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Abstract

The rapidly growing demand of electrical vehicle (EV) requires high-energy-density lithium-ion
batteries (LIBs) with excellent cycling stability and safety performance. However, conventional
polycrystalline high-Ni cathodes severely suffer from intrinsic chemo-mechanical degradation and fast
capacity fade. The emerging single-crystallization strategy offers a promising pathway to improve the
chemo-mechanical stability, however, the single-crystallinity of the cathode is not always guaranteed
and residual grain boundaries (GBs) could persist in nonideal synthesis conditions, leading to the
formation of ‘quasi’ single-crystalline (QSC) cathodes. So far, there is a lack of understanding of the
influence of these residual GBs on the electrochemical performance and structural stability. Herein, we
investigate the degradation pathway of a QSC high-Ni cathode through transmission electron
microscopy and X-ray techniques. The residual GBs caused by insufficient calcination time,
dramatically exacerbate the cathode’s chemo-mechanical instability and cycling performance. Our

work offers important guidance for the next-generation cathodes for long-life LIBs.
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Layered oxide cathode with high nickel content (LiNi,.,.,Mn,Co,0>, also noted as NMC), owing to the
high specific capacity and high energy density, is considered as the critical material in next-generation
Li-ion batteries for electric vehicles'. Conventional layered oxide cathodes are generally in the form
of near-spherical polycrystalline particles (3-10 um in size) consisting of hundreds of primary particles
(100-500 nm in size) tightly packed®. However, a consensus regarding this primary-secondary

architecture is that the massive interfaces between primary particles facilitate Li* diffusion and



consequently improve the rate performance; while the drawback is equally discouraging--the
anisotropic strain during repeated lithiation/delithiation process can easily detach the primary particles
from each other, continuously cause the formation of cracks, and lead to severe side reactions’'?.
Although secondary-particle level coating or doping strategies can significantly enhance capacity
retention, it has been proved unsatisfactory in suppressing the intergranular crack formation'® ',
Single-crystallization strategy is considered a promising pathway to suppress the micro-crack
formation. Benefiting from the absence of internal grain boundary, the lattice expansion induced
anisotropic strain will release at the surface rather than accumulate in the interior'® !> 16, As a result,

the crack formation widely observed at the grain boundaries of conventional polycrystalline cathodes

can be intrinsically prohibited, leading to improved capacity retention.

A routine synthesizing process of single-crystalline NMC cathode generally consists of a high-
temperature calcination step, followed by a medium-temperature annealing step'” '8. At the high-
temperature calcination step, the polycrystalline particle with multiple orientations will rotate, merge,
and finally grow to a single-crystalline particle with all the grain boundaries disappeared'®. However,
due to the inhomogeneous particle/grain sizes and the randomly distributed orientation of these grains,
the grain growth, reorientation, and merge process can be locally non-uniform in non-ideal calcination
conditions. This inhomogeneity puts forward an important question that whether some residual grain
boundaries potentially persist during the calcination of single-crystalline cathodes. If they exist, how
this intermediate state towards ideal single-crystalline cathode will influence the cathode’s

performance and chemo-mechanical degradation pathways?

Here, as a proof of concept, we designed and synthesized a model cathode sample —a ‘quasi’ single-
crystalline LiNiosMno.1Co0.102 (NMC-811), and systematically investigated how residual grain
boundaries in the ‘quasi’-single-crystalline NMC-811 influence the cathode’s electrochemical
performance and chemomechanical stability. We find that when the calcination time is insufficient,
small amounts of GBs still exist in a fraction of the single particles even though the external
morphology is similar to the single-crystalline particles. More importantly, these residual GBs

significantly accelerated the degradation of surface structure and cycling performance.

Polycrystalline (PC-811), single-crystalline (SC-811), and ‘quasi’-single-crystalline that contains a few
grains (QSC-811) are synthesized using the same precursor (The electrode is prepared directly after

calcination without surface treatment. See details of synthesis in Method). Figure la shows the



synthetic routine of different NMC-811 particles by tunning the calcination conditions. Typically, at a
relatively low calcination temperature, the grain boundary diffusion is limited, and the corresponding
secondary particles are composed of densely packed primary particles ranging from 200-500nm as
shown in Figs. 1b and 1e (PC-811); As the calcinated temperature goes higher (900°C), the primary
grain will rotate the orientation, merge to large grain with the number of grain boundaries decreased,
and finally grow to single-crystalline particles (SC-811) with size ranging from 2-3um (Figs. 1d and
1g). However, when the calcination time is reduced as shown in Figs. 1c and 1f, although the QSC-
811 has a similar particle shape as that of SC-811, FIB cross-section and sample tilting in TEM indicate
that these QSC-811 particles still consist of a few grains with different orientations, which means the
particle is not fully single-crystallized. Energy dispersive spectroscopy elemental map (EDS mapping)
and atomic-resolution high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) (Figs. S1-S2) reveal that both SC-811 and QSC-811 has similar elements distribution

and the well-ordered R-3m layered structure.

Electrochemical performances of SC-811, QSC-811, and PC-811 were evaluated and compared. Figure
2a shows the charge/discharge profile of different types of NMC-811 after two formation cycles. The
result shows that the discharge capacity of SC-811 and QSC-811 is 209.5 mAh/g and 212.7 mAh/g,
comparable with the 216.6 mAh/g of PC-811. This suggests that by tunning the “two-step” synthesis
condition, the SC-811 and QSC-811 cathodes are capable to deliver discharge capacity comparable to
the polycrystalline counterpart. However, as a well-known dilemma, as the number of grain boundaries
decreases, the rate performance is getting worse owing to the sluggish bulk diffusion. The rate capacity
(Fig. S3) shows that at 5C rate current (1C is set to 200mA/g), QSC-811 and SC-811 retain only 61.2%
and 64.1% of their discharge capacity at 0.1C respectively, significantly lower than the 69.3% of PC-
811. This result is further evidenced by the galvanostatic intermittent titration technique (GITT)
measurement shown in Fig. 2c, showing that the Li-ion diffusion constant of PC-811 is slightly higher

than that of QSC-811 and SC-811.

Differential capacity (dQdV ") curves of the initial charge/discharge cycle (Figure 2b) shows that the
H2-H3 redox peak intensities in both SC-811 and QSC-811 are reduced compared with PC-811. This
result indicates that the detrimental H2-H3 phase transition is to some extent suppressed in SC-811 and
QSC-811 compared with PC-811. It’s noted that although the H2-H3 redox peak intensity in QSC-811
is close to that of the SC-811, the peak position shifts to a more positive potential, indicating the

mitigation of the H2-H3 phase transition during the delithiation of QSC-811. The cycling performances



of the three types of NMC-811 cathodes are evaluated in 2032-type coin cells with Li chips as anodes
(2.5V-4.4V, C/3). Figure 2d shows that the capacity retention of SC-811, QSC-811 and PC-811 after
100cycles are 92.6%, 79.5% and 79.2%, respectively. SC-811 delivers better cycling retention
compared with QSC-811 and PC-811, which is in agreement with many reports on single-crystalline
NMC cathodes. The Coulombic efficiency (CE) of three types of cathodes are plotted in Fig. S4,
showing that the average CE of SC-811, QSC-811 and PC-811 are 99.59%, 99.39% and 99.46%,
respectively. The higher CE of SC-811 indicates less side reaction mainly because of the absence of grain
boundary. To evaluate the impact of residual GBs on the phase transition during long-term cycling,
dQdV! curves of SC-811, QSC-811, and PC-811 at different cycling stages are performed. The results
in Figs. 2f to 2h show that after 100 cycles, the H2-H3 redox peak of SC-811 remains prominent, while
the corresponding redox peaks in both QSC-811 and PC-811 almost disappeared, indicating that more
irreversible phase transition occurred during cycling in QSC-811 and PC-811. Moreover, the H2-H3
redox peaks in QSC-811 and PC-811 polarized significantly compared to SC-811 during long-term
cycling, suggesting that both QSC-811 and PC-811 suffer higher impedance, which are usually
associated with intergranular microcrack formation. Electrochemical impedance spectroscopy (EIS) in
Fig. 2e evidenced that after cycling, the impedance behavior in QSC-811 is close to PC-811 rather than
SC-811. The above electrochemical performances show that although the residual GBs in the ‘quasi’-
single-crystalline cathode didn’t cause serious initial capacity loss, they are prone to promote both the

interfacial impedance and irreversible phase transition.

Transmission X-ray microscopes (TXM) tomography combined with SEM (Fig. S5) is applied to better
visualize the degradation behavior of these residual GBs. As shown in Figure 3a, 3D reconstruction of
a typical secondary particle of PC-811 shows that severe micro-cracks are formed after cycling, in
agreement with the increased impedance and polarization in Fig. 2h. As for SC-811, the single-
crystalline particles remain intact as shown in Fig. 3¢, and no obvious crack forms owing to the absence
of internal boundary. Interestingly, in cycled QSC-811 shown in Fig. 3b, a few micro-cracks (usually
2~3 cracks) are observed in a single particle, which is analogous to the crack in PC-811. In general,
single-crystalline cathode is proved to be crack-free during cycling because the anisotropic strain will
no longer accumulate inside the particles. Nevertheless, these unobtrusive GBs in QSC-811 will lead

to the inhomogeneous volume change, which breaks the QSC-811 into several primary particles.

Atomic resolution HAADF-STEM is performed to investigate the origins of increased impedance and

polarization in QSC-811. As shown in Fig. 4a, FIB cross-section shows that SC-811 cathode particle



remains uncracked after cycling. Although a rocksalt reconstruction layer is formed on the surface, this
layer is relatively thin and uniform with a thickness less than Snm as shown in Figs. 4b and 4c. In stark
contrast, QSC-811 shows distinct and severe cracks after cycling shown in Fig. 4d, matching well with
the TXM result. The high-resolution images in Figs. 4e-4f and Fig. S6 show that the surface
reconstruction layer around the crack is rather thick (more than 20nm) and disordered, with randomly

t20

distributed O1-stacking faults, edge dislocations, and rocksalt phase. Next, AtomSegNet™ software,

which is developed by our recent TEM/deep-learning based teniques®'™?

, 1s employed to perform
atomic column localization and segmentation. The super-resolution image in Fig. 4g shows that a large
area of O1 stacking faults (highlighted in the upper right panel) along with prominent lattice distortion
(lower right panel) are observed in the cycled QSC-811. However, as indicated in Fig. 4h, SC-811
shows much more uniform surface reconstruction after cycling. Despite the thin layer of rocksalt phase
and Li/TM interlayer mixing (upper right panel), most of the surface area remains intact R-3m layered
structure (lower right panel). Compared with the uniform surface layer in SC-811, QSC-811 shows a
much more unfavorable surface reconstruction layer around the crack surface®®. It’s noted that both the
‘pristine surface’ of cycled QSC-811 and the surface of cycled PC-811 are also investigated as shown
in Fig. S7-S8. The result shows that differ from the crack surface, the reconstruction layer of ‘pristine
surface’ in cycled QSC-811 is more stable with 5-7nm rocksalt layer, while the PC-811 surface consists
of thick layer of rocksalt and O1 stacking faults. This unusual surface reconstruction indicates that the
residual GBs not only break the intact particle into several primary particles with smaller sizes, more
importantly, they also make the fresh surface around the cracks more “vulnerable” compared with the
pristine surface. As a result, this thick and disordered surface reconstruction layer remarkably increases

the impedance in QSC-811.

Statistical X-ray diffractions (XRD) were performed to show the lattice evolution difference between
SC-811 and QSC-811 during cycling. As shown in Fig. 4i, in the pristine particles, QSC-811 and SC-
811 shows identical lattice distance in the (003) direction. After cycling the (003) diffraction peak in
both QSC-811 and SC-811 shifts to a lower angle, suggesting an expansion of average layered distance.
However, in QSC-811, this expansion is more significant than that in SC-811. The expansion along the
¢ axis is mainly attributed to the undesired phase transition during cycling such as rocksalt formation
and Ol-stacking faults®?®. In addition to the diffraction peak shift, the (003)/(104) peak intensity ratio
(I0o3y/I(104)) 1s also compared to evaluate the Li/TM mixing in the layered structure. It can be seen that

after long-term cycling, the Io03)/I(104) in QSC-811 (I003)/I(104=1.22) is lower than that of SC-811



(T0o3y/I(104=1.39), indicating that more rocksalt phase is formed in the cycled QSC-811, which is in
agreement with the HAADF-STEM results.

Taking the TXM, XRD and STEM results together, it can be inferred that the very few residual GBs
can greatly accelerate the degradation of electrochemical performance and structural stability.
Although several micro-cracks are observed after cycling in QSC-811, it’s unlikely that the increased
impedance and the worse capacity retention merely originate from the exposure of fresh surfaces. This
is because the newly generated surface area in QSC-811 is significantly less than that of the PC-811.
A more destructive impact from the residual GBs is that they destabilize the surface around the crack,
leading to a poorer surface structure. It might be attributed to the following reasons: 1) the pristine
surface in high-Ni NMC cathode usually shows a thin rocksalt reconstruction layer at the outermost
surface during the synthesis, which to some extent passivates the active layered structure and mitigate
the continuously attack by electrolyte’’. However, compare to the pristine surface, the fresh surface
generated from the interior cracks are more likely to be layered structure, promoting the unfavorable
chemical delithiation by electrolytes; 2) owing to the presence of several boundaries, the anisotropic
stress intends to concentrate. The accumulated strain around the GBs can impel the interlayer slip, the
formation of dislocations and stacking faults, which further accelerate the oxygen-loss and phase
transformation. As a result, these GBs dramatically exacerbate the structural instability near the surface,

leading to performance degradation.

In conclusion, a ‘quasi’-single-crystalline NMC-811 cathode, which contains only a few micro-sized
grain boundaries in a “single-crystalline”-like particle, is synthesized and compared with traditional
polycrystalline NMC-811 and single-crystalline NMC-811. The unobtrusive grain boundaries are
directly evidenced by the FIB cross-section image despite single-crystalline morphology. The
electrochemical measurements indicate that the few boundaries aggravate the capacity degradation,
giving rise to the increased impedance and irreversible phase transformation. The residual grain
boundaries not only lead to intergranular cracks but also accelerates the structural degradation of fresh
surface, causing a severely disordered surface reconstruction layer. These observations provide new
insight into the degradation mechanism of an intermediate cathode architecture between conventional
poly-crystalline and single-crystalline cathodes. Our work also suggests that to avoid the rapid capacity
degradation in single-crystalline cathode, extra attention should be paid to the potentially existing

residual grain boundaries during the general calcination of single-crystalline cathodes.
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Figure 1. (a) Schematic of synthesizing route of NMC-811with different degrees of single
crystallization. (b-d) SEM image of typical morphology of PC-811, QSC-811, and SC-811 particle
synthesized from the same precursor, respectively. The particles size of the three cathodes is 2-3pm.
(e-g) STEM images of a cross-section of pristine particles of PC-811, QSC-811 and SC-811,

respectively. The residual grain boundaries in QSC-811 are indicated by yellow arrows.
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Figure 2. (a) Charge/discharge curve of PC-811, QSC-811 and SC-811, respectively (after formation
cycles, 2.5V-4.4V, C/10). (b) Differential capacity (dQdV ") curves of initial charge/discharge cycle.
(c) Relative Li ion diffusion constant of PC-811, QSC-811 and SC-811, respectively. (d) Long term
cycling stability (2.5V-4.4V, C/3). (e) EIS curve of half-cell after long term cycling (100mHz to 1MHz).
(f-h) dQdV™! evolution from 1% cycle to 100" cycles in SC-811, QSC-811 and PC-811, respectively.
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Figure 3. (a-c) 3D TXM tomography of long-term cycled PC-811, QSC-811 and SC-811, respectively,

scale bar, 2um. The results indicate that 2~3 micro-sized cracks are formed in QSC-811, while the

interior of SC-811 remains uncracked.
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Figure 4. (a-c) Cross-section image and atomical resolution HAADF-STEM of cycled SC-811 surface.
(d-f) Cross-section image and atomical resolution HAADF-STEM of cycled QSC-811 surface. (g-h)



Super-resolution image corresponding to the (c) and (f) obtained by AtomSegNet processing. (i) XRD
comparison of SC-811 and QSC-811 before and after cycling (Pristine: solid line; Cycled: dashed line).
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