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Restraining Oxygen Release and Suppressing Structure
Distortion in Single-Crystal Li-Rich Layered Cathode

Materials

Jianming Sun, Chuanchao Sheng, Xin Cao,* Pengfei Wang, Ping He,* Huijun Yang,

Zhi Chang, Xiyan Yue, and Haoshen Zhou*

Li-rich oxides can be regarded as the next-generation cathode materials for
high-energy-density Li-ion batteries since additional oxygen redox activities
greatly increase output energy density. However, the oxygen loss and struc-
tural distortion induce low initial coulombic efficiency and severe decay of
cycle performance, further hindering their industrial applications. Herein, the
representative layered Li-rich cathode material, Li; ;Nig ;Mng ¢O,, is endowed
with novel single-crystal morphology. In comparison to its polycrystal
counterpart, not only can serious oxygen release be effectively restrained
during the first oxygen activation process, but also the layered/spinel phase
transition can be well suppressed upon cycling. Moreover, the single-crystal
cathode exhibits the limited volume change and persistent presence of
superlattice peaks upon Li* (de)intercalation processes, resulting in enhanced
structural stability with absence of crack generation and successive utiliza-
tion of oxygen redox reaction during long-term cycling. Benefiting from these
unique features, the single-crystal Li-rich electrode not only yields a high
reversible capacity of 257 mAh g, but also achieves excellent cycling perfor-
mance with 92% capacity retention after 200 cycles. These findings demon-
strate that the morphology design of single crystals can be regarded as an
effective strategy to realize high-energy density and long-life Li-ion batteries.

based on cationic redox reactions.l?l How-
ever, the Li-rich oxides always suffer from
the serious oxygen release, which induces
the irreversible capacity and low columbic
efficiency during the initial cycles, further
hindering their practical applications.?!
Meanwhile, the irreversible lattice oxygen
loss would inevitably accelerate the struc-
tural distortion, which causes the unfa-
vorable layered to spinel phase transition
upon cycling, resulting in serious voltage
fade and capacity deterioration. More
importantly, most Li-rich layered cathode
materials generally possess polycrystal
morphology, which would exacerbate
the side reactions between cathode and
electrolyte, crack generation, and violent
volume change, severely destroying the
structural stability and cycle performances
during long-term cycling [+

Tesla company and Dahn group
jointly launched a Million-Mile Battery
plan by employment of single-crystal
LiNiysMng3Coy 5O, cathode material,
which has excellent capacity retention

1. Introduction

To satisfy the high standards of next-generation Li-ion batteries,
the development of high-energy-density cathode materials
has been the top priority.!! Li-rich cathode materials generally
can achieve the high output capacity of beyond 250 mAh g
by coupling with anionic redox activities, which greatly breaks
through the capacity limitation of traditional cathode materials

during long-term cycling.”! The pouch cell with single-crystal
LiNiy sMn, 3Coy 5O, cathode and artificial graphite anode deliv-
ered the remarkable 92% capacity retention after 4700 cycles.
In contrast, the polycrystal layered Ni-rich cathode materials
generally displayed the rapid capacity decay especially at high
voltage and high temperature during long-term cycling because
of the serious crack generation triggered by the accumulation
of heterogeneous stress.l®! Furthermore, the anode side also
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suffered from the transition metal (TM) reduction reaction on
the surface, which can be attributed to the TM dissolution from
polycrystal cathode side, further accelerating the cycling perfor-
mance fade of pouch cells.”#% Therefore, the design of single-
crystal morphology can be regarded as an effective strategy to
improve the structural stability and electrochemical perfor-
mances by means of unique features, including crack-free,
restrained side reactions, and limited gas generations, homo-
geneous internal stress, etc. Besides, the single-crystal mor-
phology is beneficial for surface modifications such as surface
doping and coating in comparison with polycrystal counter-
parts,' which has the breathtaking potentiality to optimize the
electrochemical performances of cathode materials in future
studies. Although the current polycrystal Li-rich materials have
realized the relatively high output capacity, the structural sta-
bility and cycle performance should be further improved.!"
Therefore, the design of single-crystal morphology is expected
to resolve the intrinsic problems of Li-rich materials including
the oxygen release and structural distortion upon cycling.
Herein, we developed the single-crystal  Li-rich
Li; ,Nip,Mn O, (SC-LLNMO) as cathode material, in which
the oxygen-related plateau located at 4.75 V during the first
charging process, different from that of typical polycrystal
Li; ,Nig,Mng40, (PC-LLNMO, at 455 V). The PC-LLNMO
displayed serious oxygen release upon the first oxygen activa-
tion process, resulting in irreversible capacity of 101 mAh g
during discharging, whereas the irreversible oxygen behavior
can be well restrained in SC-LLNMO. Moreover, the layered/
spinel phase transition can be effectively suppressed in SC
sample, boosting the structural stability and harvesting the
limited voltage decay upon long cycling. Notably, SC-LLNMO
sample exhibited limited volume change (1.47%) upon Li* (de)
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intercalation processes in contrast with PC-LLNMO (2.34%),
where the serious crack generation only can be detected in PC
electrode. Benefiting from the restrained oxygen loss, limited
volume change, and stable structure evolution, SC-LLNMO
achieved the superior cycling performance with capacity reten-
tion of 92% after 200 cycles), whereas PC counterpart presented
the rapid capacity decay with 68% capacity retention at same
electrochemical conditions.

2. Results and Discussion

For comparison, PC-LLNMO was first synthesized by traditional
solid-state reaction, which displayed the typical morphology of
spherical secondary particle with 5 um diameter, constructed
by primary nanoparticles with diameter distribution from 100
to 200 nm, shown in scanning electron microscope (SEM) and
transmission electron microscope (TEM) images (Figure 1a,
inset). According to the Rietveld refinement of X-ray powder
diffraction (XRD) pattern, the Li-rich PC-LLNMO sample can be
indexed the structure with two space groups of hexagonal R-3m
and monoclinic C2/m space groups (Figure 1a).'?l The XRD
patterns were calculated by General Structure Analysis System
(GSAS) with excellent fitting result parameters of y? = 1.47 and
Ry, = 2.97%.8 The detailed results of lattice parameters were
shown in Table S1, Supporting Information. SC-LLNMO was
successfully synthesized by co-precipitation assisted molten
salt strategy, which displayed the octahedral morphology with
single primary particles with large diameter distribution from
300 to 600 nm (Figure 1b, inset). Furthermore, the Rietveld
refinement results of XRD pattern proved that SC-LLNMO
also possessed two characteristics of layered hexagonal R-3m
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Figure 1. Structural characterizations and electrochemical performances of PC- and SC-LLNMO. The XRD patterns and corresponding Rietveld refine-
ment results of a) PC- and b) SC-LLNMO. The corresponding TEM and SEM images are shown in the inset. The typical charge and discharge profiles of
c) PC- and d) SC-LLNMO electrodes during initial two cycles between 2 and 4.8 V at the current density of 20 mA g~'. Cycling performances of PC- and

SC-LLNMO electrodes in e) Li half-cells and f) full cells with graphite anode.
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and monoclinic C2/m space groups, which provided the excel-
lent fitting results of y* = 1.91 and R, = 5.16%. The lattice
parameters of SC sample also can be observed in Table S1,
Supporting Information. In addition, Energy Dispersive Spec-
troscopy (EDS) mapping indicated that involved Ni, Mn, O ele-
ments uniformly distributed in the PC and SC samples (Figure S1,
Supporting Information). Besides, the Inductively Coupled
Plasma (ICP) confirmed the element ratios of both two sam-
ples, in agreement with the designed chemical formula of
Li; ,Niy ,Mn, 4O, (Table S2, Supporting Information).

The electrochemical behaviors of PC- and SC-LLNMO were
investigated in Li half-cells between =2.0 and 4.8 V (vs Li/Li")
at 20 mA g Upon the first charging process, PC sample
displayed the combination of a slope region and a plateau at
4.55 V, which generally can be identified as the TM-based and
oxygen oxidation activities, in agreement with previous works of
Li-rich Li;,Niy,Mng 4O, with polycrystal morphology.' During
the subsequent discharging process, PC electrode suffered
from the serious irreversible capacity of 101 mAh g™ (=274% of
charge capacity), which is mainly caused by lattice oxygen loss
upon charging process since oxygen molecular generated upon
charge is difficult to be well reduced to lattice oxygen during
discharge. In contrast, during the initial oxygen activation
process, the location of oxygen-related plateau within SC-
LLNMO reached to 4.75 V, which is totally different from
all previous Li-rich cathode materials such as Li,MnO; and
xLi,MnOj3- (1-x)LiTMO, (TM = Mn, Ni, and Co), indicating rela-
tively strong electrochemical driving force is required to realize
oxygen activation in SC-LLNMO. Moreover, the SC-LLNMO elec-
trode exhibited the limited irreversible capacity of 78 mAh g™
(=25.3% of charge capacity) during the first cycle, which is in
stark contrast with serious capacity loss within PC-LLNMO,
suggesting more stable oxygen redox reactions can be achieved
within SC electrode. Therefore, it is rational to deduce that the
design for single-crystal morphology is beneficial for restraining
the irreversible oxygen release, further boosting the structural
stability and electrochemical performances during long-term
cycling. In addition, SC-LLNMO realized the high reversible dis-
charge capacity of 257 mAh g! during the second cycle.

Furthermore, the rate performances of both PC- and
SC-LLNMO were further investigated at the current density of
20, 50, 100, 200 mA g, respectively (Figures S2 and S3, Sup-
porting Information). Intriguingly, SC sample showed the
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superior rate performance at both low and high current density,
which is totally different from rate results in previous studies.>
Therefore, the galvanostatic intermittent titration technique
tests were performed to calculate Lit diffusion coefficient
(Dy;*) and study the kinetics behaviors of both PC-LLNMO and
SC-LLNMO electrodes (Figure S4, Supporting Information),>b<!
in which SC sample harvested the higher D;;* values in both
TM-based and oxygen-related regions. It proved the superior
rate performances can be obtained within SC sample during
both charging and discharging processes compared with
PC sample. Besides, the remarkably high output capacity of
197 mAh g! can be obtained within SC sample at high cur-
rent density of 200 mA g}, which is higher than most Li-rich
cathode materials with polycrystal morphology.>¢<!

Notably, SC-LLNMO also exhibited excellent long-term cycle
performances in both Li half-cells and full-cells (Figure 1e,f).
At the current density of 250 mA g7, the limited capacity loss
(0.04% per cycle) and excellent retention rate (92%) within the
SC-LLNMO after 200 cycles, whereas the PC sample displayed
the serious capacity loss (0.16%) with poor capacity retention
rate (68%). At low current density of 25 mA g7, the output
capacity of SC-LLNMO reached to 263 mAh g™! even after
50 cycles, while PC sample lost almost 20 mAh g capacity at
the same electrochemical condition (Figure S5a, Supporting
Information). Besides, the serious voltage decay can be well
restrained in the SC sample, whereas the PC sample exhib-
ited serious voltage fade of 0.257 V after 50 cycles, indicating
the excellent layered structure can be well maintained in SC-
LLNMO, but PC-LLNMO suffered from the severe layered/
spinel phase transition (Figure S5b, Supporting Information).
To meet the high standards of practical applications in bat-
tery industries, the full cells with Li-rich cathodes and graphite
anode were assembled, in which the PC and SC samples dis-
played the capacity retention of 67% and 94%, respectively
(Figure 1f), suggesting the single-crystal Li-rich oxides are
promising high-energy-density cathode materials for next-gen-
eration Li-ion batteries.

The in situ gas chromatography-mass spectrometry
(GC-MS) measurements were conducted to detect irrevers-
ible oxygen redox activities for both PC- and SC-LLNMO
samples during initial two cycles (Figure 2, Figures S6 and S7,
Supporting Information). The low-volatility alkyl carbonate
electrolyte (1 m LiPFg in PC electrolyte) was employed to in
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Figure 2. The gas evolution profiles of CO, (m/z =44) and O, (m/z = 32) during the first galvanostatic charge and discharge process of a) PC- b) SC-
LLNMO electrodes. The charge and discharge profiles were measured in the potential window from 2.0 to 5.1V at the current density of 40 mA g™
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situ GC-MS tests, which is beneficial for obtaining accurate
results of O, and CO, evolutions. The measurements were gal-
vanostatic charge and discharge tested between =2.0 and 5.1 V
at the current density of 40 mA g%. Both PC- and SC-LLNMO
exhibited the oxygen-related plateau with higher potential than
that in coin cells during the first oxygen activation process due
to the high current density and polarization caused by in situ
GC-MS cell. Massive O, can be detected in potential window
from 4.7 to 5.1 V in PC sample, whereas the oxygen release
started from 4.98 V in SC sample with limited lattice oxygen
loss (Figure 2). It proved the morphology control of single-
crystal is beneficial to suppress the excessive oxygen oxida-
tion reaction from lattice oxygen to gaseous oxygen, which is
fully consistent with electrochemical results.'] Moreover, CO,
evolution can be divided into two regions, in which the first
region started from 4.34 V was induced by the decomposition
of carbonate impurities such as Li,COs;. And the other region
started from 4.6 V can be attributed by the electrolyte decompo-
sitions caused by nucleophilic attack of superoxo species and/
or Ni catalysis on the surface.'/l Although the CO, evolution
can be observed in two samples, the SC-LLNMO displayed less
CO, release benefited from the single-crystal morphology with
less specific surface area (Figure S6, Supporting Information).
The GC-MS results provided the solid evidence that the design
of single-crystal morphology is beneficial for effectively sup-
pressing the CO, and O, gas release, further guiding the devel-
opment path of commercial next-generation cathode materials.
The ex situ O 1s X-ray photoelectron spectroscopy (XPS) was
also performed to track the oxygen behaviors in both PC and
SC samples during the initial cycle (Figure S8, Supporting
Information). For pristine PC-LLNMO electrode, the peaks of
oxygen decomp lattice oxygen (O%") are located at 529.3, 531.1,
and 532.9 eV, respectively. After charging to 4.8 V, an obvious
peak appeared at 530.6 eV, which can be attributed to the signal
of oxidized lattice oxygen (O"). It disappeared after the first
discharging to 2.0 V, suggesting the O™ was reduced to lattice
oxygen. Moreover, the SC-LLNMO electrode displayed the O™~
signal at 530.7 eV after the first charge, and the signal disap-
peared after discharged to 2 V. The O 1s XPS results proved that
anionic oxygen redox reaction can be triggered within PC- and
SC-LLNMO samples upon cycling.

To investigate the structure evolution, in situ XRD was con-
ducted to both PC- and SC-LLNMO samples upon delithiation/
lithiation processes (Figure 3, Figures S9 and S10, Supporting
Information). The peaks of aluminum current collector and
conductive agent were clearly marked displayed in Figure S11,
Supporting Information. During the first charging process,
the (003) peak of layered PC-LLNMO shifted to lower diffrac-
tion angle in slope region (=4.3 V) and further almost kept
unchanged in the plateau region (Figure 3a). Meanwhile, the
(101) peak shifted to the high diffraction angle at the begin-
ning of first charge and then basically maintained the location
in oxygen-related plateau region. The shifts of (101) and (003)
peaks accompanied by Li* (de)intercalation processes were
related to the evolutions of a and c lattice parameters, respec-
tively. Upon the first charging process, a-lattice parameter
decreased first and then kept constant, while the c-lattice para-
meter increased first and then kept the value. During the sub-
sequent discharging process, the (003) peak gradually shifted to
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high diffraction angle, and then moved to low angle at the end
of discharging process.'®! Meanwhile, the (101) peak gradually
shifted to low angle upon this process, which indicates c-lattice
parameter decreased first and then increased, whereas a-lattice
parameter kept decreasing. Upon the second charging process,
both (003) and (101) peaks showed the symmetrical changing
trend with the first cycle. On the contrary, the (003) and (101)
peaks of SC sample displayed the similar trend to the PC
sample during the first charging process (Figure 3b). Upon the
first discharging process, the c-lattice parameter kept decreasing
and the a-lattice parameter increasing, which is totally different
from the a/c-lattice evolutions in PC sample, which might be
attributed to the differences of the potential oxygen-related
plateau and the amount of oxygen release between PC- and
SC-LLNMO electrodes. Both a and c-lattice evolutions upon
the second cycle possess the reverse tendency with that of the
first cycle, which proves the SC-LLNMO harvested the excellent
structural reversibility upon cycling. Notably, the superlattice
peaks of PC sample in 20-23° can be observed at the beginning
of the first charge and gradually disappeared upon subsequent
cycles. On the contrary, the superlattice peaks such as (020)
and (110) can be well preserved in SC sample during initial two
delithiation/lithiation processes. The superlattice peaks can
be obviously maintained even after 5 cycles (Figure S12, Sup-
porting Information). It proved Li* ions within TM layer can
be well maintained in SC sample upon cycling, whereas the
superlattice structure was destroyed in PC sample because of
irreversible Li migration induced by serious oxygen loss during
the oxygen activation process. These results demonstrated that
the morphology control of single-crystal is beneficial for the
maintenance of the superlattice structure, which provides a
solid foundation to continuously utilize the additional oxygen-
related capacity and effectively enhance the structural stability
upon long-term cycling. More intriguingly, during the initial
two Li* (de)intercalation processes, PC-LLNMO displayed the
large volume change of 2.34%, while small AV of 1.49% can be
achieved in SC-LLNMO (Figure 3), which indicates the layered
cathode materials with single-crystal morphology are benefi-
cial for harvesting the excellent structural stability, the limited
cracks, and superior electrochemical performances.
Surface-sensitive Raman measurement was conducted to
observe fine structure change in both PC and SC-LLNMO cath-
odes, which was difficult to be detected by XRD measurement
(structural information in bulk) (Figure 4a,b). For pristine PC-
LLNMO electrode, the peak located at =430 cm™ was generally
considered to be related to the monoclinic Li,MnO; phase with
C/2m space group, and two peaks at =490 and 610 cm™ could
be attributed to the E, and Ay, vibrations, respectively, which
belongs to the layered structure with R-3m space group.!!”
Compared with pristine state, the peaks of both E, and Ay,
vibrations in PC-LLNMO broadened and appeared an obvious
red shift after 100 cycles, which proves the layered structure
in PC sample was degraded. Meanwhile, the A, vibration of
C/2m also appeared broadened, which suggests the superlat-
tice structure gradually faded upon cycling, which is consistent
with in situ XRD results.')) More importantly, an obvious broad
peak at 630 cm™! was observed, which can be attributed to the
cubic spinel phase with Fd-3m space group, further resulting in
severe voltage decay and inducing the rapid decline of energy
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Figure 3. The in situ XRD results of a) PC- b) SC-LLNMO electrodes during the initial two cycles at current density of 15 mA g™'. The potential profiles
and corresponding color-coded images of the (003), (104), and superlattice peaks were shown to clearly observe structural evolutions. The Rietveld
refined a-lattice, c-lattice parameters, unit cell volume, and volume changes of PC- and SC-LLNMO electrodes were calculated by the GSAS2 software.
Besides, the background difference of color-coded images in SC-LLNMO was caused by the accidental beam close at the beginning of the first charge.
The X-ray beam restarted immediately, and the intensity of peaks and background recovered to normal state later.

density of battery systems. In contrast, the E, and Ay, vibrations
of R-3m as well as the A;; vibration of C/2m space group can
be well preserved in SC-LLNMO with absence of the spinel-like
signal even after 100 cycles. More importantly, it is worth men-
tioning that the characteristic of C/2m also can be well main-
tained after 100 cycles, which is beneficial for the utilization of
oxygen redox reactions during long-term cycling.

To obtain direct evidence of structural evolution upon cycling,
high-resolution TEM (HR-TEM) observations were performed
in both PC and SC samples at pristine state and after 100 cycles
(Figure 4c—f). In pristine PC-LLNMO, R-3m and C/2m domain
can be clearly observed, which proves the existence of both lay-
ered structure and superlattice structure. More intriguingly,
obvious spinel phase domain was detected after 100 cycles,
displaying the coexistence of the hexagonal R-3m layered struc-
ture and Fd-3m spinel structure in secondary particles, which
provides the direct evidence of the phase transition from lay-
ered to spinel in PC sample. The harmful layered/spinel phase
transition would induce the serious voltage decay upon cycling,
which greatly decreases the energy density of Li-rich cathode
materials and further hinders its practical applications. In
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contrast, the R-3m domain was observed in SC sample at both
pristine and after 100 cycles, indicating the excellent structural
stability can be achieves during long-term cycling. Notably, the
C/2m domain also can be well preserved even after 100 cycles,
which is beneficial for the sustained utilization of capacity trig-
gered by oxygen redox activities upon cycling. The Selected Area
Diffraction (SAED) was performed to further prove that the
phase transition from layered to spinel was greatly suppressed
in SC-LLNMO upon the cycling (Figure S13, Supporting Infor-
mation). As a result, PC sample displayed the serious voltage
decay of 0.257 V after 50 cycles, whereas the limited voltage
fade (0.125 V) can be realized in SC sample at the same electro-
chemical conditions. These findings including ex situ Raman
spectroscopy, HR-TEM images, and electrochemical perfor-
mance proved that the single-crystal morphology can not only
enhance the structural stability but also harvest oxygen-related
capacity during long-term cycling.

Moreover, we tracked the morphology change of both PC
and SC samples after 100 cycles by SEM (Figure 4g,h). In PC
sample, serious crack can be obviously observed, in which
primary particles suffered from the destructive crack with the

© 2021 Wiley-VCH GmbH
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Figure 4. The ex situ Raman spectra of a) PC- b) SC-LLNMO electrodes at the pristine state and after 100 cycles. HR-TEM images of PC-LLNMO
c) at the pristine state and e) after 100 cycles. HR-TEM images of SC-LLNMO d) at the pristine state and f) after 100 cycles. SEM images of g) PC-

h) SC-LLNMO samples after 100 cycles.

serious exfoliation of secondary particles, which is caused by
the anisotropic internal stress. It would inevitably accelerate the
area of the interface between electrode and electrolyte, resulting
in the serious decomposition electrolyte and structural/electro-
chemical fade upon cycling. On the contrary, the single-crystal
morphology can be well maintained in SC-LLNMO after 100
cycles, delivering the absence of crack and secondary particle
generations, which enhances the structural stability and electro-
chemical performances of Li-rich cathode materials. Therefore,
these results effectively demonstrated the morphology design of
single-crystal is a promising strategy to optimize and improve
the structure stability of Li-rich cathode materials.

3. Conclusion

In summary, the single-crystal Li-rich Li;,Ni;,Mnyc0, as
cathode material was successfully developed, delivering a novel
oxygen-related plateau located at 4.75 V during the first oxygen
activation process, different from that of Li-rich oxides with
typical polycrystal morphology. After the comprehensive com-
parisons with polycrystal Li; ,Niy,Mn,40,, the serious oxygen
release can be effectively restrained within single-crystal elec-
trode, whereas polycrystal sample displayed severe irrevers-
ible capacity during the initial cycle. Furthermore, the layered/
spinel phase transition only can be well suppressed in single-
crystal Li-rich cathode, resulting in the excellent structural
stability and limited voltage decay upon long-term cycling.
Besides, the limited volume change can be realized in single-
crystal morphology upon highly (de)lithiated states, whereas
polycrystal sample displayed the serious volume change and
induced obvious crack generation upon cycling. By means of
these novel features, single-crystal Li-rich cathode achieved the
excellent cycling performance in sharp stark with polycrystal
counterpart. These findings demonstrated the morphology
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design can be regarded as an effectively strategy to realize high-
energy-density next-generation Li-ion battery.
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