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All-solid-state lithium-ion batteries (ASSLIBs) are receiving significant attention owing to their improved safety
and energy density over liquid counterparts. However, single-crystal cathodes have never been investigated in
ASSLIBs. In this work, single-crystal Li(Nip.sMng.3C00.2)O02 (SC-NMC532) is used as the cathode material for
ASSLIBs, which exhibits 6-14 times higher Li" diffusion coefficient than polycrystalline Li(Nig.5sMng.3C00.2)O2
(PC-NMC532). As a result, SC-NMC532 exhibits an initial specific capacity of 156.4 mAh.g’1 while PC-NMC532

shows an initial capacity of only 127.5 mAh.g~!. After 150 cycles, SC-NMC532 retains the capacity of 94.5
mAh.g 1. More impressively, under a high current density of 1.3 mA cm™2, SC-NMC532 exhibits a capacity of 82
mAh,g’l, much higher than that of PC-NMC532 (2.1 mAh.g™1). This work demonstrates that single-crystal NMC
cathodes could enable both high power density and high energy density of ASSLIBs.

1. Introduction

Rechargeable lithium-ion batteries (LIBs) are widely used in electric
vehicles and portable electronic devices [1,2]. However, the use of
flammable organic liquid electrolytes with narrow electrochemical
windows presents safety challenges and places a constraint on the energy
density of LIBs [3]. To eliminate safety concerns, replacing liquid elec-
trolytes with inorganic solid-state electrolytes in LIBs is regarded as the
ultimate solution. All-solid-state LIBs (ASSLIBs) also allow for increased
energy density by employing bi-polar stacking technology and using
high-voltage cathodes and lithium metal anodes [4-7]. Owing to the
significant improvements in safety and energy density, ASSLIBs have
attracted considerable attention in recent years [8-11].

Several challenges hinder the development of ASSLIBs, including (1)
insufficient ionic conductivity of solid-state electrolytes [12], (2) large
interfacial resistance due to poor solid-solid contact and detrimental
interfacial reactions [13-16], and (3) poor rate performance due to slow
lithium-ion (Li™) kinetics in ASSLIBs [17-19]. With continuous efforts
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over the past decades, many solid-state electrolytes with high ionic
conductivity have been developed. The ionic conductivities of solid-state
sulfide electrolytes (SEs), Lig.54Si1.74P1.44S11.7Clp.3 (25 mS cm’l) [4],
Li10GeP2S12 (LGPS, 12 mS cm™1) [20], and LizP5S11 (17 mS em™Y) [21]
surpass even that of liquid electrolytes [22]. Sulfide-based ASSBs are
therefore regarded as one of the most promising solid-state battery sys-
tems. To address the problem of large interfacial resistance, many soluble
SEs have been reported which, when coated on cathode materials or
infiltrated into the electrode sheet, significantly reduce the interfacial
resistance between electrodes and SEs [23-29]. Besides, various inter-
facial buffer layers (i.e. LINbOs, LiTaO3) have been developed to effec-
tively prevent the interfacial reactions between oxide cathodes and SEs
[30-33].

In contrast to the tremendous effort toward improving the ionic
conductivity of SEs and suppressing interfacial resistance [33-36], less
attention has been paid to the cathode material itself in the all-solid-state
battery system [37]. In this work, we explore the electrochemical per-
formance of single-crystal Li(Nip.5sMng.3C02)0O2 (SC-NMC532) in
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Figure 1. (a) Ilustration of SC-NMC532 in SE-based ASSBs. (b) Illustration of PC-NMC532 in SE-based ASSBs. (c) A cross-sectional image of LGPS@LNTO@SC-
NMC532, in which Li* has a continuous conducting pathway. (d) A cross-sectional image of LGPS@LNTO@PC-NMC532, in which Li* is transported across many

grain boundaries.

SE-based ASSBs for the first time. It is found that the Li* diffusion co-
efficient of SC-NMC532 is 6-14 times higher than that of polycrystalline
Li(Nip.sMng.3C00.2)02 (PC-NMC532). As a result, SC-NMC532 demon-
strates a higher discharge capacity and significantly improved rate per-
formance when compared to PC-NMC532. This work suggests that using
single-crystal NMC cathodes could enable both high energy density and
high-power density ASSLIBs.

2. Results and discussion

In conventional liquid cells, single-crystal cathode materials have

HAADF BT

shown substantial advantages over polycrystalline counterparts, such as
particle integrity, thermal and high-voltage stability, and better safety
[38]. However, single-crystal cathode materials have not been investi-
gated yet in the solid-state battery system. Unlike the liquid cells, in
which the liquid electrolyte can penetrate the pores of polycrystalline,
the solid-state battery shows great challenge at the interfacial contact
between cathodes and solid-state electrolytes. In general, the solid-state
electrolyte can only contact the cathode materials on the surface
through solid-solid contact. Polycrystalline cathodes possess many grain
boundaries within a micro-spherical particle (Fig. 1b). In this case, Li™
needs to pass through many grain boundaries before reaching the solid

Fig. 2. Structural Characterization of LNTO@SC-NMC532 and LNTO@PC-NMC532. (a) An SEM image of LNTO@SC-NMC532. (b) An SEM image of LNTO@PC-
NMC532. (c) HRTEM image of LNTO@SC-NMC532. (d) HAADF-STEM image of LNTO@SC-NMC532 and (e) STEM-EDX Co, Mn, Nb, and Ta elemental maps. (f) A
combination of Ni and Ta elemental maps of LNTO@SC-NMC532 acquired with STEM-EDX.
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Fig. 3. Electrochemical Performance of LNTO@SC-NMC532 and LNTO@PC-NMC532. (a) Initial charge/discharge curves of LNTO@SC-NMC532, LNTO@PC-
NMC532, and pristine SC-NMC532 in the conventional liquid electrolyte (LE). (b) Cycling stability of LNTO@SC-NMC532 and LNTO@PC-NMC532. (c) Discharge
curves of LINTO@SC-NMC532 and LNTO@PC-NMC532 under various current densities. (d) Rate performance of LNTO@SC-NMC532 and LNTO@PC-NMC532. (e) The
Ragone plots of LNTO@SC-NMC532-based ASSLIBs and previously reported ASSLIBs. (f) Charging/discharging GITT curves of LNTO@SC-NMC532. (g) Charging/

discharging GITT curves of LNTO@PC-NMC532.

electrolyte (Fig. 1d). In contrast, single-crystal cathodes do not contain
grain boundaries inside one particle (Fig. 1a), thus providing continuous
Li" conduction pathways inside one particle (Fig. 1c). Therefore, the
single-crystal cathode is believed to show faster Li* kinetics in solid-state
batteries than the polycrystalline cathode.

To verify this assumption, SC-NMC532 (dso 3.8 pm) and PC-
NMC532 (dsg = 4.2 pm) with the similar particle size were obtained
and investigated in all-solid-state batteries (Fig. S1) [39]. To fairly
compare their electrochemical performance difference, an interfacial
layer of LiNbTaO3 (LNTO) was therefore inserted between the NMC532
and SE to avoid the interfacial reactions. Scanning electron microscopy
(SEM) images of LNTO-coated SC-NMC532 (LNTO@SC-NMC532) and
LNTO-coated NMC532 (LNTO@PC-NMC532) are presented in Fig. 2a
and b respectively. The SC-NMC532 samples are single particles with a
diameter of about 2-5 pm while the PC-NMC532 samples are secondary
microspheres with the same diameter. The thickness of the LNTO inter-
facial coating layer was about 7 nm, as revealed by the scanning trans-
mission electron microscopy (STEM) image in Fig. 2c. To confirm the
uniformity of the LNTO coating, SEM-energy dispersive X-ray spectros-
copy elemental mappings of Ni, Co, Mn, Nb, and Ta are presented in
Fig. S2. The uniform mapping of Nb and Ta on the SC-NMC532 implies
the presence of a uniform LNTO layer. The high-angle annular dark-field
(HAADF)-STEM image of LNTO-coated SC-NMC532 (Fig. 2d) and
STEM-energy dispersive X-ray spectroscopy (EDX) elemental maps of Co,
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Mn, Nb, and Ta (Fig. 2e) also indicate a homogenous distribution of all
elements. Besides, the combined map of Ni and Ta in the
LNTO@SC-NMC532 shows that Ta has a strong signal at the edge
(Fig. 2f), further suggesting that the LNTO was uniformly coated on the
SC-NMC532. X-ray diffraction (XRD) patterns of LNTO@SC-NMC532 and
LNTO@PC-NMC532 are compared in Fig. S3. No LNTO diffraction pat-
terns are detected, indicating that the LNTO coating is amorphous.
Interestingly, the (104) peak for SC-NMC532 at 44.6° is split, a typical
characteristic of single-crystal NMC cathodes caused by the separation of
Ky1 and Ky reflected from the (104) lattice plane in SC-NMC532 [38,40,
41]. The higher intensity of the (003) peak of LNTO@SC-NMC532 than
that of LNTO@PC-NMC532 implies more continuous Li" conduction
pathways along the (003) plane in SC-NMC532. Furthermore, the elec-
trochemical performance of LNTO@SC-NMC532 and
LNTO@PC-NMC532 were examined using liquid cells. As shown in
Fig. S4, the initial discharge capacities of both LNTO@SC-NMC532 and
LNTO@PC-NMC532 are approximately 165 mAh.g~! at 0.1C (1C = 1.3
mA cm ™ 2). Besides, both of them exhibit very stable cycling performance.

To evaluate their performance in all-solid-state batteries, Li;GeP2S12
(LGPS) with a high ionic conductivity of 3.5 x 1073S cm~! was chosen as
the SE in this study (Fig. S5). The detailed experimental procedure can be
found in the supporting information. The electrochemical performance of
LNTO@SC-NMC532 and LNTO@PC-NMC532 in SE-based ASSLIBs was
first investigated under a current density of 0.1C (1C = 1.3 mA cm ).
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LNTO@SC-NMC532 demonstrated a charge capacity of 179.9 mAh.g™?
and a discharge capacity of 156.4 mAh.g~! with an initial coulombic
efficiency of 86.9%. Comparatively, LNTO@PC-NMC532 displayed a
discharge capacity of only 111.9 mAh.g~ . Furthermore, the polarization
voltage between the charge and the discharge curve of LNTO@SC-
NMC532 is significantly smaller than that of LNTO@PC-NMC532, indi-
cating that SC-NMC532 possesses faster Li* kinetics than PC-NMC532.
After the 1st charging, LNTO@SC-NMC532 and LNTO@PC-NMC532
electrodes were checked by SEM (Fig. S6). Lots of cracks were
observed on the LNTO@SC-NMC532 electrode after 1st charging, which
is associated with the extremely volume shrinking of SC-NMC532 par-
ticles upon charging. Comparatively, the cracks on the LNTO@PC-
NMC532 electrode is much smaller, because the PC-NMC532 particles
could be fully charged, thus the corresponding volume shrinking is not as
phenomenal as that of SC-NMC532. Furthermore, electrochemical
impedance spectroscopy (EIS) analysis (Fig. S7) reveals interfacial
resistance between LNTO@SC-NMC532 and LGPS is 112 Q, which is
slightly lower than that of LNTO@PC-NMC532 (127 ). The EIS analysis
confirms the interfacial reaction between the cathode particles and LGPS
is successfully prevented by LNTO.

Fig. 3b displays the cycling stability of LNTO@SC-NMC532 and
LNTO@PC-NMC532. After 150 cycles, the LNTO@SC-NMC532 retains a
specific capacity of 94.5 mAh.g~! while LNTO@PC-NMC532 retains a
specific capacity of only 61.1 mAh.g™!. The corresponding decay rate of
LNTO@SC-NMC532 is 0.35%, which is slightly lower than that of
LNTO@PC-NMC532 (0.44%). The good cycling stability indicates that
the interfacial LNTO coating effectively suppresses interfacial reactions.
It should be mentioned that small-size PC-NMC532 exhibit higher ca-
pacity than large-size PC-NMC532 (Fig. S8), which is in good agreement
with previous reports [39]. With the same particle size, SC-NMC532
shows higher active material utilization than PC-NMC532. The cyclic
voltammetry  (CV)  profiles for = LNTO@SC-NMC532  and
LNTO@PC-NMG532 clearly show the redox peaks of Ni2*/Ni*" and
Ni®*/Ni** at around 3.3 V (vs. Lit/Li-In) (Fig. $9). The overlapping of
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the oxidation/reduction peaks implies that LNTO@SC-NMC532 has good
electrochemical reversibility in SE-based ASSLIBs. The peak currents of
LNTO@SC-NMC532 are higher than those of LNTO@ PC-NMC532, and
the polarization of LNTO@SC-NMC532 is less than that of
LNTO@PC-NMC532. These findings are consistent with the conclusions
derived from the charge/discharge curves in Fig. 3a.

The rate performance of LNTO@SC-NMC532 and LNTO@PC-
NMC532 from 0.1C to 1C is presented in Fig. 3d and the corresponding
discharge curves at various C-rates are depicted in Fig. 3c. LNTO@PC-
NMC532 cannot be discharged at 1C due to significant voltage hystere-
sis (Fig. 3e), while LNTO@SC-NMC532 shows a discharge capacity of 82
mAh.g™! at 1C. It should be mentioned that the inferior rate-performance
of polycrystalline NMC cathodes as tabulated in Table S1, has been re-
ported before [18,42,43]. Fig. 3e displays the Ragone plots of
LNTO@SC-NMC532-based ASSLIBs and previously reported promising
ASSLIBs at room temperature. Detailed references are listed in Table S2.
Obviously, LNTO@SC-NMC532-based ASSLIBs offer the highest energy
density and power density, suggesting that the high theoretical power
density of ASSLIBs will be more readily realized by using single-crystal
NMC cathodes instead of polycrystalline.

The disparity in rate-performance between LNTO@SC-NMC532 and
LNTO@PC-NMC532 strongly suggests that LNTO@SC-NMC532 has
faster Li" kinetics than LNTO@PG-NMC532 in ASSLIBs. To quantify the

* diffusion coefficients, both LNTO@SC-NMC532 and LNTO@PC-
NMC532 were tested during the initial charge/discharge process using
the galvanostatic intermittent titration technique (GITT) (Fig. 3f and g).
Both the polarization voltages and Li" diffusion coefficients of
LNTO@SC-NMC532 and LNTO@PC-NMC532 are calculated based on
the initial charge and discharge process separately and discussed in
Fig. 4.

Based on the GITT results, the Li"
lated with the equation [23,32]:

diffusion coefficient can be calcu-
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4 <mch532Vch532>2 <AE5>2
nT MnwmesnS AE,

where 7 is the relaxation time (2 h), myycss2 is the actual mass of SC-
NMC532 in the electrode composite, Vymcsse is the molar volume of
SC-NMC532 (20.73 cm?® mol’l), Mnmcs32 is the molar mass of the host
materials SC-Li(Nip.sMng.3C00.2)02 (96.58 g mol ™), AE is the steady-
voltage change after 2 h of relaxation and AE; is the change in the

transient-voltage change after a 5 min discharge process at 0.13 mA
-2
cm .

Dy @

Fig. 4a compares the GITT curves and electrochemical polarization of
LNTO@SC-NMC532 and LNTO@PC-NMC532 during the charging pro-
cess. The electrochemical polarization of LNTO@SC-NMC532 is less than
50 mV while that of LNTO@PC-NMC532 is over 110 mV. The average Li*
diffusion coefficient of LNTO@SC-NMC532 is 1.84 x 107'° cm [2].s7!
during the initial charge process, 6.25 times higher than that of
LNTO@PC-NMC532 (2.94 x 107! em [2].s71) (Fig. 4b). Fig. 4c shows
the GITT profiles and polarization voltages of LNTO@SC-NMC532 and
LNTO@PC-NMC532 during the initial discharging process. The dis-
charging polarization voltage of LNTO@SC-NMC532 (<180 mV) is also
smaller than that of PC-NMC532 (~300 mV). The increased polarization
at the end of the discharge process is due to the saturation of Li™ sites in
the NMC532 crystal structure [32]. The average Li" diffusion coefficient
for LNTO@SC-NMC532 (2.78 x 1071° cm [2].s7!) during the discharge
process is almost 13.9 times higher than that of LNTO@PC-NMC532
(2.00 x 107 em [2].s7Y) (Fig. 4d). Overall, LNTO@SC-NMC532 ex-
hibits a Li" diffusion coefficient of 6-14 times higher than
LNTO@PC-NMC532 in ASSLIBs. Therefore, single-crystal NMC cathodes
have a greater potential to simultaneously enable high energy density
and power density of ASSLIBs.

3. Conclusion

In summary, we systematically compared the electrochemical per-
formance of SC-NMC532 and PC-NMC532 in SE-based ASSLIBs. SC-
NMC532 exhibits a Li* diffusion coefficient of 6-14 times higher than
PC-NMC532. Consequently, SC-NMC532 exhibits an initial specific ca-
pacity of 156.4 mAh.g~! and retains a specific capacity of 94.5 mAh.g~!
after 150 cycles. More importantly, SC-NMC532 exhibits a specific ca-
pacity of 82 mAh.g~! under a high current density of 1.3 mA cm ™2 while
PC-NMC532 only shows 2.1 mAh.g~!. This work demonstrates that
single-crystal NMC cathodes have bigger advantages than polycrystalline
counterparts toward high-performance ASSLIBs.
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