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Assessing Long-Term Cycling Stability of Single-Crystal
Versus Polycrystalline Nickel-Rich NCM in Pouch Cells with

6 mAh cm~2 Electrodes

Wengao Zhao,* Lianfeng Zou, Leiting Zhang, Xinming Fan,* Hehe Zhang,
Francesco Pagani, Enzo Brack, Lukas Seidl, Xing Ou,* Konstantin Egorov, Xueyi Guo,
Guorong Hu, Sigita Trabesinger, Chongmin Wang, and Corsin Battaglia

Lithium-ion batteries based on single-crystal LiNi;_,_,Co,Mn O, (NCM,

1-x—y = 0.6) cathode materials are gaining increasing attention due to their
improved structural stability resulting in superior cycle life compared to bat-
teries based on polycrystalline NCM. However, an in-depth understanding

of the less pronounced degradation mechanism of single-crystal NCM is still
lacking. Here, a detailed postmortem study is presented, comparing pouch
cells with single-crystal versus polycrystalline LiNij 6¢C0g 20Mng 200, (NCM622)
cathodes after 1375 dis-/charge cycles against graphite anodes. The thickness
of the cation-disordered layer forming in the near-surface region of the cathode
particles does not differ significantly between single-crystal and polycrystalline
particles, while cracking is pronounced for polycrystalline particles, but practi-
cally absent for single-crystal particles. Transition metal dissolution as quanti-
fied by time-of-flight mass spectrometry on the surface of the cycled graphite
anode is much reduced for single-crystal NCM622. Similarly, CO, gas evolution
during the first two cycles as quantified by electrochemical mass spectrometry
is much reduced for single-crystal NCM622. Benefitting from these advan-
tages, graphite/single-crystal NMC622 pouch cells are demonstrated with a
cathode areal capacity of 6 mAh cm~2 with an excellent capacity retention of
83% after 3000 cycles to 4.2 V, emphasizing the potential of single-crystalline
NCM®622 as cathode material for next-generation lithium-ion batteries.

1. Introduction

Polycrystalline Ni-rich LiNi;_,_,Co,Mn,0,
(NCM, 1-x—y = 0.6) gradually became
the most important cathode materials for
electric vehicles due to their high energy
and power density! However, guaran-
teeing stable long-term cycling remains
a challenge for Ni-rich compositions due
to their high surface reactivity and pro-
nounced volume changes during electro-
chemical cycling.'®?! Polycrystalline NCM
particles tend to form cracks along grain
boundaries already during the first few
cycles due to the anisotropic contraction/
expansion of the randomly oriented pri-
mary particles within the polycrystalline
secondary particle.’! Electrolyte can pen-
etrate these cracks, causing the formation
of a cation-disordered phase not only in
the near-surface region of the particles,
but also along the cracks inside the par-
ticles. The formation of cracks and disor-
dered surface phases are detrimental for
both ionic and electronic transport, and
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contributes to impedance growth. Ultimately, pulverization of
the secondary particles into disconnected fragments results in
irreversible capacity loss in the battery.) Effective strategies to
delay particle cracking and to minimize the formation of the
resistive cation-disordered surface layer include bulkP! and sur-
face doping!®! as well as inorganic”! and organic protective coat-
ings of the particles.l®!

Single-crystal NCM materials were introduced recently as an
alternative strategy for improving cycling stability. In contrast to
polycrystalline NCM particles, single-crystal particles contract/
expand unidirectionally, which is a major advantage for mitigating
crack formation.8*% Single-crystal NCM particles can be synthe-
sized by coprecipitation of polycrystalline Ni;_,_,Co,Mn,(OH),
hydroxide precursor particles followed Dby calcination with
LiOH-H,0 at a temperature slightly higher than that for gener-
ating polycrystalline LiNi;_, ,Co,Mn,0,, but still sufficiently low
to avoid excessive particle aggregation (see Experimental Section
for more details).'% Single-crystal NCM particles are typically syn-
thesized with smaller particle size than secondary polycrystalline
NCM particles. Smaller particles are less prone to crack forma-
tion due to limited/free grain boundaries. Besides an increasing
number of studies in small laboratory cells, only a few studies
are yet reporting pouch cells with single-crystal NCM electrodes
at industrially relevant areal capacities. Although not considered
Ni-rich, single-crystal LiNiy sMn,, 3Co, ,0, particles protected by an
undisclosed titanium-based coating and integrated into electrodes
with an areal capacity of 3.5 mAh cm™ reached a capacity reten-
tion of 97% after 5300 cycles to an upper cut-off voltage of 4.1 V
(the “one million mile battery”).'!l Pouch cells with Ni-rich single-
crystal LiNigg3Cog1;Mng 60, electrodes with an areal capacity of
8.7 mAh cm™ on both side fabricated from uncoated particles with
a diameter of 24 pum showed a capacity retention of 84% after
600 cycles to a cut-off voltage of 4.2 V as compared to 57% for poly-
crystalline LiNigg;C01;Mng o0, electrodes.’) More recently, a
pouch cell with LiNi; g3Co 1,Mng os0; electrodes with 5.1 mAh cm 2
on both side reached 89% capacity retention after 500 cycles to
an upper cut-off voltage of 4.2 V.31 However, the above work does
not show a systematic investigation of degradation/improvement
mechanism of single-crystalline NCM and also does not quantify
the negative contribution of cracks and the following issues, such
as transition metal dissolutions and gas generations.

In this work, we present a detailed post-mortem com-
parative analysis of single-crystal and polycrystalline Ni-rich
LiNij 60C0g 20Mng 500, electrodes with an areal capacity of
6.0 mAh cm™ after long-term cycling to 4.2 V in pouch cells. Due
to the absence of crack formation, the pouch cell with single-crystal
LiNig 60C0920Mng 200, (SC-NMC622) maintains a remarkable
capacity retention of 83% after 3000 cycles, while the pouch cell
with polycrystalline LiNijgyCog20Mng,00, (PC-NMC622) reaches
80% capacity retention already after 1375 cycles, clearly demon-
strating the immense advantage of single-crystal NCM materials.

2. Experimental Section

2.1. Materials Preparation

Nij ¢Cop,Mng ,(OH), precursor particles were synthesized in a
continuously stirred 50 1 reaction tank by coprecipitation under
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nitrogen gas. A 2 mol L™ mixed solution of NiSO,-6H,0,
CoSO,-7H,0, and MnSO,-5H,0 (molar ratio of Ni :Co:Mn
= 6:2:2) was injected, while maintaining the pH at 11.0. The
temperature was kept constant at 50 °C. To initiate coprecip-
itation, a 4 mol L' NaOH solution (precipitator agent) and a
10 mol L' NH;-H,0 solution (chelating agent) were simulta-
neously added, while stirring the reactor. The precursor was
washed several times with distilled water to eliminate residual
chemicals, and then was dried overnight in an oven at 120 °C.
The as-prepared Nij ¢Co, ,Mn,,(OH), particles were mixed with
LiOH-H,0 in a ratio of M:Li = 1:1.08 in a ball mill jar. Then the
mixture was calcined at 930 °C for 12 h in air to obtain micro-
meter-sized single-crystal LiNij¢Cog,Mn,,0, (SC-NCM622)
particles. Polycrystalline LiNi, ¢Co,,Mng,0, (PC-NCM622) mate-
rial was obtained by sintering at 850°C in air with a ratio of M:Li
= 1:1:05.

2.2. Cell Assembly and Cycling

The electrochemical properties of the synthesized NCM622
powders were evaluated using CR2032-type coin cells with
Al-clad positive cases from MTI. NCM622 electrodes are
composed of the active material (90 wt%), carbon black C65
(5 wt%), and polyvinylidene difluoride (PVDF, 5 wt%) with an
areal mass loading of 4-5 mg cm2 Electrodes were punched
into 1.13 cm? disks. Coin cells were assembled in an argon-
filled glovebox (MBraun). The cells contained one of NMC622
electrodes as cathode, a lithium disk as anode, a Celgard 2400
separator, and 100 uL electrolyte consisting of 1 m LiPF4 in
EC:EMC (3:7 vol%). Galvanostatic cycling of coin cells was
performed on a Biologic BCS-805 multichannel potentiostat
with the cells located in a climate chamber at a constant tem-
perature of 25, 40, or 60 °C. For pouch cells, double-side-coated
NCM622 electrodes composed of active material (96.6 wt%),
carbon black (1.5 wt%), CNTs (0.6 wt%), and PVDF (1.3 wt%)
with an areal mass loading of 375 mg cm™ were prepared.
With a nominal capacity of 160 mAh g™, an areal capacity of
6.0 mAh cm™ is obtained. Graphite (Shanghai Shanshan Tech
Co., Itd.) at a mass loading of 20 mg cm~ and a nominal capacity
of 350 mAh g™ resulting in an areal capacity of 6.4 mAh cm™
was employed as anode and a anode/cathode balancing of 1.06.
The electrolyte for the pouch cells is composed of 1.1 m LiPF; in
EC:EMC:DEC (3:5:2 vol%) with the addition 1% wt VC + 1% wt
DTD + 0.5% wt LiFSI + 0.5% LiPO,F,. Each cell contains 11
cathode sheets, 11 cathode sheets, and 3.7 g (Ah)™! of electrolyte.
Galvanostatic cycling was performed at 1C (160 mA g) and at
25 °C was performed on a Neware CT-4008T-5V12A-204n cycler.

2.3. Material Characterization

The morphology of NCM622 particles and electrodes was char-
acterized by SEM (FEI NanoSEM230). Electrode cross-sections
were fabricated using an argon ion mill (Hitachi IM400 plus).
To avoid the melting of the PVDF binder, samples were cooled
to =50 °C prior to milling. The crystal structure of NCM622
was characterized by XRD (Panalytical XPert Pro). TEM sam-
ples were prepared by FIB (FEI Helios DualBeam). The

© 2022 The Authors. Small published by Wiley-VCH GmbH

95UB017 SUOWIWOD SAIERID 3(dedl|dde 8Ly Aq peusenob ae sspiie O ‘8sN JO Sa|nJ 0} A%Iq1T8UIIUO 48] UO (SUORIPLOD-PUR-SWLBIWI0D A8 | 1M ARe.ql1|Bul [Uo//:Sdny) SUONIPUOD Pue SLLB | 8L 88S *[£202/90/62] U0 AriqTaul|uo 48| ‘S1ninsu| LOWS N 8] eXed Aq 2G£/0TZ0Z |IWS/200T 0T/I0p/uod A | 1M Ariqijeuljuo//sdny wouy pepeojumod ‘T ‘2202 ‘6289ETIT



ADVANCED
SCIENCE NEWS

il

www.advancedsciencenews.com

HAADF-STEM imaging and the EDS-STEM mapping were
performed an JEOL ARM 200CF with an operation voltage of
200 kV. The detector collects electrons within a range of 90-270
mrad for HAADF imaging. Elemental composition of the SEI on
graphite electrodes was characterized by TOF-SIMS (Ion-TOF)
using a pulsed 25 keV Bi' primary ion beam. OEMS was per-
formed with home-built cells and a quadrupole mass spectro-
meter (Pfeiffer Prisma). The OEMS setup is described in detail
elsewhere. Electrodes for OEMS experiments were prepared by
casting a slurry consisting of active material (80 wt%), PVDF (10
wt%), carbon black C65 (10 wt%) in NMP on an Al mesh. In-
house OEMS cells were assembled in an argon-filled glovebox
using a lithium metal anode, a piece of Whatman GF/D glass-
fiber separator, and 150 UL electrolyte composed of IM LiPF in
EC-EMC (3:7 w/w%). Cells were cycled between 2.7 and 4.7 V at
20 mA g! (C/10 rate). For mechanical stability tests, NCM622
particles were mixed with PVDF binder at a weight ratio of 9:1
in NMP. The slurry was casted onto Al foil and dried. Disks
with a diameter of 14 mm were punched from the foil and com-
pacted in an uniaxial press (Kejing 24T/protective split press) at
15, 20, 30, 40, and 50 MPa.

3. Results and Discussion

Polycrystalline and single-crystal NCM622 particles were syn-
thesized by a continuous co-precipitation reaction followed by
calcination in air at 850 and 930 °C, respectively. Details of the
synthesis are provided in the Experimental Section. Figure la—c
shows scanning electron microscopy (SEM) images of the
polycrystalline NCM622 particles with an average diameter of
around 10 pm. The relatively broad distribution in particle sizes
is important to maximize the pellet density in the calendered
electrode. The cross-section SEM images of the PC-NCM622
material in Figure 1b,c confirm a spherical particle morphology
without internal porosity. Figure 1d shows SEM images of the
SC-NCM622 particles with a more polyhedral morphology
and relatively narrow particle size distribution of 2—4 um. The
cross-section SEM images of the SC-NCM622 electrode show
particles without internal porosity (Figure le,f). The meas-
ured X-ray diffraction (XRD) patterns of both PC-NCM622 and
SC-NCM622 along with their Rietveld refinements are shown
in Figure 1gh, confirming that both materials exhibit a well-
ordered layered structure, judging from the intensity ratio of
the (003) and the (104) reflection being higher than 1.5.%! More-
over, the clear splitting of the (006) and (012) reflections and the
(018) and (110) reflections provides further confirmation that
the layered structure is well-ordered.® The lattice parameters
and the unit cell volume derived from the Rietveld refinement
of the XRD patterns are listed in Table S1 in the Supporting
Information.

A preliminary assessment of the electrochemical perfor-
mance of PC-NCM622 and SC-NCM622 was performed in
half-cells with electrodes with a relatively low areal capacity
of =1 mAh cm™ against lithium metal anodes as shown in
Figure S1 in the Supporting Information. The cells were
tested in the voltage range from 2.7 to 4.5 V at 25, 40, and
60 °C, respectively. A galvanostatic slow charge/fast discharge
(0.2C/1D, 1C corresponding to 200 mA g) cycling protocol was
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employed to stabilize the lithium metal anode, which is benefi-
cial to evaluate solely the cycling stability of the cathode./®>V]
During the two formation cycles (0.1C/0.1D) at 25 °C, the
specific capacity of PC-NCM622 reaches 203 mAh g, higher
than the capacity of SC-NCM622 amounting to 195 mAh g™
After 200 cycles, the PC-NCM622 and SC-NCM622 cells main-
tain 82.2% and 85.6% of their initial capacity, respectively
(Figure Sla, Supporting Information). Complementary, cycling
results at 40 and 60 °C are provided in Figure S1b,c (Sup-
porting Information), indicating a higher cycling stability for
SC-NMC622 at all three temperatures.

Double-side-coated SC-NCM622 and PC-NMC622 electrodes
with an areal capacity of 6 mAh cm™ on both side and balanced
double-side-coated graphite electrodes with an areal capacity of
6.4 mAh cm™ on both side were then assembled into 1.8 or
10 Ah pouch cells consisting of 11 cathode and 12 anode sheets.
Galvanostatic formation followed by long-term cycling was per-
formed at 0.1C/0.1D and 1C/1D, respectively, at 25 °C between
a lower cut-off voltage of 3.0 V and a higher cut-off voltage of
4.2 V shown in Figure 2a and 4.4 V shown in Figure 2b. Inspec-
tion of Figure 2a,b shows that the specific capacity during the
first 200 cycles evolves similarly for both the SC-NCM622 and
PC-NCM622 pouch cell, but then starts to diverge slightly in
subsequent cycles, with SC-NCM622 cells maintaining higher
capacity retention. When cycling to an upper cut-off voltage
of 4.2 V, the PC-NCM622 cell reaches a capacity retention of
80.0% after 1375 cycles, while the SC-NCM622 still exhibits
an excellent capacity retention of 91.4% after 1375 cycles. As
expected, cycling to a higher cut-off voltage of 4.4 V, leads to
more pronounced capacity fading. The PC-NCM622 cell
reaches a capacity retention of 80.0% already after 345 cycles,
while the SC-NCM622 cell still exhibits 96.1% capacity reten-
tion, both nevertheless excellent results under these relatively
harsh cycling conditions. Figure 2c—f provides the corre-
sponding voltage profiles for selected cycles, which shows that
the SC-NCM622 cells generally maintains a lower polarization
than the PC-NCM622 cells. A comparison of relative capacity,
average discharge voltage, and specific energy as a function
of cycle number is provided in Figures S2 and S3 (Supporting
Information), confirming the overall higher cycling stability of
the SC-NCM622 cells, maintaining a specific energy density
above 500 Wh kg™ on cathode active material level after 1375
cycles (Figure S3c, Supporting Information).

In Figure 2g, we show the cycling results of a second
SC-NCM622 pouch cell, which was left cycling for 3000 cycles
to an upper cut-off voltage of 4.2 V. This cell shows a slightly
lower initial capacity than the corresponding cell in Figure 2g
and a remarkably high capacity retention of 82.6% and a Cou-
lombic efficiency still close to 100% after 3000 cycles. Consid-
ering that currently the best batteries for automotive applica-
tions reach a capacity retention of 80% after 1000 cycles over the
full voltage range, this is an excellent result and demonstrates
the immense potential of Ni-rich single-crystal NCM cathode
materials. While not yet optimized for energy density, these
cells already fulfill the 2025 target set in the Horizon Europe
Work Programme 2021-2022 in terms of cycling stability.

A detailed postmortem analysis was carried out on
PC-NCM622 and SC-NCM622 electrodes extracted from the
cells in Figure 2a after 1375 cycles. Electrodes were soaked and
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Figure 1. Morphology and structural characterization of PC-NCM622 and SC-NCM622. a) SEM image of PC-NMC622 particles and b,c) of ion-milled
cross-section of PC-NMC622 electrode, d) SEM image of SC-NMC622 particles and e,f) of ion-milled cross-section of SC-NMC622 electrode. XRD

pattern with Rietveld refinement for g) PC-NMC622 and h) SC-NMC622.

rinsed three times in pure dimethyl carbonate to get rid of elec-
trolyte salt residues and dried in an argon glovebox. Figure 3a,b
shows ion-milled cross-section SEM images of the PC-NCM622
electrode at two different magnifications, indicating severe crack
formation, resulting in several totally collapsed secondary par-
ticles. Intergranular crack formation is thus the major reason
for the observed capacity fading and voltage polarization. Expo-
sure of fresh surface to the electrolyte along the cracks aggra-
vates and accelerates degradation. In addition to the cracks,
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cavities are visible in high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images in
Figure 3c on thin lamellas extracted by focused-ion beam from
the cycled PC-NCM622 electrode. Interestingly, these cavities
are located inside the primary particles and may have been
generated by transition metal dissolution, but further investiga-
tions are necessary to confirm this hypothesis and exclude arte-
facts induced by argon ion milling. The high-resolution STEM
images of the pristine PC-NCM622 and pristine SC-NCM622
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Figure 2. Galvanostatic cycling of pouch cells at 1C/1D at 25 °C. Specific capacity versus cycle number of PC-NCM622 and SC-NCM622 pouch cells
cycled between a) 3.0 and 4.2V, d) 3.0 and 4.4V, and b,c,e,f) corresponding charge/discharge voltage profiles, g) specific capacity of SC-NCM622 pouch

cell cycled for 3000 cycles between 3.0 and 4.2 V.

(Figure S4, Supporting Information) show a similar passiva-
tion layer of 1.1-1.6 nm. High-resolution STEM images of
cycled PC-NCM622 is shown in Figure 3d show that the cation-
disordered layer on the surface of the particles extends about
7 nm into the particle. Figure 3e-g clearly shows the crack and
cavity formation is not encountered for SC-NCM622 explaining
the higher cycling stability. Interestingly, the thickness of the
cation-disordered layer on the surface of the SC-NCM622 par-
ticles in Figure 3h is comparable to the thickness observed for
the PC-NCM622 in Figure 3d, thus playing only a minor role
in increasing the voltage polarization. We checked several loca-
tions of the cycled PC-NCM622 and SC-NCM622, it is clear that
PC-NCM622 displays an average thickness of disordered layer is
about 7 nm, while the SC-NCM622 shows an average thickness
of 6nm (Figures S5 and S6, Supporting Information). There-
fore, we can safely conclude that the cation-disordered thick-
ness is comparable for PC-NCM622 and SC-NCM622. Con-
sequently, we conclude that particle pulverization dominates
voltage polarization in PC-NCM622. In addition, no cathode
electrolyte interphase (CEI) layer was detected by chemical
mapping via energy-dispersive X-ray spectroscopy scanning
transmission electron microscopy (EDS-STEM) shown in
Figures S7-S10 (Supporting Information), suggesting either
that no CEI is formed, that the CEI dissolved during soaking
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and rinsing in dimethyl carbonate, or that the CEI evaporated
during lamella preparation. We employed XPS to confirm
if CEI was formed on the surface of cycled PC-NCM622 and
cycled SC-NCM622. It is clearly, there is no visible differences
regarding Cls, Ols, and F1s on the surface and even 5 nm depth
on the cycled PC-NCM622 and cycled SC-NCM622 (Figure S11,
Supporting Information). Therefore, CEI layer was formed on
the surface of cycled cathode and was evaporated during the
lamella preparation for STEM. The difference in the degrada-
tion mechanisms of PC-NCM622 and SC-NCM622 particles is
schematically illustrated in Figure 3i,j. After prolonged cycling,
severe crack formation leads to PC-NCM622 particle pulveriza-
tion, while only a few microcracks appear for SC-NCM622 par-
ticles. In addition, the cation-disordered layer (represented by
the purple color) is only formed at the surface of SC-NCM622
particles, while in addition it penetrates into the PC-NCM622
particle bulk along intergranular cracks that enter into contact
with the electrolyte.[18]

To quantify the relative crossover of transition metals, dis-
solved from the PC-NCM622 and SC-NMC622 cathodes, to the
graphite anode after 1375 cycles, we performed time-of-flight
secondary ion mass spectrometry (TOF-SIMS) on the surface
of the SEI formed on the graphite anode. Representative mass
spectra are provided in Figure S12 (Supporting Information),
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Figure 3. lon-milled cross-section SEM images of cycled a,b) SC-NCM622 and e,f) PC-NCM622 electrodes. HAADF-STEM images of ion-milled
lamellas extracted from cycled ¢,d) PC-NCM622 and g,h) SC-NCM622 electrodes. Schematic illustration of the degradation of i) PC-NCM622 and

j) SC-NCM622 particles after long-term cycling.

while Figure 4a,b shows 100 um by 100 pm TOF-SIMS chem-
ical maps of *®Ni* (m/e = 579), ¥Co* (m/e = 58.9), >Mn*
(m/e = 54.9), LiO* (m/e = 23.0), CH;* (m/e = 15.0), LiF,”
(m/e = 43.0), and PO,~ (m/e = 63.0), superimposed onto the
topography as imaged by the total ion current. The intensity of
the blue pixels is proportional to the total ion current, while red
pixels represent areas where the mass/charge filtered ion cur-
rent reaches above a threshold value defined by the authors. The
corresponding TOF-SIMS chemical maps without topography
are provided in Figures S13 and S14 in the Supporting Informa-
tion. A comparison of the spatially integrated TOF-SIMS signal
intensity extracted from the TOF-SIMS chemical maps in
Figure 4a,b indicates significantly less transition metal dissolu-
tion from the SC-NCM622 (Figure 4c,d). Transition metal disso-
lution is responsible for the formation of the cation-disordered
surface layer forming on the NCM particles.[1l Moreover, Ni,
Co, and Mn species incorporated into the SEI growing on the
graphite anode surface increase the electronic conductivity of
the SEI, provoking continuous SEI growth and conversion of
active lithium into dead lithium, thereby reducing the revers-
ible capacity of the cell.[%

Complementary to the postmortem analysis, we performed
online electrochemical mass spectrometry (OEMS) to quan-
tify CO, and O, gas evolution during the first two cycles of
PC-NCM622 and SC-NCM622. The upper panel in Figure 5a,b
shows the dis-/charge voltage profiles as a function of time,
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while the bottom panel indicates the gas generation rates.
The specific capacity of PC-NCM622 is higher than that of the
SC-NCM622, as indicated by a longer dis-/charge interval at the
same constant current density and consistent with the data in
Figure S15 in the Supporting Information.

It is interesting to note that no O, evolve from either of the
two electrodes. This observation agrees with previous reports,
namely no O, release was detected from electrodes treated by a
washing/drying step, owing to the formation of an oxygen-defi-
cient surface layer induced by washing.?!/ On the other hand, the
peak of instantaneous CO, gas release rate of the PC-NCM622
electrode is 1.6 times that of the SC-NCM622 electrode (0.25 vs
0.15 umol min™ g7), while the integrated amount is about
three times that of the SC-NCM622 (0.65 vs 0.22 umol g7
in Figure 5c. Interestingly, no CO, gas release is detected for
SC-NCM622 during the second cycle, while peak instanta-
neous CO, gas release rate still reaches 0.11 pmol min™ g™
for PC-NCM622 during the second cycle. The difference can
be partially ascribed to a higher concentration of Li,CO; and
LiOH on the surface of PC-NCM622, as confirmed by HCI
titration (Figure 5d), even after washing.?!l 1i,CO; may be
both electrochemically oxidized?” and chemically decom-
posed,l?l while the LiOH may catalyze ethylene carbonate
decomposition via a ring-opening process,** both processes
triggering CO, release. However, the total amount of Li,CO;
and LiOH determined by HCI titration is roughly a factor of

© 2022 The Authors. Small published by Wiley-VCH GmbH

95UB017 SUOWIWOD SAIERID 3(dedl|dde 8Ly Aq peusenob ae sspiie O ‘8sN JO Sa|nJ 0} A%Iq1T8UIIUO 48] UO (SUORIPLOD-PUR-SWLBIWI0D A8 | 1M ARe.ql1|Bul [Uo//:Sdny) SUONIPUOD Pue SLLB | 8L 88S *[£202/90/62] U0 AriqTaul|uo 48| ‘S1ninsu| LOWS N 8] eXed Aq 2G£/0TZ0Z |IWS/200T 0T/I0p/uod A | 1M Ariqijeuljuo//sdny wouy pepeojumod ‘T ‘2202 ‘6289ETIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

www.small-journal.com

C

12k

PC-NCM622

W10k] mEm SC-NCM622
5
3 8k:
2

6k -
2
2 4k
[
2
£ %

0 ] J = |

Ni* Co” Mn*
Species

80k 4 PC-NCM622
0 s SC-NCM622
{=
3 60k 4
o
2
2 40k 4
k7
g
E 20Kk -

0 ="} -

Lio* CH,* LiF, PO,
Species
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2 higher for PC-NCM622 compared to the amount determined
for SC-NCM622 (0.22 vs 0.12 pmol g) (Figure 5d), while the
integrated CO, gas release measured by OEMS is a factor of 3
higher (0.65 vs 0.22 umol g™) (Figure 5¢).This discrepancy can
be explained by the formation of cracks in the PC-NCM622 par-
ticles already during the first cycle confirmed by analyzing the
ion-milled cross-section SEM images in Figure 5ef exposing
additional NCM surface to the electrolyte. Additional crack
formation during the second cycle exposes additional NCM
surface consistent with the observed CO, release during the
second cycle (Figure 5gh). In contrast, SC-NCM622 does not
release any CO, during the second cycle, because no additional
NCM surface is exposed to the electrolyte (Figure 5i,j).

For mechanical stability tests, PC-NCM622 and SC-NCM622
particles were mixed with PVDF binder at a weight ratio of 9:1
in NMP, following the slurry was casted onto Al foil and dried
to make a NCM622/PVDF electrode. The PC-NCM622 particles
do not form cracks during calendaring of the electrodes below
15 MPa (Figure S16, Supporting Information), we performed a
control experiment applying increasing calendaring pressure.
Results are shown in Figure 6 for pressures ranging from 20
to 50 MPa. Figure 6a shows that the pellet density of the elec-
trodes increases with increasing pressure and that the density
of the SC-NCM622 electrodes is always slightly higher than
for PC-NCM622, which benefits the cells volumetric energy
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density. The cross-section SEM images in Figure 6b—e show
that the number of cracked PC-NCM622 particles and deforma-
tion depth on Al substrate increases with increasing pressure,
but that only a few PC-NCM622 particles are cracked after cal-
endaring at 20 MPa. Consequently, the cracks observed in the
PC-NCM622 particles after the first two cycles in Figure 5gh
are provoked by electrochemical cycling. For completeness, we
also show cross-section SEM images of SC-NCM622 particles
in Figure 6f—i which just shows limited crack formation even
at the applied pressure of 40 and 50 MPa. Also the Al substrate
just shows a slightly deeper deformation at 50 MPa compared
with 40 MPa, while there is no visible deformation at 20 and
30 Mpa. Consequently, the structure of SC-NCM622 particles can
withstand higher pressures than the PC-NCM622 particles and
additionally achieves a higher tap density (3.92 vs 3.68 g cm™).
Further proof of the superior structure robustness of pressed
electrodes of the SC-NCM622 compared to PC-NCM622, the
morphology of pressed electrodes were also investigated and
shown in Figures S17 and S18 in the Supporting Information.
PC-NCM622 shows visible cracks especially at 40 and 50 MPa,
while the intact morphology of SC-NCM622 is preserved.
From this analysis, we safely conclude that the properties of
SC-NMC622 do not only improve the structural stability during
long-term cycling, but also allow to enhance the volumetric
energy density in practical batteries,?»1%412] thereby paving the

© 2022 The Authors. Small published by Wiley-VCH GmbH
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way forward for SC-NCM to become a practical and cost effi-
cient cathode option in the near future.

4. Conclusion

In summary, we showed that 2—4 um SC-NCM622 particles
are much more robust against crack formation during cycling
than 10 pm PC-NCM622 particles enabling excellent long-term
cycling stability in pouch cells. The thickness of the cation-
disordered surface layer is comparable for SC-NCM622 and
PC-NCM622, but for PC-NCM622, this layer also forms along
intergranular cracks. Transition metal dissolution detected
on the surface of the SEI formed on graphite during cycling
against PC-NCM622 is much more pronounced compared to
the one cycled against SC-NCM622. Moreover, voltage polari-
zation increases more rapidly for PC-NCM622, which we
attribute mainly to PC-NCM622 particle pulverization induced
by particle cracking consistent also with the observed CO,
evolution during the first two cycles. We emphasize that the
NCM622 materials presented here do not make use of any
dopants or protective coatings, demonstrating that the single-
crystal approach is very effective in mitigating degradation on
cathode level. For this reason, we anticipate that lithium-ion
batteries with single-crystal NCM will take over a significant
fraction of the lithium-ion battery market, provided that the
calcination process can be successfully scaled to large produc-
tion volumes.
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Supporting Information is available from the Wiley Online Library or
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