FULL PAPER

ADVANCEI
ENERGY
MATERIAL!

www.advenergymat.d

High-Voltage-Driven Surface Structuring and
Electrochemical Stabilization of Ni-Rich Layered Cathode

Materials for Li Rechargeable Batteries

Seok Hyun Song, Moses Cho, Inchul Park, Jong-Gyu Yoo, Kyung-Tae Ko, Jihyun Hong,
Jongsoon Kim, Sung-Kyun Jung, Maxim Avdeev, Sungdae Ji, Seongsu Lee, Joona Bang,

and Hyungsub Kim*

Layered lithium-nickel-cobalt-manganese oxide (NCM) materials have
emerged as promising alternative cathode materials owing to their high
energy density and electrochemical stability. Although high reversible capacity
has been achieved for Ni-rich NCM materials when charged beyond 4.2 V versus
Lit/Li, full lithium utilization is hindered by the pronounced structural degra-
dation and electrolyte decomposition. Herein, the unexpected realization of
sustained working voltage as well as improved electrochemical performance
upon electrochemical cycling at a high operating voltage of 4.9 V in the
Ni-rich NCM LiNig go5C0g 035Mng 0,0; is presented. The improved electro-
chemical performance at a high working voltage at 4.9 V is attributed to the
removal of the resistive Ni**O rock-salt surface layer, which stabilizes the
voltage profile and improves retention of the energy density during electro-
chemical cycling. The manifestation of the layered Ni?*O rock-salt phase
along with the structural evolution related to the metal dissolution are probed
using in situ X-ray diffraction, neutron diffraction, transmission electron
microscopy, and X-ray absorption spectroscopy. The findings help unravel

the structural complexities associated with high working voltages and offer
insight for the design of advanced battery materials, enabling the realization
of fully reversible lithium extraction in Ni-rich NCM materials.

1. Introduction

The development of rechargeable Li-ion
batteries (LIBs) with high energy density
is becoming increasingly important as
their application has extended from small
portable electronic devices to electric vehi-
cles (EVs) and grid-scale energy storage
systems (ESSs).?l Current LIBs still do
not yet meet the requirements for auto-
motive applications; thus, tremendous
efforts have been focused on developing
electrode materials with higher reversible
capacities.>] Layered transition metal
oxide materials, namely LiCoO, (LCO),
have received significant attention owing
to their high energy density and theoretical
capacity (=272 mAh g7) compared with
those of commercially available cathodes,
specifically spinel (=148 mAh g7) and
olivine (=170 mAh g™) compounds./*1
However, Li-ion extraction is not fully
reversible in LCO, resulting in a small
practical capacity (=140 mAh g™). In the
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search for high-capacity cathodes, materials composed of Ni,
Co, and Mn, known as LiNi,Co,Mn;_,,0, (NCM) materials,
have been extensively studied because of their higher capacity
than that of LCO and their use of low cost elements of Ni
and Mn.""2 LiNij;3Cop33Mng 330, and LiNijysCop,Mng 30,
(NCM523) have been successfully commercialized owing to
their advanced electrochemical performance and stability.

Recently, Ni-rich NCM (x = 0.8) materials have been con-
sidered promising cathodes for application in mid- and
large-scale ESSs because of their high reversible capacity of
=200 mAh g L3 Nevertheless, there are several issues associ-
ated with these materials, including i) difficulties in synthesizing
stoichiometric Ni-rich NCM because of the instability of Ni**
during high-temperature synthesis, ii) the chemical instability
of Ni*" under highly delithiated conditions resulting in the for-
mation of a resistive layer of Ni*?*O on the cathode surface, iii)
oxygen release from the host structure, and iv) the generation
of microcracks in the bulk from repeated Li-ion de/intercala-
tion.'>-2 In addition, with increasing Ni content, more cation
mixing between Ni and Li ions occurs during electrochemical
cycling due to the similarly sized Ni%* (0.69 A) and Li* (0.76 A)
ions, and the intermixing creates a more resistant layer on the
surface, making the structure more unstable.?*?1 Although
the reversible capacity has been dramatically increased in
Ni-rich NCM materials, complete lithium extraction from NCM
electrodes remains a great challenge because operating at high
cut-off voltage leads to irreversible structural transition and
electrolyte decomposition, resulting in safety issues and poor
cycle performance. 17282

One of the issues remaining for Ni-rich NCM materials
is identification of the descriptors affecting the irrevers-
ible capacity loss and voltage fade problems and their link
to structural evolution upon gradual Li extraction at high
operating voltage.l”3%31 Although extensive work has been
performed to resolve these issues and to highlight impor-
tant insights regarding structural aspects, much of the
work has focused on developing NCM electrodes with high
Ni content and their synthesis and structural modifica-
tion.’2 A few studies have offered insight into the struc-
tural characteristics at high voltage; for example, phase
transition from the layered to spinel (Fd-3m) and rock-salt
(Fm-3m) structure was observed in NCM materials, where the
irreversibility of Li was more pronounced, resulting in voltage
and capacity loss.[""?%] A recent study demonstrated the unexpect-
edly improved cycle performance at high voltage (4.8 V) in the
LCO system, where the high voltage induced the dissolution of
the resistive layer (spinel, rock-salt) and its reversal to its pristine
form (thombohedral (R-3m) layer), signifying the role of high
working voltage on surface structuring during electrochemical
cycling.?3l However, even though these studies have shown
the effect of high voltage on cathode systems, the formation
mechanism of resistive layers has not yet been revealed, and
in-depth interpretation of the role of the amount of Li extracted in
Ni-rich NCM and its correspondence to structural evolution
at high voltage remains elusive. Thus, thorough analysis and
quantification of structural parameters that affect the structural
evolution of the resistive layer with the gradual extraction of
Li for high-voltage electrochemistry is critical for further devel-
opment of cathode materials.
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In this study, we demonstrate the active role of the working
voltage in determining the structural change of the surface
resistive layer for the first time in Ni-rich NCM materials
by using a combination of different analytical techniques,
including X-ray diffraction (XRD), neutron diffraction (ND),
transmission electron microscopy (TEM), and X-ray absorption
spectroscopy (XAS). We reveal that the high-voltage operation of
LiNiy g95C0g 03sMng 020, at 4.9 V induces the dissolution of the
surface resistive layer, resulting in unexpected electrochemical
stability compared with operation at 4.6 V, contradicting pre-
vious reports of higher charging voltages resulting in instability.
This beneficial phenomenon was observed in other NCM mate-
rials of NCM523 and LiNij¢Cog,Mng,0, (NCM622) as well as
in Ni-rich NCM. Our findings clarify the origin of the coupling
between the working voltage and phase change of surface resis-
tive layers, with the pronounced positive effects of electrochem-
istry at high voltage enabling new chemistry and mechanisms.
With the physical/chemical insight provided in this study, full
Li reversibility in Ni-rich NCM materials can be realized.

2. Results

2.1. Synthesis and Structural Characterization
of LiNig 395C00,085Mn0.020;

LiNij g95C00 0gsMn 0,0, was successfully synthesized using
the conventional co-precipitation method followed by solid-
state synthesis at 750 °C for 12 h with oxygen gas flow.?*] The
crystal structure of LiNijg95C0g0g5Mn 0,0, was characterized
by Rietveld refinement of the XRD and ND data, as shown in
Figures S1 and S2, Supporting Information, confirming the
well-defined rhombohedral o~NaFeO,-type layered structure
(space group R-3m) with no trace of impurities.[>'>33¢ The fit-
ting was satisfactory with low reliability factors, and a summary
of the crystal data is provided in Tables S1 and S2, Supporting
Information. Rietveld refinement of the ND data revealed neg-
ligible cation mixing between Li,, and Ni, (1.4%), which is
in good agreement with previous reports of the crystal struc-
ture.’”38] The scanning electron microscopy (SEM) images
in Figure S3, Supporting Information confirm that the sec-
ondary particles of LiNijg95C0g 035Mng0,0, exhibited spherical
morphology with a uniform size of approximately 10 um. The
size of the primary particles was determined to be 100-200 nm.

2.2. Electrochemical Performance of LiNig go5sC0g 935sMng 0,0,

Figure la—c present the galvanostatic charge/discharge profiles
of LiNijg95C0g035Mng 0,0, cycled at cut-off voltages of 4.25,
4.6, and 4.9 V versus Li*/Li, respectively. The electrode deliv-
ered an initial discharge capacity of 210 mAh g™ at a cut-off
voltage of 4.25 V, and the capacity slightly increased to 222 and
230 mAh g upon increasing the cut-off voltage to 4.6 and
4.9 V, respectively. A sloppy discharge profile attributed to
an additional capacity of 10-20 mAh g! was observed above
4.25 V (marked by the dotted circle in Figure 1b,c), indicating
the extended reversible Li de/intercalation in a higher voltage
window. The discharge capacity decreased with prolonged
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Figure 1. Galvanostatic charge/discharge profiles of LiNig g95C00 085Mng 0,0, at cut-off voltages of a) 4.25V, b) 4.6 V, and c) 4.9 V versus Li*/Li. dQ/dV
plots of LiNig gg5C00.085Mng 0,0, at cut-off voltages of d) 4.25V, €) 4.6 V, and f) 4.9 V versus Li*/Li.

cycling, demonstrating the irreversibility of the Li extraction
regardless of the voltage cut-off. Nonetheless, the electrode
exhibited different discharge profiles at each cut-off voltage
upon electrochemical cycling, which could be further elabo-
rated. The capacity of the electrode cycled at a cut-off voltage of
4.25 V was well maintained up to 30 cycles and then decreased
rapidly. The dQ/dV plot in Figure 1d shows the sequential
phase transition (H1-M-H2-H3), where the original layered
structure (H1) transformed to the monoclinic phase (M) at
3.6 V, hexagonal phase (H2) at 3.9 V, and another hexagonal
phase (H3) at 4.15 V. LiNijge5C0qgsMng 0,0, suffered from
structural instability of H3 owing to large anisotropic lattice
volume changes, as observed in LiNiO,, resulting in cracks and
hindering Li re-intercalation into the system.213%40 Ag a result,
the H2-H3 phase transition peak disappeared between the
100th and 150th cycles, indicating permanent capacity lost. At
4.6V, significant capacity and voltage decay were observed after
10 cycles (Figure 1b,e), with the simultaneous capacity loss and
voltage decay confirmed upon long cycling at high voltage in the
cathodes, as suggested by previous studies.[:262] A substantial
voltage shift was observed upon electrochemical cycling, and
an overpotential of =0.6 V was confirmed after 150 cycles. The
long cycling test triggered structural breakdown, resulting in
the large polarization. Strikingly, the capacity and voltage decay
were alleviated in the cell cycled at the higher voltage of 4.9 V,
as shown in Figure 1c,f. Contrary to the general belief that high-
voltage operation of Ni-rich NCM electrode materials results in
large structural change and surface degradation, the cell cycled
at a cut-off voltage of 4.9 V exhibited more stable capacity and
voltage retention upon electrochemical cycling.”?% Although
the reduction of the capacity proceeded faster than that for
the 4.25 V cut-off voltage, the voltage profile above 4.0 V
(in the H2-H3 phase transition region) remained more stable
than that in the cells cycled at 4.6 and 4.25 V up to 150 cycles.
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The gravimetric energy density plot in Figure S4, Supporting
Information further confirms the enhanced cycle performance
of the cell cycled at 4.9 V. The initial energy densities for the
cells cycled at 4.6 and 4.9 V were similar (=900 Wh kg™); how-
ever, more severe reduction of the energy density was observed
for the cell cycled at a cut-off voltage of 4.6 V.

2.3. Crystal Structural Change of LiNig gg5C0g 035Mng ¢,0; During
Charge/Discharge

To understand the structural evolution of
LiNig go5C00 08sM19 0,0, upon battery cycling, in situ XRD
analyses during the initial cycle were conducted. The (003)
peak in Figure 2a underwent a continuous peak shift to lower
20 angle during the initial charge process, and the sequential
H1-M-H2-H3 structural transition occurred with increasing
voltage up to 4.25 V, which is consistent with previous find-
ings.>26:3%] The peak returned to the initial 26 position during
the subsequent discharge reaction, indicating that the charge
discharge reaction is reversible. Further charge up to 4.6 and
4.9 V resulted in an additional peak shift to higher 26 angle,
which originated from contraction of the c-lattice parameter, as
shown in Figure 2b,c. The (110) peak underwent a continuous
shift to higher 20 angles during charge up to 4.25 V, and the
peak shifted to lower angle following charge up to 4.6 and 4.9 V.
Figure 2d—f present the galvanostatic charge/discharge profiles
and change of lattice parameter values during the first cycle at
cut-off voltages of 4.25, 4.6, and 4.9 V, respectively. A continuous
change of the lattice parameters was observed during charge up
to 4.1V, with the c-lattice parameter increasing and the a-lat-
tice parameter decreasing during the phase transition from the
H1 to H2 phase. A notable structural change was observed in
the highly delithiated state above 4.1 V, where the H2 and H3
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Figure 2. In situ XRD patterns of LiNiggg5C0g 085Mng 0,0, during initial electrochemical cycling at cut-off voltages of a) 4.25 V, b) 4.6 V, and c) 49 V
versus Li*/Li. a- and c-lattice parameter changes of electrodes with cut-off voltages of d) 4.25V, €) 4.6 V, and f) 4.9 V versus Li*/Li.

phase transition occurs. A large contraction of the c-lattice para-
meter occurred during the charging process from 4.1 to 4.25 V.

Supporting Information.

Further charge up to 4.6 and 4.9 V resulted in collapse of the
c-lattice parameter and slight expansion of the a-lattice para-

meter, resulting in anisotropic volume changes (Figure 2e,f).
These findings indicate that the additional capacity above

Electrochemical Cycling

4.25 V is rooted in the solid-solution reaction of the H3 phase

and not in electrolyte decomposition or the oxygen redox reac-
tion. The reversible structural transition was confirmed until

Adv. Energy Mater. 2020, 10, 2000521
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the fifth cycle by in situ XRD analysis, as shown in Figure S5,

2.4. Structural Change of LiNi0.895c°0.085Mn0.0202 Upon

Figure 3a presents XRD patterns of the pristine electrode

voltages of 4.25, 4.6, and

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. XRD patterns of LiNiggg5C0g0g5Mng 0,0, cycled at a) 4.25, 4.6, and 4.9 V versus Li*/Li. Changes in the b) lattice parameters and c) the ratio
of ¢/a of LiNig g95C0g,085MnNg 0,0, upon electrochemical cycling at each cut-off voltage. d) ND patterns of LiNig g95sC0g 035Mng 0,0, after 50 cycles at 4.25,
4.6, and 4.9 V versus Li*/Li. ) Ni K-edge XANES spectra of LiNig gg5C0g,035Mn 0,0, cycled at 4.6 and 4.9 V versus Li*/Li.

49 V versus Li*/Li, respectively. The crystal structure of
LiNij g95C0g 03sMN 020, was well maintained after electro-
chemical cycling up to 50 cycles, with no traces of crystalline
spinel or rock-salt phases for the cycled electrodes at any of the
cut-off voltages. Clear shifts of the (003), (018), and (110) peaks
upon electrochemical cycling were observed, with the (003)
and (018) peaks shifting to lower 20 angles and the (110) peak
shifting to higher 26 angles, as shown in Figure S6, Supporting
Information. Interestingly, the largest shifts in the (003) and
(110) peaks were observed in the XRD pattern of the electrode
after 50 cycles at 4.6 V, suggesting that electrochemical cycling
at 4.6 V is the most irreversible process. The lattice parameter
changes upon electrochemical cycling observed in Figure 3b,c
and Figure S7, Supporting Information indicate the aniso-
tropic variation of the lattice parameters and unit-cell volume
as cycling progressed. The a-lattice parameter decreased by
~0.08% after 1 cycle with a cut-off voltage of 4.25 V, whereas
the c-lattice parameter showed a 0.08% increase. The small lat-
tice parameter changes were confirmed upon repeated electro-
chemical cycling up to 50 cycles, where the a-lattice parameter
decreased by =0.11% and the c-lattice parameter increased by
~0.16% after 50 cycles. At 4.6 V cut-off conditions, significant
cell parameter changes were observed, with the a-lattice para-
meter decreasing by approximately 0.54% and the c-lattice para-
meter increasing by approximately 0.76% after 50 cycles. This
finding is consistent with the largest shift of the (003) peak to
the left and of the (110) peak to the right in Figure S6, Sup-
porting Information. Note that the lattice parameter changes
of the electrode cycled at 4.9 V were smaller than those of the
electrode cycled at 4.6 V. The g-lattice parameter decreased
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by =0.07% and the c-lattice parameter increased by =0.37%
after 50 cycles (Figure 3b). In addition, a larger lattice volume
change was confirmed for the electrode cycled at 4.6 V (=0.32%)
compared with those of the electrodes cycled at 4.25 (=0.059%)
and 4.9 V (=0.22%), as shown in Figure S7, Supporting Infor-
mation. The ¢/a ratio which can be regarded as an indicator
in determining the anisotropic structural changes of layered
materials shown in Figure 3c illustrates that the greatest ani-
sotropic expansion occurs from the electrode cycled at 4.6 V.[’]
All of the ¢/a values for the cycled electrodes are provided in the
Supporting Information (Table S3, Supporting Information).
These findings further confirm that electrochemical cycling
of LiNijg95C0g 035Mn,0,0; at a cut-off voltage of 4.6 V causes
the largest permanent structural disorder. In contrast, the
suppressed lattice contraction and expansion in the electrode
cycled at 4.9 V hints at the possible positive high-voltage effects,
as demonstrated in eatlier studies on the LCO system.3 The
structural disorder in the electrode attributed to the atomic dis-
order or lattice strain is further confirmed by the Williamson—
Hall plot in Figure S8, Supporting Information. An increase of
the slope, indicating an increase in the amount of microstrain,
was observed from the electrode after electrochemical cycling
at a cut-off voltage of 4.25 V (Figure S8a, Supporting Informa-
tion), and the slope was maintained up to 50 cycles. A signifi-
cant increase of the slope was observed for the electrode cycled
at 4.6 V, as shown in Figure S8b, Supporting Information. This
finding indicates that the strain originating from the structure
disorder continues to increase as the cycle number increases.
However, there was almost no change for the electrode cycled at
a cut-off voltage of 4.9 V (Figure S8c, Supporting Information).

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

To quantify the structural disorder in cycled electrode sam-
ples of LiNijg95C0g035Mng0,0,, ND experiments were con-
ducted. The ND patterns in Figure 3d show that the crystal
structure of the cycled electrodes was well maintained after
50 cycles, with no trace of diffraction peaks from spinel or rock-
salt structures and broad carbon peaks detected at low 20 angles
of approximately 30°. The lattice parameters, atomic positions,
and occupancies were analyzed by Rietveld refinement, and the
results are presented in Figure S9, Supporting Information and
Table S4, Supporting Information. For the Rietveld refinement
analysis, the Li, Ni, Co, and Mn contents were determined
by inductively coupled plasma mass spectrometry (ICP-MS)
analysis in advance, with the results presented in Table S5,
Supporting Information. After 50 cycles, the Li content in
the crystal structure of each cycled electrode was determined
to be lower than the initial content, which may have resulted
from structural degradation and capacity decay. Approximately
93% of Li was recovered after 50 cycles at a cut-off voltage of
4.25 V, whereas 83% and 85% of Li were recovered from the
electrodes cycled at 4.6 and 4.9 V, respectively. Interestingly,
the largest structural change was confirmed for the electrode
cycled at 4.6 V rather than that at the higher voltage of 4.9 V.
First, the largest lattice contraction along the a-axis and expan-
sion along the c-axis were observed for the cycled electrode at
4.6 V, which is consistent with the XRD analyses. The a-lattice
parameter decreased from 2.87186 (7) A to 2.8630 (2) A while
the c-lattice parameter increased from 14.1862 (4) A to 14.211 (2)
A after battery cycling. Furthermore, the electrode cycled at a
cut-off voltage of 4.6 V exhibited the largest contraction of bond
lengths between transition metal and oxygen ions (=0.64%) and
the largest expansion of bond lengths between Li and oxygen
ions (=0.45%) after 50 cycles. Note that a large amount (=3.8%)
of Ni in the transition metal layer (Ni,.) migrated to octahedral
sites in the Li layer (Li,) after electrochemical cycling at a cut-
off voltage of 4.6 V, whereas negligible migration was observed
for the electrodes cycled at 4.25 and 4.9 V. The transition metal
migration in layered-type NCM materials has been considered
an origin of phase transition from layered to spinel or rock-
salt phases and has been previously investigated using TEM
and XAS analyses."#I It has been observed that transition
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metals migrate from octahedral sites in the transition metal
layer to octahedral or tetrahedral sites in the lithium layer at
highly charged states, and the subsequent segregation of tran-
sition metals in the lithium layer triggers the phase transition
from layered to spinel or rock-salt structures. We believe that
the increased Li-Ni intermixing and structural disorder at 4.6 V
triggers the spinel and rock-salt formation on the particle sur-
face and results in deterioration of the electrochemical perfor-
mance upon repeated battery cycling.

The oxidation states of Ni and Co in the cycled samples
were further examined using X-ray absorption near edge struc-
ture (XANES) analyses, as shown in Figure 3e. The Ni K-edge
XANES spectra of the as-prepared and cycled electrode sam-
ples at 4.6 and 4.9 V show negligible differences, and a slight
spectrum shift to higher energy was observed for the electrode
after 50 cycles at 4.9 V. Similarly, there were no distinguish-
able differences in the Co K-edge XANES spectra, as shown in
Figure S10, Supporting Information.

2.5. Surface Structural Characterization of Cycled Samples
of LiNi g95C00,035Mn0,0,0,

Structural characterization of the particle surface was per-
formed using soft XAS and TEM analyses. Figure 4a—c show the
L, and Lj-edge XAS spectra of Ni after electrochemical cycling
at 4.25, 4.6, and 4.9 V versus Li*/Li. The oxidation state of Ni on
the particle surface of the as-prepared LiNijg95C0g 9g5Mng 0,0,
was determined to be Ni** with a small amount of Nj?*+.[1148-50]
Interestingly, a large amount of Ni?* was formed on the par-
ticle surface after one cycle regardless of the cut-off voltage, as
observed in Figure 4a, where the peaks at the L)- and L;-edge
shifted to lower energy, and the peak intensities at 854.4 and
871.1 eV decreased after one cycle. The reduction of the oxida-
tion state of Ni from Ni** to Ni?* is attributed to the phase trans-
formation from layered LiNijg95C0¢035Mng 0,0, to spinel and
rock-salt phases.’">? Negligible changes in the spectra were
observed until ten cycles, as shown in Figure 4b; however, a sig-
nificant change occurred after 50 cycles. As cycling proceeded,
a large amount of Ni?* compounds such as spinel or rock-salt

(a) (b) (c)
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Ni™ Ni** 1 Cycle Ni™  Ni 10 Cycle Ni#® N 50 Cycle
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Figure 4. Ni L-edge XAS spectra of LiNig 395C00 035Mn 0,0, electrode after a) 1 cycle, b) 10 cycles, and c) 50 cycles at 4.25, 4.6, and 4.9 V versus Li*/Li.
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phases were gradually formed on the particle surface due to
the transition metal migration and subsequent segregation.
The XAS spectra of Ni shown in Figure 4c indicate that large
amounts of Ni** were detected after 50 cycles at each cut-off
voltage. Surprisingly, the smallest amount of Ni%* was detected
for the sample cycled at the highest voltage of 4.9 V, whereas
the largest amount of Ni?* was detected for the electrode cycled
at 4.6 V. Furthermore, the Ni?* content in the electrode cycled
at 4.9 V was much lower than that cycled at 4.25 V. The fol-
lowing phenomenon was further confirmed with Co L-edge
XAS spectra shown in Figure S11, Supporting Information.

Extensive high-resolution-TEM (HR-TEM) analyses were
performed to estimate where the phase transformation occurs.
TEM and fast Fourier transformed (FFT) images of the as-
prepared electrodes and electrodes after ten cycles at each
cut-off voltage are presented in Figure S12, Supporting Infor-
mation. Only the layered phase was observed in all the sam-
ples, indicating that mild phase change occurs until the tenth
cycle under all conditions, which is in a good agreement with
the XAS results. Figure 5a presents TEM and FFT images of
the electrode after 50 cycles at 4.25 V. The layered and spinel
phases coexisted in the inner (region 1) and outer (region 2)
surface regions, which is consistent with previous findings.[”!
The d-spacings obtained from the lattice images are =2.44 and
~1.42 A, which can be matched with the (101) plane, repre-
senting the layered, and the (110), (044) plane representing the
layered, spinel phase, respectively. Note that the rock-salt phase,
which can be indexed as the (111) plane with a d-spacing of
2.41 A, was observed on the particle surface (region 2) of the
electrode after 50 cycles at a cut-off voltage of 4.6 V, whereas
layered and spinel phases coexisted in the inner region
(region 1), which is consistent with the Ni L-edge XAS spectra
(Figure 5b).5%33-58] The thickness of the cubic region was deter-
mined to be =10 nm from FFT analysis. However, the cubic
phase was not detected on the particle surface of the electrode
after 50 cycles at 4.9 V, where the only layered and spinel phases
were observed from the inner and outer region, as shown in
Figure 5c. Note that the surface structure of the electrode cycled
at 4.9 V remained much more stable despite the voltage being
above 4.6 V. We speculate that this stability mainly originates
from the dissolution of Ni at a specific high voltage over 4.6 V
reported in previous studies.?333 Charging up to 4.6 V induces
the transition metal migration, resulting in resistive spinel and
rock-salt formation on the particle surface; however, at certain
voltages above 4.6 V, the resistive layer is observed to dissolve,
leaving only the original layer.

The electrochemical impedance spectroscopy (EIS) results
presented in Figure S13, Supporting Information further
support the surface stabilization of the electrode at the high
voltage of 4.9 V. The charge-transfer resistance (R.), cor-
responding to the second semicircle in Figure S13b,c, Sup-
porting Information, increased as the cycle number increased,
which resulted from structural deformation of the particle
surface of LiNijge5C0pogsMng,0, during repeated Dbattery
cycling.2>>% Interestingly, the highest R value was observed
from the electrode after 30 cycles at a cut-off voltage of 4.6 V,
indicating that more structural deformation occurred for
the electrode cycled at 4.6 V than for those cycled at 4.25 and
4.9 V. R increased from 40.12 to 1307.23 Q after 30 cycles at
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Figure 5. TEM and FFT images of LiNig gg5C0g 0gsMng 0,0; electrode after
50 cycles at a) 4.25, b) 4.6, and c) 4.9 V versus Li*/Li.

4.6 V and to 1123.06 Q after 30 cycles at 4.9 V. In addition, R
of the cycled electrode at cut-off voltages of 4.25 and 4.6 V con-
tinuously increased from 10 to 30 cycles, whereas it decreased
at the 4.9 V cut-off condition. These findings indicate that the
surface structure is stabilized at 4.9 V. All of the resistance
values are provided in the Supporting Information (Table S6,
Supporting Information). Time-of-flight secondary-ion mass
spectrometry (TOF-SIMS) analysis was further performed
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to characterize the solid—electrolyte interphase (SEI) layer,
which may be formed on the surface of the electrode at high
voltages, as shown in Figure S14, Supporting Information.
The components of LiF,”, C,HO", C,F~, and POF,", which are
commonly observed from the SEI layer, were detected for all
of the cycled electrodes, and the amounts of impurities were
similar for the three cut-off voltage conditions.™ Therefore,
taken together, the surface stabilization at a specific high cut-off
voltage of 4.9 V occurs because of the dissolution of the Ni**O
like resistive layer, not the effect of organic impurities.

3. Discussion

Figure 6a presents a schematic representation of the struc-
tural change of LiNijg95C0 0gsMng 0,0, during battery cycling.
Upon repeated electrochemical cycling in the voltage range of
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2.5-4.25 V versus Li*/Li, the layered phase gradually transformed
into a spinel phase as a result of the transition metal migration
and subsequent segregation. A large amount of spinel phase
formed on the particle surface after 50 cycles. Electrochemical
cycling at high voltage of 4.6 V resulted in more rapid formation
of the spinel and rock-salt phases on the particle surface because
of the increased amount of highly reactive Ni*, which induced
severe structural change, including c-lattice parameter collapse
and transition metal migration, resulting in voltage and capacity
decay. This result is consistent with the finding of previous
studies that the continuous formation of highly resistive surface
layers consisting of spinel or rock-salt phases results in deteriora-
tion of the cycle performance of Ni-rich NCM materials during
high-voltage battery cycling.'>*-232% Nonetheless, the electrode
cycled at a cut-off voltage of 4.9 V exhibited superior capacity and
voltage retention upon repeated battery cycling compared with
the electrode cycled at 4.6 V. This finding is mainly attributed to

After cycling
at2.5-4.9Vv

°
8% o o o
M,0," \. 2

Spinel phase

30cycle at 4.6 V cut-off -> 50cycle at 4.9 V cut-off

L L

//_ /... 14.6 Vcut-off
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4.0 pHO
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Specific capacity (mAh g'1)

Figure 6. a) Schematic representation of structural evolution of LiNig g95C0g 0gsMng 0,0, upon high-voltage electrochemical cycling at 4.25, 4.6, and
4.9 V versus Li*/Li. Galvanostatic charge/discharge profiles of LiNig g9sC0g 035Mng 020, after charge/discharge at a cut-off voltage of 4.6 V versus Li*/Li
for 30 cycles followed by charge/discharge at a cut-off voltage of b) 4.25 V and c) 4.9 V versus Li*/Li for 50 cycles.
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the continuous etching of the surface at a rate faster than the
accumulation of the resistive rock-salt phase. The main dissolved
component at high voltage was nickel, as confirmed by the
ICP-MS and scanning electron microscopy—energy dispersive
spectroscopy (SEM-EDS) results (Tables S5 and S7, Supporting
Information).?*l The dissolution of the resistive layer at 4.9 V is
beneficial for suppressing structural evolution and voltage decay
upon repeated cycling, resulting in electrochemical stabilization.

To verify the favorable effect during high-voltage operation,
we performed electrochemical tests using various cut-off volt-
ages. The electrode was cycled under the 4.6 V cut-off condition
for 30 cycles, followed by cycling under different cut-off condi-
tions (4.25 and 4.9 V) for 50 cycles. The electrochemical cycling
in the voltage range of 2.5-4.6 V led to significant voltage and
capacity decay after 30 cycles. Upon the subsequent cycling at
4.25 V, neither the voltage profile nor capacity was recovered, as
observed in Figure 6b, where the capacity decreased from 165 to
142 mAh g7}, and the voltage profile was maintained. However,
upon cycling at 4.9 V after cycling at 4.6 V, both the voltage and
capacity were recovered, as observed in Figure 6c. The specific
capacity increased by approximately 10 mAh g™ after one cycle
at 49 V, and the voltage profile gradually recovered to higher
voltage as cycling proceeded. From these results, it is evident that
the high-voltage operation at 4.9 V enhances the electrochemical
performance by stabilizing the particle surface of the electrode. In
addition, we discovered that similar electrochemical stabilization
occurs at high voltages not only in LiNijg95Cog0g5Mng 0,0, but
also in other NCM materials, as shown in Figures S15 and S16,
Supporting Information. Suppressed voltage and capacity decay
under high-voltage operation were observed for both NCM523
and NCM622 to different extents.

4, Conclusion

In summary, structural and electrochemical stabilization of
Ni-rich NCM materials under high-voltage battery operation
was revealed for the first time using XRD, ND, TEM, and
XAS analyses. Our results reveal that high-voltage operation
of LiNij g95C0g 035Mn,0,0, at 4.9 V leads to dissolution of the
surface resistive layer, which is beneficial for suppressing struc-
tural evolution and voltage decay upon repeated battery cycling.
Although the high-voltage battery operation involves the loss
of active materials due to continuous etching of the particle
surface, the strategy of coating foreign matter on the surface
may improve the electrochemical performance under high-
voltage cycling. This study highlights the importance of surface
engineering of Ni-rich NCM materials and provides insight
for achieving full utilization of Li in NCM layered cathode
materials.

5. Experimental Section

Synthesis  of  LiNigg9sC00.0ssMn0,020: LiNig 395C00,085Mn0.020;
powder was synthesized using the conventional solid-state method.
Stoichiometric amounts of LiOH-H,O (99.995%, Sigma-Aldrich) and
Nig.895C00.085MnNg02(OH), were carefully mixed by hand grinding to
prevent particle breakage. The ground powder was pelletized under a
pressure of 250 kg cm~2 and heated at 750 °C for 12 h under O, gas
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flow. The O, gas flow rate was 50-70 cc min~". The resulting powder was
collected from the furnace at 120 °C and transferred to an Ar-filled glove
box to avoid moisture contamination.

Structure  Characterization of LiNig g95C00,085Mng 0,0 The crystal
structures  of the LiNigggsCogogsMngg,O, powder samples were
characterized using ND and XRD analyses. Powder XRD data were
obtained using an X-ray diffractometer (Empyrean, Malvern Panalytical)
equipped with Cu K radiation (A = 1.540598 A). The measurement was
conducted in the 26 range of 10-90° with a step size of 0.013 and step time
of 1s. In situ charge/discharge XRD data were collected in the 26 range of
10-80° with a step size of 0.026 and step time of 0.3 s. The measurement
was performed using Swagelok-type cells with beryllium windows. ND
data of LiNiggg5C0g0gsMng;0, was obtained from the HANARO facility
at the Korea Atomic Energy Research Institute (KAERI). The measurement
was conducted in the 26 range of 0-180° with a step size of 0.05 using
a constant wavelength of 1.834333 A. ND experiments of ex situ powder
samples of Li;_Nig gg5C00 0gsMng20, were performed using the Echidna
machine 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 atomic ratios between Li, Ni, Co, and Mn were confirmed
using ICP-MS (ICP-MS 7700S, Agilent). The crystal structures and particle
morphologies were characterized using SEM (SU8230, Hitachi) and field-
emission TEM (FE-TEM; JEM 2100F, JEOL) at the Korea Basic Science
Institute (KBSI). The valence state of Ni and Co were analyzed by using
XAS measurements. Ni and Co L-edge (K-edge) XAS spectra were obtained
in the total electron yield (transmission yield) method at 6A (L-edge) and
1D (K-edge) beamline of the Pohang Light Source (PLS) in the Pohang
Accelerator Laboratory (PAL). TOF-SIMS (TOF-SIMS5, ION-TOF GmbH)
was used for chemical analysis of the surface. A pulsed 40 keV Bi* ion
beam set in high-current bunched mode was used, and the analyzed area
was 40 x 40 um. All the detected secondary ions of interest possessed
negative polarity. The elemental analysis of the cycled Li metal counter
electrode was performed by SEM-EDS at the accelerating voltage of 20 kV
with the representative area of 150 x 100 pm.

Electrochemical Analyses of LiNig gosCog 08sMng,0,05: The electrodes were
prepared using LiNig g95C0g,085Mn0,0, Super P and polyvinylidene fluoride
(PVDF) binder in a mass ratio of 8:1:1 in N-methyl-2-pyrrolidone (99.5%,
Aldrich). The resulting slurry was pasted onto an aluminum foil with
250 um thickness. After being vacuum-dried at 120 °C, the electrode was
pressed using a roll-press machine. 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 LiPFg
in ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1 v/v, PanaXEtec)
as the electrolyte. The preparation was performed in an Ar-filled glovebox.
Galvanostatic measurements of the LiNigggsC0gog5Mng 0,0, electrode
samples were conducted in voltage ranges of 2.5-4.25 V, 2.5-4.6 V, and
2.5-4.9 V versus Li*/Li with a constant current of 40 mA g~ equivalent to
0.15 C-rate at 25 °C (WBCS 3000, WonA Tech). Ex situ electrode samples
were prepared by electrochemical cycling using the coin cells. All the cycled
electrode samples were rinsed with DMC and dried in an Ar-filled glovebox.
EIS data were collected by charging/discharging the cells to each cut-off
voltage after the 1st, 10th, 20th, and 30th cycles in the frequency range of
1 MHz to 1 mHz (ZIVE SP1, WonA Tech).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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