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Manipulating Charge-Transfer Kinetics of Lithium-Rich
Layered Oxide Cathodes in Halide All-Solid-State Batteries

Ruizhi Yu, Changhong Wang, Hui Duan, Ming Jiang, Anbang Zhang, Adam Fraser,
Jiaxuan Zuo, Yanlong Wu, Yipeng Sun, Yang Zhao, Jianwen Liang, Jiamin Fu, Sixu Deng,
Zhimin Ren, Guohua Li, Huan Huang, Ruying Li, Ning Chen, Jiantao Wang,* Xifei Li,*

Chandra Veer Singh,* and Xueliang Sun*

Employing lithium-rich layered oxide (LLO) as the cathode of all-solid-state
batteries (ASSBs) is highly desired for realizing high energy density. How-
ever, the poor kinetics of LLO, caused by its low electronic conductivity and
significant oxygen-redox-induced structural degradation, has impeded its
application in ASSBs. Here, the charge transfer kinetics of LLO is enhanced
by constructing high-efficiency electron transport networks within solid-
state electrodes, which considerably minimizes electron transfer resistance.
In addition, an infusion-plus-coating strategy is introduced to stabilize the
lattice oxygen of LLO, successfully suppressing the interfacial oxidation of
solid electrolyte (Li;InClg) and structural degradation of LLO. As a result,
LLO-based ASSBs exhibit a high discharge capacity of 230.7 mAh g™' at 0.1 C
and ultra-long cycle stability over 400 cycles. This work provides an in-depth
understanding of the kinetics of LLO in solid-state electrodes, and affords a
practically feasible strategy to obtain high-energy-density ASSBs.

1. Introduction

All-solid-state batteries (ASSBs) have attracted significant atten-
tion in recent years because of their exceptional safety and
high theoretical energy density, derived from employing non-
flammable inorganic solid-state electrolytes (SSEs).!" Many

inorganic SSEs based on sulfides,?
oxides,®! halides, and borohydridesl!
have been developed over the past dec-
ades, including those demonstrating high
ionic conductivity (e.g., 12 mS cm™ for
Li;zGeP,Sy5, LGPS, and 25 mS cm™ for
Lig 54511 74P1 44S117Clio3,  LSPSCI),P high-
voltage stability (e.g., 421 V versus Li*/
Li for Li;YCly, LYC, and 4.3 V versus Li*/
Li for Li;InClg, LIC), low cost (Li,ZrClg
and  Li,,5Zrg75Feq25Clg),”) and  appro-
priate mechanical properties.®l With these
advances in SSEs, various cathode mate-
rials have been attempted in ASSBs, such
as LiCoO, (LCO),”! LiNiysMng;Cog,0,
(NMC532),19 and Ni-rich layered cathode
materials (e.g., LiNiy sMng 1Coy 10,
NMC811,4I  LiNi g5Coo ;Mg 0505, Ni85, 1
and  LiNijyCogosMng 50, Ni90[2)),
These cathode materials typically show a specific capacity of
<200 mAh gL which limits the energy density of ASSBs
to less than 450 Wh kg L.l Comparatively, lithium-rich lay-
ered oxide (LLO) possesses a higher theoretical capacity
of 2250 mAh gL and is thus a promising candidate for
achieving ASSBs with an energy density of 500 Wh kg
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Figure 1. Schematic for constructing ASSBs with high energy density. A) SSE thickness-dependent gravimetric energy density of LLO-based ASSBs. The
capacity of the cathode sheet is 4 mAh cm™ and other parameters are listed in Table ST (Supporting Information). B) Electronic conductivities of the
proposed cathode materials (LCO,'8a NMC532,18%1 NMC811,M%% and LLOI)). C) Electrochemical stability windows of proposed SSEs (Li;LasZr,0,
LLZO,B2 LjgPSCl, LPSCI,2'281 LisPS,, LPS,'% and LisInClg, LICK<S]), charge/discharge voltage windows of the proposed cathode materials (LCO,['%
NMC532,24 NMC811,24 and LLOIP]), and electrochemical stability windows of proposed coating materials (Li,SiO;, LSO, LiNbOs, LNO, LiTaOs, LTO,
and LPO).12'4 The dashed boxes mark the potential for the compound to be fully delithiated. D) Concept of the bulk-type ASSBs enabled by carbon

additives and LLO with LPO infusion-plus-coating architecture.

(Figure 1A; Figure S1, Supporting Information).!'*! However,

until now, manganese-based LLO is rarely explored in bulk-type
ASSBs.

Several grand challenges that have yet to be solved hinder
the application of LLO in the solid-state electrodes of
ASSBs.0¢17] First, unlike other layered oxide cathodes,® LLO
possesses an extremely low electronic conductivity of =108 S
cm™ (Figure 1B)[""! due to its large bandgap and the formation
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of charge polarons.”>!% Therefore, sufficient electronically
conducting pathways cannot be obtained within conventional
carbon-free solid-state electrodes based on LLO.? Second,
the upper operating voltage of LLO (4.8 V vs Li*/Li) greatly
exceeds the intrinsic electrochemical windows of most SSEs
(Figure 1C),32 leading to unavoidable SSE degradation and
considerable interfacial side reaction. Third, the anion redox,
a unique electrochemical mechanism of LLO, generates highly
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active oxygen species O™~ (0 < n < 2),22l which may oxidize
SSEs and further block interfacial lithium-ion transport. Fourth,
LLO undergoes a phase transition from layered to spinel due to
irreversible lattice oxygen loss.[?3l This structural degradation
increases interfacial resistance, and thus impedes interfacial
lithium-ion transport. These perplexing interfacial issues may
explain why LLO has not been successfully deployed in ASSBs
until now.

In the present work, we design the solid-state electrode com-
position and surface chemistry of LLO to boost electron and
lithium-ion transport kinetics. First, continuous electronically
conducting pathways are established by introducing an appro-
priate amount of carbon additives into solid-state LLO elec-
trodes. Second, an interfacial layer with high oxidative stability
and satisfactory ionic conductivity—Li;PO, (LPO, Figure 1C)—
is constructed on LLO via an infusion-plus-coating strategy
(Figure 1D), which effectively stabilizes LLO’s lattice oxygen,
minimizes local structural change, inhibits LLO/SSE interfacial
degradation, and facilitates interfacial lithium-ion transport.
As a result, LLO-based ASSBs exhibit a high initial capacity
of 230.7 mAh g! and ultra-long cycling life of 431 cycles. Even
at 2 C, the discharge capacity is high at 62.4 mAh g\ To the
best of our knowledge, this is the first demonstrated LLO-based
ASSB using a solid-state halide electrolyte (LIC). This work pro-
vides new strategies and in-depth insight into solid-state LLO
electrodes and opens a new avenue for developing high-energy-
density ASSBs.

2. Results and Discussion

2.1. The Electronic Conductivity of Solid-State LLO Electrodes

In this study, the halide SSE (LIC) is selected due to its higher
oxidation stability (4.3 V vs Li*/Li, Figure 1C) than sulfide-
based SSEs (<2.31 V vs Li*/Li), relatively high ionic conduc-
tivity (>10 S cm™), and moderate mechanical properties.‘
In general, carbon additives are excluded in conventional
solid-state electrodes to minimize side reactions between the
carbon additives and SSEs.?’! Carbon-free solid-state elec-
trodes work well with common cathode materials, (e.g., LCO,
NMC532, and NMCB811) because they possess high electronic
conductivity above 107> S cm™ (Figure 1B). However, the con-
ventional carbon-free electrodes cannot function well when
using a cathode material with low electronic conductivity (e.g.,
LLO and Sg) due to insufficient electron transport networks
(Figure 2A).""l For example, a carbon-free solid-state LLO
electrode can only be charged to 1577 mAh g and discharged
to 103.7 mAh g, and shows a considerable overpotential
between charge and discharge curves (Figure 2B; Figure S2A,
Supporting Information). In addition, a voltage peak at the
beginning of the charging process is also identified, which is
associated with an activation barrier owing to the low charge-
transfer kinetics.?®) Comparatively, by adding 5% carbon addi-
tive by weight, the solid-state LLO electrode delivers a much
higher charge capacity (219.7 mAh g™!) and discharge capacity
(166.9 mAh g™'). Moreover, the solid-state LLO electrode with 5%
carbon additive shows a negligible overpotential (Figure S2A,
Supporting Information) and improved lithium-ion diffusion
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coeflicients (Figure S2B,C, Supporting Information), indicating
that the electrode engineering can effectively accelerate charge-
transfer kinetics. Therefore, it is essential to construct effective
electron transport networks for those cathodes with low elec-
tronic conductivity such as LLO. Figure 2C displays the cycling
performance of the LLO-based ASSBs at 0.2 C. Solid-state LLO
electrode with 5% carbon additive exhibits a capacity retention
of >60% after 100 cycles, whereas the solid-state LLO electrode
with 10% carbon additive delivers fast capacity fading with
a capacity retention of only 20.9%, suggesting that the detri-
mental effect of carbon additives on cycling performance can be
minimized by controlling the carbon contents.

Direct current (DC) polarization test and linear sweep voltam-
metry (LSV) were performed to quantify the electronic conduc-
tivities of solid-state LLO electrodes with different contents of
carbon additives. The carbon-free solid-state LLO electrode shows
a low electronic conductivity of 1.20 x 10® S cm™! (Figure 2D),
implying that the limited electron transfer leads to the low
capacity of the LLO-based ASSBs. With 5% and 10% carbon
additives, the electronic conductivity increases to 4.09 x 107
(Figure 2E) and 6.89 x 107! S cm™ (Figure 2F), respectively, sug-
gesting that the carbon additives provide sufficient electroni-
cally conducting pathways within the solid-state LLO electrodes.
However, a prominent oxidation peak at =4.0 V is identified in
the LSV curve of the LIC electrode with 10% carbon additive
(Figure 2G), indicating that excess carbon can lead to significant
SSE decomposition. Therefore, an appropriate content of carbon
additive with minimized detrimental influence on SSEs should
be guaranteed when constructing solid-state LLO electrodes.

In situ electrochemical impedance spectroscopy (EIS) was
further conducted to investigate the interfacial evolution upon
cycling. The stepwise charge curves and corresponding EIS
profiles are presented in Figure S3A-C (Supporting Infor-
mation) and Figure 2H-J, respectively. An equivalent cir-
cuit of R(RQ)(RQ)(RQ)Q (Figure S3D, Supporting Informa-
tion) is applied to fit the EIS spectra. It is well-documented
that the semi-circle at high-frequency (>20 kHz), mid-fre-
quency (20 kHz—-100 Hz, indicated by dashed lines), and low-
frequency (<100 Hz) regions correspond to the bulk resistance
of SSE (Rgsg), charge-transfer resistance through cathode/
SSE interface (Rpiosse), and anode/SSE interfacial resist-
ance (Ranodejsse), respectively.””! The most critical parameter,
Ryiopsse depending on the state of charge (SOC), is utilized to
track the variation of interfacial properties (Figure 2K). When
the charge voltage increases from 3.9 to 4.1 V, the Ryjossk
value decreases, which is closely related to the adequate acti-
vation of the solid interface and the consolidation of SSE.[72
However, the interfacial resistance of carbon-free solid-state
LLO electrodes is much higher than those electrodes with 5%
and 10% carbon additives, demonstrating insufficient charge-
transfer pathways at the cathode/SSE interface.”’?! At further
charging to 4.8 V, the Ryjgsse value increases rapidly for the
solid-state LLO electrode with 10% carbon additive, implying
significant SSE decomposition caused by excess carbon addi-
tives. It should be noted that a noticeable increase in Ryjosse
value from 4.3 to 4.6 V can be observed in both the carbon-
free LLO electrode and the electrode with 5% carbon additive,
which hints that the electrochemical anion redox of LLO also
has considerable influence on interfacial stability.
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Figure 2. Effects of the intrinsic electronic conductivity and electrochemical redox of LLO on the properties of ASSBs. A) Schematic illustration
of the electronic channel block around the cathode/SSE and cathode/cathode interfaces. B) Initial charge/discharge curves of the solid-state LLO
electrodes with different contents of carbon additives at 0.1 C. C) Cycling performance of the solid-state LLO electrodes with different contents of
carbon additives at 0.2 C. The corresponding Coulombic efficiencies are shown in Figure S8 (Supporting Information). D,F) Electronic conductivi-
ties of the solid-state LLO electrodes with 0 (D), 5% (E), and 10% (F) carbon additives. The corresponding DC polarization curves are shown in
Figure S9 (Supporting Information). G) LSV profiles of the solid-state LLO electrodes with different contents of carbon additives at 0.05 mV s7.
H-]) Intra-cycle impedance measurements during the initial charge cycle for the solid-state LLO electrodes with 0 (H), 5% (1), and 10% (J) carbon
additives. K) Evolution of cathode/SSE interfacial resistance as a function of charge voltage in the solid-state LLO electrodes with different contents
of carbon additives. L,M) Ex-situ Ni (L) and Co (M) K-edge XANES spectra of the solid-state LLO electrode with 5% carbon additive at different
charge/discharge states. N) Fourier transformed In K-edge EXAFS spectra of the solid-state LLO electrode with 5% carbon additive at different
charge/discharge states. The enlarged spectra between 1.0 and 2.5 A are shown in Figure S10 (Supporting Information). The In reference spectra
were collected from InCly and In,O;. O) Differential capacity versus voltage (dQ/dV versus V) profile of the solid-state LLO electrode with 5%
carbon additive at 0.1 C.
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2.2. Oxygen-Redox-Triggered Interfacial Degradation

Ex situ X-ray absorption spectroscopy (XAS) was performed on
the solid-state LLO electrode with 5% carbon additive to probe
electrochemical redox-induced interfacial structural degrada-
tion. When the cell is charged from open-circuit voltage (OCV)
to 4.35 V, the X-ray absorption near edge structure (XANES)
spectra of Ni (Figure 2L) and Co (Figure 2M) shift to higher
energy, suggesting that Ni and Co are oxidized in this voltage
range. On the contrary, no apparent change can be found in
the Mn spectra (Figure S4, Supporting Information), indicating
that Ni and Co redox are responsible for the capacity within the
voltage range from OCV to 4.35 V.28 When further charging to
4.8 V, the XANES spectra of Ni and Co display no edge shift. For
the Mn, the white line of the XANES spectra, corresponding
to the 1s—4p transition,?”) shifts to higher energy, whereas the
main edge moves in the opposite direction. Furthermore, the
pre-edge peak associated with the Mn 1s—3d transition trans-
forms from a pair of splitting peaks (empty t,, and e, states)
into a sharp single peak.?>3% These changes in the Mn XANES
spectra suggest the local structure distortion of the MnOg
octahedron but no direct contribution to the capacity, indi-
cating that oxygen anion oxidation instead of cation oxidation
is mainly responsible for the voltage plateau (4.35-4.8 V).[2>30
In this high voltage plateau, highly active oxygen species,
O™, are produced, which can easily de-coordinate from
the MOg structure (M refers to the transition metal and Li)
and chemically attack the SSEs.?! This process results in the
structural degradation of LLO and SSE oxidation. To verify the
SSE oxidation, XANES spectra and extended X-ray absorption
fine structure (EXAFS) spectra for the In K-edges during the
charge/discharge process were collected. The XANES spectra
(Figure S5, Supporting Information) display that the local
environment around In changes considerably after charging
from 4.35 to 4.8 V. Furthermore, the Fourier transformed In
K-edge EXAFS spectra (Figure 2N) show that the average bond
length of the first shell (In-Cl bond) shrinks dramatically when
charging from 4.35 to 4.8 V. As the In** in the LIC cannot be
further oxidized, this bond length shrinkage should be caused
by the change of ligand CI around In. At the high SOC of 4.8V,
the average bond length (=1.72 A) is much lower than that of a
typical In-Cl (=1.94 A) in LIC and closer to that of a typical In-O
(=1.60 A) in In,0;, suggesting the partial oxidation of LIC. The
interfacial reaction product (In,0O3) can also be determined by
X-ray photoelectron spectroscopy (XPS, Figure S6, Supporting
Information). During discharging, the XANES spectra of Ni
and Co recover to their pristine energy, corresponding to the
reduction of these ions back to their initial states. However,
the white line of Mn shifts to lower than pristine energy and the
pre-edge peak splitting is less resolved, indicating that the local
structure around Mn ions has changed and oxygen vacancies
have formed due to the side reaction at the voltage plateau."!
More importantly, after discharging to 2.0 V, the local structure
(Figure S5, Supporting Information) and average bond length
of the first shell (Figure 2N) around In cannot recover to their
pristine state, further validating the irreversible LIC degrada-
tion. Additionally, owing to the lower microstrain variation
(0.088% at 4.8 V, Figure S7A-C, Supporting Information) of
LLO during charging as compared to those of Ni-rich layered
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cathode materials (0.315% at 4.3 V and 0.415% at 4.6 V),13?I the
morphology of solid-state LLO electrode can be maintained
after cycling (Figure S7D,E, Supporting Information). Thus,
the electro-chemo-microstructure coupling rather than electro-
mechanics coupling, dominates the interfacial stability. Based
on the above analyses, a map of the redox couples and the SSE
oxidation can be illustrated as shown in Figure 20. It can be
concluded that the anion oxidation reaction leads to the inter-
facial structural degradation between LLO and LIC, resulting in
considerable charge-transfer resistance and the low capacity of
LLO in ASSBs. The local structural change and interfacial side
reactions between LLO and LIC should be suppressed to secure
good cycling stability, as discussed in Section 2.3.

2.3. Surface Chemistry Reconstruction to Enhance
Electrochemical Performance

Here we adopted an infusion-plus-coating strategy to recon-
struct the surface of LLO. LPO, as an excellent ionic con-
ductor, possesses higher oxidation stability than conventional
oxide coatings, such as LSO, LNO, and LTO, and was there-
fore selected as the coating layer (Figure 1C).21?l To maximize
the protective effect of LPO, atomic layer deposition (ALD) and
annealing techniques were performed to construct the LLO
with infusion-plus-coating architecture (LPOn-iLPO LLO, see
the supplemental information for a detailed description of the
process). The infusion-plus-coating architecture (Figure 3A)
is evidenced by scanning electron microscopy (SEM), energy-
dispersive X-ray (EDX) elemental mapping, and scanning trans-
mission electron microscopy (STEM) analyses, as shown in
Figures S11-S13 (Supporting Information). Moreover, X-ray dif-
fraction (XRD) patterns (Figure S14, Supporting Information)
of the bare LLO and LPO5-iLPO LLO (surface chemistry modi-
fied LLO, SCM LLO) reveal that the ALD-based infusion-plus-
coating strategy do not change the stability of layered structure.
The optimization procedure of the electrochemical performance
for the LLO-based ASSBs is presented in Figure S15A-D (Sup-
porting Information). It should be mentioned that the solid-
state electrode contains 5% carbon additive. The SCM LLO cell
demonstrates the best electrochemical performance among all
modified samples. Compared with the bare LLO cell, the ini-
tial charge/discharge capacity and Coulombic efficiency are
remarkably enhanced after the surface chemistry modification
(Figure 3B). The high initial discharge capacity of 230.7 mAh g!
and Coulombic efficiency of 83.0% for the SCM LLO cell are
similar to those of liquid-based lithium-ion batteries with LLO
(240.7 mAh g!, 82.8%, Figure S15E, Supporting Information).
In particular, the SCM LLO cell exhibits a long voltage plateau
at charge voltage between 4.35 and 4.8 V, whereas the voltage
plateau is less evident in the bare LLO cell, denoting that the
infusion-plus-coating architecture can stabilize the oxygen
redox.®®l Furthermore, the cycling performance is improved
from 69.1% to 87.9% after 100 cycles at 0.2 C (Figure 3C), and
the polarization (Figure S15F,G, Supporting Information) and
voltage decay (Figure S15H,I, Supporting Information) are
also effectively suppressed. As shown in Figure 3D, the SCM
LLO cell delivers increased rate capability, which can achieve
=26% (62.4 mAh g) of the capacity at 0.05 C. Even at a high
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Figure 3. Understanding the improved stability in ASSBs using LLO with infusion-plus-coating architecture. A) A diagram of the infusion-plus-coating
architecture, in which LPO is infused into the grain boundaries and coated on the secondary particle surface. B) Initial charge/discharge curves of
the bare LLO and SCM LLO cells at 0.1 C. C) Cycling performance of the bare LLO and SCM LLO cells at 0.2 C. D) Normalized rate capabilities of the
bare LLO and SCM LLO cells at different current rates. Their corresponding capacity variations at different rates are shown in Figure S15B (Supporting
Information). E) Normalized long-term cycling performance of the bare LLO and SCM LLO cells at 0.5 C. Their corresponding capacity and Coulombic
efficiency variations are shown in Figure S15),K (Supporting Information). F) The Nyquist plots of the EIS spectra of the bare LLO and SCM LLO cells
after 100 cycles at 0.2 C. The interfacial resistances are illustrated by colored semicircles. G,H) Mn K-edge XANES spectra of the bare LLO (G) and
SCM LLO (H) electrodes at different cycling stages. 1,]) Fourier transformed In K-edge EXAFS spectra of the bare LLO (I) and SCM LLO ()) electrodes
at different cycling stages. The In reference spectra were collected from InCl; and In,05. K,L) Raman spectra and fitted results of bare LLO (K) and
SCM LLO (L) electrodes after 100 cycles at 0.2 C. M) Charge density difference of a simulated interface between the LLO (001) surface and LPO (010)
surface. N) The variations of O, formation energy in the bare LLO and SCM LLO structures at different delithiation stages.

rate of 0.5 C, the SCM LLO cell exhibits long cycle life of 431
cycles, which significantly outperforms that of the bare LLO cell
(149 cycles), as shown in Figure 3E. Even using a carbon-free

solid-state electrode, the SCM LLO shows an improved cycling
performance (Figure S16, Supporting Information). More
importantly, the infusion-plus-coating strategy can enhance the
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cycling stability of LLO in other solid-state battery system (e.g.,
using LYC and LLZO as SSEs, Figure S17, Supporting Informa-
tion), suggesting the surface chemistry reconstruction of LLO
can enhance the stability of LLO/SSE interface.

2.4. Suppressed Interfacial Structural Deterioration upon
Electrochemical Cycling

EIS was conducted to evaluate the effects of surface chem-
istry modification on the interfacial properties during cycling
(Figure 3F), and reveal the mechanism for enhanced electro-
chemical performance of LLO-based ASSBs. The equivalent cir-
cuit of R(RQ)(RQ)(RQ)Q (Figure S3D, Supporting Information)
is applied to fit the EIS spectra. After 100 cycles at 0.2 C, the
interfacial resistance Ryjopssg of the SCM LLO cell is 121.0 Q,
which is much lower than that of the bare LLO cell (296.2 Q),
and therefore the improved electrochemical performance for
the SCM LLO cell is ascribed to the decreased charge-transfer
resistance at the cathode/SSE interface. Furthermore, XAS
was employed to understand the change in interfacial resist-
ance. The Ni (Figure SI18A, Supporting Information) and
Co (Figure S18B, Supporting Information) K-edge XANES
spectra of the bare solid-state LLO electrode display a notice-
able shift to higher energy when the cell is charged/discharged
from the pristine to the 100th cycle at 0.2 C. These results indi-
cate the oxidation of Ni and Co even after discharging to 2.0 V,
whereas the changes for the solid-state SCM LLO electrode
(Figure S18C,D, Supporting Information) are less prominent.
The Mn K-edge XANES spectra of the bare solid-state LLO elec-
trode (Figure 3G) show a noticeable shape change and shift
to lower energy after cycling, implying significant Mn reduc-
tion and structural transformation.}"? In contrast, the local
environment around Mn in the solid-state SCM LLO electrode
(Figure 3H) can be maintained well after cycling. The main-
tained transition metal valences in the SCM LLO electrode
are connected with the stable cation-anion redox couples and
high reversibility of the lithiation/delithiation process, sug-
gesting a suppressed side reaction at the cathode/SSE inter-
face. Moreover, in the Fourier transformed In K-edge EXAFS
spectra (Figure 31), a severe shrink of the average bond length
of first shell can be observed for the bare solid-state LLO elec-
trode, demonstrating the oxidation of SSEs. With the interfacial
modification, the degeneration of SSEs in the SCM LLO elec-
trode (Figure 3]) can be significantly mitigated during cycling,
conforming the protective effect of surface chemistry modifica-
tion, which can also be verified by XPS (Figure S19, Supporting
Information) and time-of-flight secondary ion mass spectrom-
etry (ToF-SIMS, Figure S20, Supporting Information).

To visualize the structural transformation of cathode
materials, Raman spectra were collected for the cycled solid-
state electrodes. For the LLO, the broad peak at ~648.8 cm™
is ascribed to Mn-O polyhedral distortion and shrinkage
of the Mn-O bond, indicating the oxygen-release-induced
phase transition from layered to spinel-like structure after
cycling.34 The ratio of spinel-like phase in the cycled
solid-state SCM LLO electrode (Figure 3L) is obviously
lower than that in the cycled bare solid-state LLO electrode
(Figure 3K), suggesting a suppressed phase transition.
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Moreover, high-resolution transmission electron micros-
copy (HRTEM) results show that the layered structure disap-
pears and the spinel phase dominates on the surface of bare
LLO (Figure S21A, Supporting Information) after cycling,
indicating severe structural degradation. On the contrary,
only a slight spinel phase can be detected, and primary
layered structure can be maintained well for the SCM LLO
(Figure S21B, Supporting Information). These results con-
firm that the surface structure of LLO can be stabilized by
surface chemistry modification.

As the structural degradation at the LLO/SSE interface is
highly correlated with the stability of lattice oxygen within LLO,
first-principles calculations were conducted on the (001) surface
of LLO as well as the interface between the (001) surface of LLO
and (010) surface of LPO. Figure S22A (Supporting Informa-
tion) displays the relaxed atomic structure of a LLO slab with
top and bottom (001) surfaces, where the lattice oxygen is only
bonded by 1) two TM (TM refers to the transition metal) and
one Li (Figure S22B, Supporting Information) or 2) three TM
(Figure S22C, Supporting Information). The formed Li-O-[]
structure (] symbolizes a vacancy) in configuration (1), which
is similar to the highly active orphaned Li—O—Li structure, can
introduce labile oxygen electrons to participate in redox activity
during cycling.’® At the interface between the LLO (001) sur-
face and LPO (010) surface (Figure S23, Supporting Informa-
tion), the lattice oxygen of LLO is bonded by the P atom and the
intense electron cloud sharing demonstrates the strong cova-
lent interaction between P and O (Figure 3M). Considering the
local structure of lattice oxygen, the strong P-O bond can pull
the energy of the O 2p states to the lower direction compared
to the pristine lattice oxygen (Figure S24, Supporting Informa-
tion), indicating reduced oxygen activity. Moreover, the forma-
tion energy of oxygen vacancy (Oy,) for the bare LLO and SCM
LLO at different delithiation states is presented in Figure 3N.
In the bare LLO structure, the O,,. formation energy decreases
with the delithiation process and O,,. can be created spontane-
ously when the lithium content is less than 50%, as indicated
by the negative value of O,  formation energy. While the Oy,
in SCM LLO is also easier to form with the delithiation process,
the formation energy is constantly higher than that of bare LLO
at any delithiation state, corroborating the higher stability of lat-
tice oxygen due to surface modification.

3. Conclusion

In summary, to overcome the poor charge-transfer kinetics
of LLO in conventional carbon-free solid-state electrodes
(Figure 4A), we rationally construct electron and lithium-ion
transport networks in which electronically conducting path-
ways are established by introducing an appropriate amount
of carbon additives, and lithium-ion transport barriers are
removed by reconstructing the LLO/SSE interface using an
ALD-based infusion-plus-coating strategy. First, by introducing
5% carbon additive in the solid-state LLO electrodes, the dis-
charge capacity is increased from 103.7 to 166.9 mAh g7,
indicating that introducing carbon additives into solid-state
electrodes with low-electronic-conductivity cathode mate-
rials can establish high-efficiency electron transfer networks

© 2022 Wiley-VCH GmbH
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Figure 4. Schematic illustrations of the electronic and ionic migration at the interface. A) Conventional carbon-free solid-state LLO electrode. B) Carbon-
containing solid-state LLO electrode. C) Carbon-containing solid-state electrode with modified LLO.

(Figure 4B). Second, an infusion-plus-coating strategy is
employed to reconstruct the surface and grain bounda-
ries of LLO by ion-conductive and high-voltage-stable LPO
(Figure 4C), which not only suppresses the interfacial side
reaction between LLO and the halide SSE (LIC) but also
inhibits the phase degradation of LLO from layered to spinel.
As a result, LLO-based ASSBs with LIC demonstrate a high
discharge capacity of 230.7 mAh g™ at 0.1 C and long cycle
life of 431 cycles. This solid-state electrode design provides an
essential reference for upgrading the electrochemical perfor-
mance of other ASSBs, whose cathode materials may possess
low electronic conductivity and highly active surfaces.

4. Experimental Section

Detailed information is in the Supporting Experimental Section of the
Supporting Information.

Supporting Information

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