Li resided in the TM layer when the
target Li content was x = 0.13 at the synthesis temperature of 750 °C.
Unlike the E1 to 5 and M—E1 to 5 samples, all of the target contents of Li
were incorporated into the crystal structure of Lij1,)[Nig.o2
Co9.04Mnyg 04](1-902 (H-E1 to 5), where ~ 13% excess Li was detected
for the H-E5 (x = 0.13) sample. This result indicates that a large amount
of Li can substitute for the TMs in the TM layer during low-temperature
synthesis. In addition, a large amount of Li located in the TM layer leads
to in-plane Li-Ni ordering, forming the C2/m structure, which is
consistent with previous reports [38,40].

Fig. 2c presents the TM-O bond lengths of the TMOg octahedra in
Li(1+x) [Nig.92C00.04Mng 04] (1-002 synthesized at 800 °C, 750 °C, and
700 °C. Note that the largest TM-O bond-length change was confirmed
from the H-E1 to 5 samples synthesized at 700 °C, where the TM-O bond
length decreased from 1.9706 (7) A to 1.9542 (9) (~0.8%) and the TM
slab space decreased from 2.1365 (5) A to 2.1014 8) A (~1.7%),
whereas a negligible change was observed for the E1 to 5 and M—E1 to 5
samples, which is in good agreement with the change of the cell pa-
rameters and unit-cell volume. These results confirm that as the syn-
thesis temperature decreases, the excess Li ions are more likely to be

located in the TM layer, resulting in an increase of the oxidation state of
TMs and a decrease of the TM-O bond lengths. A detailed comparison of
the TM-O and Li-O bond lengths and slab space of the samples with
different Li contents and synthesis temperatures is presented in
Table S8.

3.2. Valence state and local structure analyses of
Li1+x[Nig.92C00.04Mn0,04] (1-x)02

The oxidation states of Ni in Li(;4x)[Nig.92C00.04Mng 04](1-x)02 were
examined using X-ray absorption near-edge structure (XANES) analysis,
as shown in Fig. 3a—c. The Ni K-edge XANES spectra of Li(.)[Nig.92
C00.04Mng 04] (1-x)O2 synthesized at 800 °C, 750 °C, and 700 °C show a
spectral shift to higher energies as the amount of Li increases from x
0.015 to 0.13. Note that the largest shift of 0.8 eV was confirmed for the
H-E1 to 5 series samples, whereas a negligible energy shift was observed
for the E1 to 5 samples. An energy shift of approximately 0.4 eV was
confirmed for the M—E1 to 5 samples. Fig. S11a shows the apparent
shift of the edge position to the higher-energy region as the synthesis
temperature decreases from 800 °C to 700 °C for a Li content of x
0.13, which indicates the Ni oxidation in Li(prx) [Nig.92C00.04Mng 4] 1)
occurs due to Li substitution on TM sites at lower synthesis temperature
with high Li content. However, interestingly, when the Li content
decreased to x = 0.015, the oxidation state of Ni in Lig.)[Nig.g2
C00.04Mng 04] (1-x)O2 with the 700 °C synthesis condition was lower than
that in samples synthesized at 800 °C and 750 °C due to the presence of
more Ni?" cations in Li layer, which shows the strong correlation to is
ND results. This means that a layered structure with a large amount of
Li/Ni cation mixing can be formed in the lower synthesis temperature at
lower Li content [44-46]. The effect of excess Li on the oxidation state of
Ni and the local structure of Lix)[Nig.92C00.04Mng 04](1-x)02 was
further characterized using neutron PDF analysis, as presented in
Fig. S12. The results reveal that the amount of Jahn-Teller-active Ni®*
increased as the Li content increased in Lig4x[Nig.92C00.04
Mny 04](1-xO2 synthesized at 800 °C and 750 °C due to the oxidation of
Ni from Ni?* to Ni3*, whereas it decreased in the sample synthesized at
700 °C due to the decrease of Ni®" and increase of Ni**. A detailed
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Fig. 3. Ni K-edge X-ray absorption near edge structure (XANES) spectra of Li; )[Nig.92C00.04Mng 041 (1-)02 (x = 0.015, 0.029, 0.048, 0.074, 0.13) synthesized at (a)
800 °C, (b) 750 °C, and (c) 700 °C. Ni L-edge X-ray absorption spectroscopy (XAS) spectra of Li(j 1) [Nio.92C00.04Mng.04](1-902 (x = 0.015, 0.029, 0.048, 0.074, 0.13)

synthesized at (d) 800 °C, (e) 750 °C, and (f) 700 °C.

comparison of the samples for varying Li content and synthesis tem-
perature is presented in Fig. S13.

The oxidation states of Ni, Co, and Mn on the particle surface were
characterized using soft XAS. The soft XAS data were collected using the
total electron yield (TEY) mode to obtain information on the oxidation
state on the particle surface (10 nm). Fig. 3d-f presents the Ni L- and Ls-
edge XAS spectra of Li(j 4x)[Nig.92C00.04Mng 04] (1-0O2 (x = 0.015, 0.074,
and 0.13) synthesized at 800 °C, 750 °C, and 700 °C. The results indicate
that the oxidation state of Ni on the particle surface of Li()[Nig.g2
C00.04Mng 4] (1-x)O2 is mainly composed of Ni** with a small amount of
Ni%* [47-50]. Note that more Ni®t was detected for H-E1 than for M—E1
and E1 (Fig. S14a), whereas a negligible difference in the oxidation state
of Ni was observed for the XANES analysis, suggesting a high probability
of the presence of Ni2* on the particle surface. The Ni?* may have
originated from the preferential migration of Ni from the TM layer to the
Li layer on the surface of the materials and resulting formation of Ni>*—O
rock-salt phases [16]. The intensity of the first peak (851.2 eV) at the Ni
Ls-edge showed a decreasing tendency as the Li content increased,
regardless of the synthesis temperature, indicating the increase of the
oxidation state of Ni from 2 + to 3 + or 4 +. Interestingly, almost the
same peak intensity of the Ni Lz-edge was confirmed from the samples
with a Li content of x = 0.13 (E5, M—E5, and H-E5), as shown in

Fig. S14b, indicating that the largest oxidation-state change occurred
for the samples synthesized at 700 °C. This result confirmed that the
largest amount of Li was inserted into the TM layer during synthesis at
700 °C, which is consistent with the XANES, ND, and PDF results. There
was no change in the oxidation states of Co and Mn on the particle
surface of Li(prx) [Ni0,92C00,04Mn0,04] (l—x)OZ (x =0.015, 0.074, 0.13), as
shown in Fig. S15.

A schematic representation of the structural changes of as-
synthesized Li;x)[Nig.92C00.04Mng.04](1-xO2 depending on the syn-
thesis temperature and Li target content is presented in Fig. 4, detailed
information for the real Li content and weight fraction of impurity
phases upon target Li content was denoted in Table S9. Through the
simple characterization of as-prepared samples, we demonstrated that
appropriate control of the synthesis temperature and Li content is
required when synthesizing Ni-rich NCM materials. As the synthesis
temperature decreased from 800 °C to 750 °C and 700 °C, the amount of
Ni%* jons gradually increased, and at the same time, as the Li content
increased, it was confirmed that Li* ions took the place of Ni** ions. A
highly crystalline layer structured phase of Ligx)[Nip.92C00.04
Mny 04](1-x)O2 with low Li-Ni intermixing was successfully synthesized
at a synthesis temperature of 800 °C; however, a large amount of im-
purities such as LisO and LioCO3 were formed on the particle surface
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even when the excess amount of Li was very small. Less impurities were
evolved from the samples synthesized at 750 °C due to the increased
amount of Li insertion into the hexagonal lattice. At the lowest synthesis
temperature of 700 °C, the crystallinity was the lowest; however, more
Li was incorporated into the lattice, forming the LiMO2-LioMOg3 phase
with Li-Ni ordering in the TM layer without impurities.

3.3. Electrochemical performance of Li(;x)[Nig.92C00.04Mng.04] (1—x)O2

To investigate the effect of excess Li in the crystalline lattice on the
electrochemical performance, galvanostatic charge/discharge tests of
Li(1+x)[Ni0,92C00,04Mn0‘04](1_x)02 x = 0, 0.015, 0.029, 0.048, 0.074,
0.13) were conducted. The electrode was fabricated with 94% active
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material with high mass loading (~5 mg cm™2). For the clear compar-
ison of the electrochemical performances, washing and heating pro-
cesses of Li-excess samples were performed to eliminate the residual Li
compounds [42,51]. There was no trace of impurity after washing and
heating, as shown in Fig. S16. Fig. 5a presents the galvanostatic charge/
discharge profiles for the first cycle of Li(j 4.)[Nip.92C00.04Mno.04](1-x02
synthesized at 800 °C at 0.15C-rate with a cut-off voltage of 4.25 V. A
discharge capacity of 217 mAh g~! was delivered from stoichiometric
LiNig.92C0¢,04Mng 9402 (W-E0), and it decreased to 190 mAh g’1 as the
target Li content increased from 1 to 1.13. The largest decrease of initial
discharge capacity was observed from the sample synthesized at 700 °C,
as presented in Fig. S17b, where the initial discharge capacity of 184
mAh g’1 was obtained from the stoichiometric sample (W-H-E0), and it
decreased to 112 mAh g~! when the target Li content approached 1.13.
The rational reason for the larger decrease in the initial discharge ca-
pacity from the W-H-EO to 5 and W-M—EO to 5 samples than from the W-
EO to 5 sample is the reduction of the Ni content and increase of the Ni
oxidation state due to the increased Li insertion in the TM layer. The
charge/discharge capacities and Coulombic efficiency during the initial
cycle are presented in Table S10. A similar trend was observed for all
the Li-excess electrodes when the cut-off voltage was 4.5 V, with the
largest decrease in the initial discharge capacity observed from the W-H-
EO to 5 samples due to the large Li insertion (see Fig. S18 and
Table §11). Note that a significant change in the initial charge profile
was observed for W-H-E4 and W-H-E5, where a long slope plateau was
observed in the voltage range of 4.3-4.5 V. This profile change is
attributed to the in-plane ordering between Li and Ni in the TM layer,
leading to the oxygen oxidation reaction, as reported by Kyojin et al and
Bianchini et al [37,40]. The electrode delivered a high charge capacity
of 250 mAh g~!; however, only 55% of the capacity (139 mAh g~ 1) was
reversible for W-H-E5 upon the following discharge process. The highly
reactive oxidized oxygen may react with the electrolyte, resulting in
outgassing of Oy and CO; and the formation of an unfavorable cath-
ode-electrolyte interphase and rock-salt phase (Ni?*-0) on the particle
surface, leading to deterioration of the electrochemical performance.
The cycle performance of Li(jx)[Nip.92C00,04Mng 04](1-x)O2 synthe-
sized at 800 °C (W-EO to 5) at 0.15C-rate with a cut-off voltage of 4.25 V
vs. LiT/Li is shown in Fig. 5b. W-E1 with a target Li content of 1.015
exhibited the most stable capacity retention of 194 mAh g~! (96 %) after
50 cycles, whereas 187 mAh g’1 (88%) was maintained from W-EO.
More Li in TM layer resulted in an overall improved capacity retention
for all the Li-excess samples (W-M—EOQ to 5 and W-H-EO to 5), whereas
they suffered from the low initial discharge capacities (see Fig. $19). To
further verify the efficacy of excess Li in the TM layer, the cycle per-
formances of Li(prx)[Ni0_92C00_04MIl0,04](1_x)02 (X = 0, 0.015, 0.029,
0.048, 0.074, 0.13) was examined at 0.15C-rate with a high cut-off
voltage of 4.5 V vs. Lit/Li. The Li-excess samples synthesized at
800 °C and 750 °C exhibited enhanced capacity retention, and the best
capacity retention was confirmed from W-M—E2 synthesized at 750 °C
with a target Li content of 1.029, as shown in Fig. S20a and b. A
discharge capacity of approximately 198 mAh g~' (93%) was main-
tained after 50 cycles from W-M—E2; in contrast, the stoichiometric
sample (W-M—EOQ) exhibited a significant capacity decay with 78%
retention (see Table S12). The improved capacity retention may be
attributed to the excess Li in the TM layer, stabilizing the crystal
structure during electrochemical cycling. It should be noted that the
superior cycle performance at high voltage was obtained through simple
Li composition and synthesis temperature changes without coating or
the use of electrolyte additives. Interestingly, the poor cycle perfor-
mance of W-H-E1 to 5 was confirmed at a high cut-off voltage of 4.5V,
which was assumed to be caused by an irreversible oxygen redox reac-
tion, as shown in Fig. S20¢ [40]. The stoichiometric sample (W-H-EQ)
presented high capacity retention of 98% after 50 cycles at 4.5 V,
whereas Li-excess sample (W-H-E5) showed a prominent capacity decay
with 83% retention, with the detailed information exhibited in
Table S12. Li-excess samples also showed overall improved capacity
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retention during 150 cycles at a high current rate of 1C-rate, as pre-
sented in Fig. S21.Fig. 5c-h present dQ dav! plots of
Li(prx)[Nio'92C00,04Mn0.04](1,x)02 (x = 0, 0.029) at a cut-off voltage of
4.5 V. The well-known sequential phase transition (H1-M—H2—H3) for
Ni-rich NCM materials was observed for all the samples. A significant
voltage decay was observed from stoichiometric compounds of
LiNig.92C0¢,04Mng 0402 (Fig. 5c—e), where overpotentials of 0.33, 0.21,
and 0.13 V were confirmed for W-EO, W-M—EO, and W-H-EO, respec-
tively. This is consistent with our previous results that high-voltage
operation of a Ni-rich NCM electrode accelerates the voltage decay
originating from the formation of the Ni2*—O rock-salt phase on the
particle surface [16]. Notably, the Li-excess electrodes showed less
voltage decay than stoichiometric compounds upon repeated electro-
chemical cycling, as illustrated in Fig. 5f~h. W-E2, W-M—E2, and W-H-
E2 showed a low overpotential of 0.18, 0.13, and 0.11 V after 50 cycles,
respectively. Benefiting from improved capacity and voltage retentions,
approximately 91% of the energy density was maintained after 50 cycles
for W-M—E2, as shown Fig. 5i.

To understand the structural evolution upon electrochemical
cycling, in situ XRD analyses of Li(j.x)[Nip.92C00,04Mng 04](1-002 (x =
0 and 0.029) was conducted. Fig. S22 presents in situ XRD patterns of W-
M-—EO and W-M—E2 during charge/discharge processes with a cut-off
voltage of 4.5 V vs. LiT/Li. The (003) peak underwent a continuous
peak shift to lower 20 angle during the initial charge process until 4.0 V,
followed by shifting toward higher 260 angle up to 4.5 V. In addition, the
reversible H1-M—H2—-H3 structural transition during charging and
discharging was confirmed until the 2nd cycles, which is consistent with
previous findings [9,16,52,53]. The a- and c-lattice parameter changes
of W-M—EO during initial charging and discharging are presented in
Fig. 5j. A continuous change of the a- and c-lattice parameters was
observed during charging up to 4.0 V, and a notable lattice parameter
change was observed in the highly delithiated state above 4.0 V, where a
large contraction of the c-lattice (5.2%) occurred during charging from
4.0 to 4.5 V due to the phase transition from H2 to H3. Note that less
lattice parameter change was confirmed for the W-M—E2 during
charging and discharging, as shown in Fig. 5k. Approximately 4.5% of c-
lattice contraction was confirmed during charging up to 4.5V, and it was
maintained to the second cycle. We believe that the improved cycle
stability at high voltage is mainly due to the immobile Li in the TM layer,
which stabilized the crystal structure with a small lattice expansion/
contraction during electrochemical cycling. The change of particle
morphology after electrochemical cycling at a cut-off voltage of 4.5 V
was further characterized by FIB-SEM analysis, as shown in Fig. $23-24.
Results revealed that Li-excess sample of W-M—E2 maintained its par-
ticle morphology with less microcrack formation after 50 cycle of
charge/discharge than W-M—EQ.

3.4. New insight into synthesis and engineering of Ni-rich NCM

Results of our study indicate the importance of controlling the Li
content according to the synthesis temperature for optimized Ni-rich
NCM, offering clearer guidance in designing Li-excess Ni-rich NCM
materials with advanced electrochemical performance. Based on
comprehensive understanding on crystal structure of Ni-rich NCM with
different Li content and temperatures, we propose following mecha-
nisms in stabilizing cycling performance of Li-excess NCM via means of
synthesis temperature regulation: 1) The Li-excess layered structure is
well-formed as the synthesis temperature is lowered, where decreases of
Ni%* and increases of Ni®* (mainly) and Ni** at 800 °C and 750 °C to
reduced cation mixing, whereas at 700 °C, decreases of Ni%*/3* and
increases of Ni4+, resulting in cation mixing decreases and LiMOs is
formed. 2) The excess Li can suppress the generation of non-
stoichiometric Li; ,Nij ,O2 during high-temperature synthesis, Li/Ni
cation mixing, and Ni>*O impurity phase formation on the particle
surface that degrades Ni-rich NCM properties. 3) Li-excess layered
structure formed at 800 °C ~ 750 °C showed stable cycle performances
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which can be attributed to the reduced Li/Ni cation mixing and
increased immobile Li in the TM layer, whereas Li-excess phase formed
at 700 °C exhibited an unstable cycle performance due to the irreversible
oxygen redox caused by the activation of Li;MOj3 phase at a high voltage
of 4.5V [37,38,40].

In practical terms, high energy density (>850 Wh kg™!) and stable
cycle performance (91% after 50 cycles) at high voltage can be obtained
from Ni-rich NCM without additional cation doping and surface coating
processes. Furthermore, controlling the Li content and temperature
during the synthesis process in Ni-rich NCM can regulate the degree of Li
incorporation in the crystalline lattice and efficiently avoid the forma-
tion of residual Li compounds on the particle surface, which requires
additional costly washing process. Simple synthetic approach was
developed to enhance the electrochemical performance of Ni-rich NCM
by going back to the basic process for synthesis, such as Li stoichiometry
and synthesis temperature. We believe that our findings will provide a
new insight into the synthesis process of Ni-rich layered cathode mate-
rials in the industry.

4. Conclusions

In summary, Li-excess Ni-rich NCM materials of Lig.)[Nig.o2
Co9.04Mnyg 04] (1002 were successfully synthesized, and their crystal and
surface structures were characterized using XRD, ND, PDF, and XAS
analyses. Our results indicate that excessive Li can be incorporated into
the TM layer in a layered structure with a form of LiMOy (R-3 m) or
LioMO3 (C2/m) by regulating the Li content and synthesis temperature
in the course of Ni-rich NCM synthesis. Li-excess samples exhibited low
capacity and voltage decay upon repeated battery cycling at a high cut-
off voltage of 4.5 V, resulting in superior capacity and energy density
retention (91%) after 50 cycles. The electrochemical mechanism was
investigated using in situ charge/discharge XRD analyses, which indi-
cated that a small lattice change occurred from the Li-excess electrode
because immobile Li in the TM layer plays the role of structural stabi-
lizer. This study highlights the importance of heating temperature and Li
content in synthesizing Ni-rich NCM materials and provides new insights
for the design of Li off-stoichiometric electrodes with stable electro-
chemical performance under high-voltage operation.
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