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Boosting Anionic Redox Reactions of Li-Rich Cathodes
through Lattice Oxygen and Li-lon Kinetics Modulation in
Working All-Solid-State Batteries

Shuo Sun, Chen-Zi Zhao,* Gao-Yao Liu, Shu-Cheng Wang, Zhong-Heng Fu, Wei-Jin Kong,

Jin-Liang Li, Xiang Chen, Xiangyu Zhao, and Qiang Zhang*

1. Introduction

The use of lithium-rich manganese-based oxides (LRMOs) as the cathode in all-

solid-state batteries (ASSBs) holds great potential for realizing high energy den-
sity over 600 Wh kg~'. However, their implementation is significantly hindered
by the sluggish kinetics and inferior reversibility of anionic redox reactions of
oxygen in ASSBs. In this contribution, boron ions (B3*+) doping and 3D Li,B,O,
(LBO) ionic networks construction are synchronously introduced into LRMO
materials (LBO-LRMO) by mechanochemical and subsequent thermally driven
diffusion method. Owing to the high binding energy of B—O and high-efficiency
ionic networks of nanoscale LBO complex in cathode materials, the as-prepared
LBO-LRMO displays highly reversible and activated anionic redox reactions in
ASSBs. The designed LBO-LRMO interwoven structure enables robust phase
and LBO-LRMO]solid electrolyte interface stability during cycling (over 80%
capacity retention after 2000 cycles at 1.0 C with a voltage range of 2.2—4.7 V vs
Li/Li*). This contribution affords a fundamental understanding of the anionic
redox reactions for LRMO in ASSBs and offers an effective strategy to realize
highly activated and reversible oxygen redox reactions in LRMO-based ASSBs.
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With the broad applications of rechargeable
batteries in our daily life, the research
focus has shifted toward all-solid-state
lithium Dbatteries (ASSBs) that incorpo-
rate non-flammable solid electrolytes
(SEs), offering enhanced safety and high
energy density!'™ However, routine
cathodes, exemplified by LiCoO, and
LiNi; , Mn,Co, O, (NCM), exhibit limi-
tations in energy density, failing to meet
the escalating market demands for ASSBs.
In comparison, lithium-rich manganese-
based oxide (LRMO) cathode materials,
have garnered extensive research attention
due to their distinctive ability to utilize
both anionic (oxygen) and cationic (tran-
sition metal, TM) redox reactions. This
dual redox activity significantly ampli-
fies their specific capacities, exceeding
250 mAh g7!, effectively overcoming the
limitations in capacity that are inherent to redox mechanisms re-
liant solely on TMs.>”7) Furthermore, the tendency for TM ions
to leach from the cathode into the liquid electrolytes (LEs)—
a phenomenon detrimental to the capacity retention of LRMO
cathodes—is significantly reduced in ASSBs. This mitigation en-
hances the viability of LRMO cathodes for ASSB development, as
they offer the potential for high energy densities and improved cy-
cling stability. Additionally, the use of LRMO is augmented by the
environmental advantages and economic viability of manganese,
which is not only abundant in the Earth’s crust (%950 ppm) but
also non-toxic.®1%1 However, the practical application of LRMO
cathodes in ASSBs faces significant challenges, including the dif-
ficulty in effectively activating anionic reactions and ensuring
their irreversibility, which results in low specific capacity and
poor cycling stability.[!113]

In LRMO materials, the cationic and anionic redox reactions
originate from the LiTMO, (TM = Ni, Co, Mn, etc.) and Li,MnO,
components, respectively. The distinctive anionic redox activity
arises from the presence of residual lithium ions within TM lay-
ers, i.e., excess lithium content in a layered structure. This ex-
cess lithium facilitates the formation of new Li-O-Li and Li-
O-[ ([J; vacancy) local configurations, where oxygen electronic
states, localized at elevated energy levels, are activated, thereby
enabling lattice oxygen redox activity within the accessible
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voltage range.l'"¥] In liquid lithium batteries, LRMO is well infil-
trated by the LEs, which enables the Li,MnO;|LE to have fast Li-
ion transport kinetics. However, the poor contact between LRMO
and SEs, combined with the low conductivity of the Li,MnO;, re-
sults in sluggish Li-ion transport kinetics at the Li,MnO;|SE in-
terface (Figure 1a).[11121516] Additionally, the irreversibility of an-
ionic redox reactions stems from the weak oxygen configuration,
which facilitates O—O dimerization and the escape of oxygen dur-
ing electrochemical processes.['”18] Upon reacting with the SE,
an irreversible interfacial phase forms, further increasing inter-
facial impedance and accelerating the degradation of the working
batteries (Figure 1a). The lattice oxygen vacancies induced by the
release of oxygen diffuse into the bulk, triggering an irreversible
phase transition from layered phase to spinel phase. Such a pro-
cess is also considered a major contributor to the degradation
of ASSBs.[19-26] Therefore, simultaneous stabilization of the lat-
tice oxygen structure and enhancement of Li-ion transport kinet-
ics are essential for achieving high-efficiency anionic redox reac-
tions, including highly reversible and active anionic redox.

Elemental doping is regarded to be an efficient approach to sta-
bilize the anionic redox reactions.”] Among various elements,
the boron stands out for its high binding energy with oxygen. The
strong B—O bonds effectively stabilize the oxygen ions, prevent-
ing excessive oxidation at high voltages. For instance, B-doping in
03-Nali, ;4Ni, yFe,sMn, 0, was found to form the covalent B~
O bonds and enhance the negative charges of the oxygen, thereby
reinforcing the ligand framework and effectively inhibiting irre-
versible oxygen release.[?®] Incorporating boron into the Li-rich
cathode forms B-O bonds that are significantly stronger than the
lattice Mn—O bonds, reducing the energy of the O 2p states and
improving the reversibility of lattice oxygen redox reactions.!*’!
However, simple B-ion doping in LRMO materials is insuffi-
cient to improve the interfacial Li-ion transport kinetics within
the cathode composites, resulting in low anionic redox activity
in working ASSBs. Consequently, it is imperative to seek an ef-
fective strategy to simultaneously activate and stabilize anionic
redox reactions.
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Figure 1. Schematic comparison of structures and anionic redox reactions of BM-LRMO and LBO-LRMO in ASSBs.

In this contribution, we present a one-step strategy for incor-
porating B** into the lattice structures, coupled with the inte-
gration of 3D Li-ion networks from amorphous Li,B,0, (LBO)
among the LRMO (LBO-LRMO) cathode materials. This process
is achieved through solid-state mechanochemistry followed by
a subsequent annealing treatment. Within the LBO-LRMO in-
tertwined structure, LRMO domains seamlessly integrate with
the soft, amorphous LBO domains throughout the entire frame-
work, where strong B—O bonds are generated in the LRMO do-
mains (Figure 1b). The simultaneous enhancement in Li-ion
transport kinetics and thermodynamics stability of the oxygen
structure leads to a multi-effect improvement in anionic redox
activity and reversibility. A comprehensive analysis combining
density functional theory (DFT) calculations, in situ galvanos-
tatic electrochemical impedance spectra (GEIS), the distribution
of relaxation time (DRT) technique, and time-of-flight secondary
ion mass spectrometry (TOF-SIMS) demonstrates that anionic
redox activity is significantly enhanced, while irreversible oxy-
gen release from the lattice during deep delithiation is effectively
suppressed. Benefiting from the improved structure of LRMO
and LRMO|SE interface stability, the LBO-LRMO based ASSBs
exhibit excellent long-cycling stability with ~80.6% capacity re-
tention after 2000 cycles at 1.0 C.

2. Results and Discussion

2.1. Theoretical Calculation of the Boron-Doped Oxide
Compounds

The effect of B doping on the stability of the anionic redox pro-
cess was revealed by theoretical calculations. Bond length and
Bader charge analyses were employed to elucidate the impact of
ion doping on the oxygen configuration of Li,MnO, (Figure 2a).
Notably, the average length of the B—-O bond in B-doped Li,MnO,
is 1.28 A, which is much smaller than those of Mn—O bond (1.90
A), P-O bond (1.56 A), S—O bond (1.50 A), Si—O bond (1.75 A),
and Al-O bond (1.90 A). This indicates that the incorporation
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Figure 2. DFT calculation analysis. a) The average bond length and Bader charge of the B-O, P-O, S-0O, Si-O, and Al-O in Li,MnOj. The shortest bond
length of B-O and the most negative charge around the O for the B3* prove that the incorporation of B** is optimal for stabilizing the oxygen ligand
framework. Contour maps of charge density in (b) Li,MnO; and c) B-doped Li,MnOj;. d) The atomic structure of the (010) surface with the stabilized
oxygen by formed strong B-O bonds during the delithiation. The blue, green, red, and purple spheres represent Mn, Li, O, and B atoms, respectively.

of B3* into the Li,MnO; can significantly reinforce the O lig-
and framework, which is further substantiated by the most neg-
ative charge around the O atoms in B-doped Li,MnOj. This ro-
bust framework can resist excessive oxidation of 0>~ during high-
voltage charging.[?®3% Charge density analysis further reveals
that B-doped Li,MnO, exhibits a stronger B-O covalent bond,
with additional electrons being transferred to the oxygen atom
(Figure 2b,c; Figure S1, Supporting Information), which is con-
sistent with the bond length calculations. To simulate the delithi-
ation state, several layers of Li ions at the surface of Li,MnO; were
removed. The O configuration changes significantly and spon-
taneously, forming the new O-O dimers structure during the
delithiation process (Figure S2, Supporting Information). How-
ever, upon introducing the B-O bond, the formation process of
0O-0 dimers during delithiation was not observed (Figure 2d),
demonstrating that B-doping effectively reinforces the O ligand
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framework, which prevents over-oxidation of oxygen and there-
fore enhances structural stability.[®14]

2.2. The Structure Characterization of LBO-LRMO Cathodes

The process of fabricating LBO-LRMO by using high-energy ball
milling and subsequent thermally driven diffusion is schemat-
ically illustrated in Figure S3 (Supporting Information). Dur-
ing the ball-milling process, the LRMO secondary particles are
dissociated into nanoparticles. As shown in Figures S4 and
S5 (Supporting Information), morphologies of polycrystalline
LRMO, BM-LRMO, and LBO-LRMO samples were observed by
field emission scanning electron microscopy (SEM). Obviously,
the precursor LRMO secondary particles are dissociated into
nanoparticles by mechanical force. Meanwhile, the high-energy
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Figure 3. The structure analysis of the active cathode materials. a,b) Rietveld-refined XRD patterns of the BM-LBO and LBO-LRMO materials. c) HAADF-
STEM image for intertwined LBO-LRMO. d) Energy-dispersive spectroscopy (EDS) mappings of O, B, and Mn of LBO-LRMO. e) B1s XPS spectra for

LBO-LRMO materials after different etch time.

ball milling embeds nanoscale LBO into the interior of the
LRMO nanoparticles, forming an interwoven LRMO and LBO
structure and a large number of nanoscale interfaces. In addi-
tion, both mechanical forces and thermal diffusion drive solid-
state reactions between LBO and LRMO, resulting in the gra-
dient doping of B in the LRMO.*!l Amorphous LBO, being a
soft oxidel*"*?) and Li*-conductor,**34 facilitates the formation
of well-connected LRMO|LRMO and LRMO|SE interfaces and
therefore benefits the Li-ion transport at the working interfaces.
Therefore, the unique structure incorporates strongly covalent
B-O bonds and amorphous LBO frameworks, leading to a sta-
ble oxygen configuration and enhanced anionic redox kinetics of
LRMO.

X-ray diffraction (XRD) analysis along with Rietveld refine-
ment was conducted to characterize the crystal structure of the
BM-LRMO and LBO-LRMO. The XRD patterns for both LRMO
and LBO-LRMO are indexed to the layered a-NaFeO, structure,
which belongs to the R3m space group.!*! Weak superlattice re-
flection peaks corresponding to the Li,MnO, phase in the C2/m
space group are observed ranging from 20° to 25° (Figure S6,
Supporting Information). These indicate the LRMO phases are
well-preserved after treatment, while the LBO phase remains
amorphous.!! Figure 3a,b displays the Rietveld refinement of
the XRD patterns of the BM-LRMO and LBO-LRMO materials.
The calculated XRD patterns agree well with the experimental
data with reliability indexes (R,,) of 3.33% and 3.14% for the BM-
LRMO and LBO-LRMO, respectively. Low deviation again con-
firms the distribution of LBO in the form of amorphous after
ball-milling and annealing treatment. The refined cell parame-
ters and atomic positions based on XRD are present in Tables
S1 and S2 (Supporting Information). As shown in Table S2 (Sup-
porting Information), the atomic percentage of B** in the Li and
TM layers for the LiTMO, phase was determined to be 5.4% and
0%, respectively. For the Li,MnO, phase, the atomic percent-
age of B3* in the Li and TM layers was found to be 7.5% and
0%, respectively. Therefore, it can be confirmed that the doping
site of B** in LBO-LRMO is in the Li layers. More atomic-level
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structural details and chemical features are analyzed by using
high-angle annular dark-field scanning TEM (HAADEF-STEM)
techniques.

Magnified HAADF-STEM images in Figure 3c display an in-
tertwined atomic structure (layered and amorphous domains),
suggesting the nanoscale LRMO domains are surrounded by the
amorphous LBO domains. The lattice fringe corresponds to the
(003) planes of the layered structure, around which amorphous
LRMO and LBO are interspersed. To directly check the existence
of LBO, a high-resolution energy-dispersive spectroscopy (EDS)
mapping was utilized. As depicted in Figure 3d and Figures S7
and S8 (Supporting Information), the EDS mappings demon-
strate a homogeneous distribution of Mn, Co, Ni, O, and B within
the LBO-LRMO. In addition, the core-level XPS spectra were con-
ducted to accurately track the changes in their chemical environ-
ment. Through XPS depth analysis, the chemical environment of
the LBO and LRMO was examined, with Ar ion etching applied
to LBO-LRMO particles. As depicted in Figure 3e, the B-O-B sig-
nal located at 192.0 eV is observed in pure LBO and on the LBO-
LRMO surface, suggesting the presence of LBO at the surface of
LBO-LRMO particles. With etching from 0 to 20 s, a new TM-O-
B peak emerges at ~#191.1 eV, growing continuously from the sur-
face to the bulk, which demonstrates the B doping in LRMO.[36:37]
When the etching duration reaches 50 s, the TM—O-B peak ra-
tio remains similar to that observed at 20 s, signifying a uniform
doping distribution in the bulk lattice of nanoscale LRMO (Figure
S9, Supporting Information). After doping, as shown in Figure
S10 (Supporting Information), the valence of the Mn ions is re-
duced from the surface to the bulk, while no valence change in
Co and Ni is detected. The TOF-SIMS data show a precise overlap
between the BO™ and MnO~ signals, providing strong evidence
for the uniform distribution of B** within the LRMO bulk and
the formation of B-O bonds (Figure S11a,b, Supporting Informa-
tion). The BO~ signal, observed in close proximity to the MnO~
fragment, further indicates an interwoven structure between
the LBO and LRMO materials. High-resolution 3D depth profil-
ing (Figure S11c, Supporting Information) reveals a consistent
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Figure 4. The electrochemical performance. a) The initial galvanostatic charge/ discharge voltage curves of BM-LRMO and LBO-LRMO ASSBs. b) The
rate capability at various current densities. c) The cycling performance comparison of BM-LRMO and LBO-LRMO ASSBs at 0.2 C at 25 °C. d) The long-
term cycling of LBO-LRMO ASSB at the current density of 1.0 C. e) Comparison of the cycling performance between previously reported LRMO ASSBs

and the current study.[7815.16.39,40]

spatial distribution of BO~ and MnO~ species within the LBO-
LRMO matrix. The depth profiles shown in Figure S11d (Sup-
porting Information) demonstrate a regular distribution of BO~
and MnO~ fragments, extending to depths of ~500 nm, thus con-
firming the uniformity of B** throughout the material. All the
above characterizations confirm the successful construction of
the strong B-O bonds and high-efficiency ion pathways of amor-
phous LBO in cathodes.

In addition, in situ XRD measurements were conducted
to monitor the real-time evolution of the LBO-LRMO crystal
structure. The overall XRD patterns for the LBO-LRMO are
shown in Figure S12a,b (Supporting Information). The key
diffraction peaks, indexed as (003) and (101) are highlighted,
as depicted in Figure S12c¢,d (Supporting Information). The
peak corresponding interlayered spacing of (003) planes of
polycrystalline LRMO shifts 0.21. This is much higher than
the LBO-LRMO and previously reported value for the LRMO
cathodes.38! Moreover, the (101) peak for polycrystalline LRMO
has undergone a significant shift toward higher degrees (0.30°),
while there is only an extremely negligible deviation in the
(101) peak of LBO-LRMO (0.13°) during the charge process,
demonstrating the suppressed lattice variations of LBO-LRMO
materials.[2"]

2.3. Electrochemical Performance of LBO-LRMO Cathodes in
ASSBs
The BM-LRMO and LBO-LRMO cathode composites were pre-

pared by blending the cathode materials with commercial
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Li,InCl; SEs and carbon nanotubes. The ASSBs were assem-
bled by using PEEK cylinder solid cells, each containing a cath-
ode composite, a combination of Li;InCl, (LIC) and Li,PS;Cl
(LPSC) SEs, and a Li-In anode. The ionic conductivity of both
LIC and LPSC is 1.02 and 3.17 mS cm™, respectively (Figure
S13, Supporting Information). Amorphous LBO contributes to
the improved ionic conductivity of LBO-LRMO (~5.15 x 1077
mS cm™!) compared to BM-LRMO (x7.65 x 10® mS cm™!)
(Figure S14a,b, Supporting Information). Compared with the
BM-LRMO ASSBs, the initial discharge capacity and Coulombic
efficiency of LBO-LRMO are significantly improved after the syn-
chronous gradient B doping and the integration of amorphous
LBO. Figure 4a illustrates the initial charge/discharge voltage
profile of BM-LRMO and LBO-LRMO-based ASSBs operating at
a 0.1 C rate and a temperature of 25 + 2 °C. The BM-LRMO-
based ASSBs display a shortened charging plateau for anionic
redox reactions, indicating sluggish Li-ion transport and sup-
pressed anionic redox reactions in the Li,MnO, phase during the
first charge. This behavior is attributed to the high impedance
at the Li,MnO,/LIC interface.'?] In contrast, the LBO-LRMO
cathode exhibits a notably increased charging plateau for anionic
redox reactions, suggesting significantly accelerated anionic re-
dox kinetics after introducing the amorphous LBO networks. In
addition, the initial Coulombic efficiency (ICE) for LBO-LRMO
reaches 90%, substantially higher than that of the BM-LRMO
electrode (78%), indicating B doping can effectively stabilize the
oxygen configuration and improve the anionic redox reversibil-
ity. The rate capabilities for both BM-LRMO and LBO-LRMO are
exhibited in Figure 4b. The LBO-LRMO-based ASSBs delivers
a high initial discharge capacity of 231 mAh g=! at the current
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Figure 5. The interfacial kinetics analysis. a,b) The interfacial impedance change during the intial charge of the LBO-LRMO and BM-LRMO ASSBs
between 2.2 and 4.7 V versus Li/Li*. c,d) DRT profile transformation from GEIS of LBO-LRMO and BM-LRMO ASSBs, respectively.

density of 0.1C, whereas BM-LRMO-based ASSBs shows a much
lower capacity (148 mAh g'). As the current density increases
to 1.0 C, the LBO-LRMO still maintains a much higher spe-
cific capacity of 99 mAh g=! (~43% capacity retention) than that
of BM-LRMO (19 mAh g at 1.0 C, ~#13% capacity retention).
The enhanced rate capability of LBO-LRMO can be attributed
to the formation of the densely intertwined LRMO|LBO inter-
faces, where the amorphous LBO serves as the bridge to acceler-
ate the Li-ion transport across the interior phase and LRMO|SEs
interfaces.

The cycling performance of BM-LRMO and LBO-LRMO
cathodes is depicted in Figure 4c. The LBO-LRMO ASSB
demonstrates excellent stability, with only minor capacity decay,
retaining 91.6% capacity over 300 cycles at 0.2 C. In contrast, the
BM-LRMO ASSB experiences rapid capacity fade, with ~80%
capacity retention over 109 cycles, which is due to severe oxygen
loss and interfacial degradation between the LBO-LRMO and
SE. Impressively, when subjected to prolonged cycling at 1.0
C (Figure 4d), the LBO-LRMO ASSB maintains 80.4% capacity
after 2000 cycles. This performance substantially exceeds that
of previously reported LRMO-based ASSBs (Table S3, Support-
ing Information), including Li- and Mn-rich cathodes, 1539401
Li;PO,-coated LRMO,!"°! the sulfidation of Ruthenium-doped
LRMO,[”] and sulfite-modified LRMO.®] Additionally, voltage de-
cay, a critical issue that limits the industrial application of LRMO
cathodes, is significantly suppressed in ASSBs utilizing the LBO-
LRMO cathode composites. As shown in Figure S15 (Supporting
Information), the voltage decay rate is ~0.22 mV/cycle, which
is better than that of reported Li-rich cathode materials,[38+1-43]
indicating  the stabilized oxygen configuration in
LBO-LRMO.
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2.4. Improved Anionic Redox Kinetics and Reversibility

Assessing interfacial kinetics and stability is crucial for under-
standing the behavior of anionic redox in ASSBs. Interfacial ki-
netics can be evaluated by the electrochemical impedance spec-
troscopy (EIS) measurements in combination with distribution
of relaxation time (DRT) analysis. The EIS analysis was con-
ducted over a frequency range from 0.01 Hz to 1.00 MHz, uti-
lizing a 5 mV amplitude on a Solartron EnergyLab XM work-
station. Figure 5a,b illustrates the impedance progression of the
LBO-LRMO and BM-LRMO ASSBs at various cutoff voltages. It
has been reported that compared to the charge-transfer resistance
(R;) through anode/SSE (R,4e(se), the cathode|SE interfacial re-
sistance (Rqypodejse) dominates the whole resistance evolution.!®!
Consequently, the significant increase in the charge transfer re-
sistance observed as the voltage increases from the open-circuit
voltage (OCV) to 4.7 V versus Li/Li* is primarily attributed to
the working cathode|SE interfaces. Notably, such a significant
increase of R, predominantly occurring above 4.3 V, is associ-
ated with the anionic redox process,[* indicating the sluggish Li-
ion transport kinetics between the Li,MnO, and SEs within BM-
LRMO ASSBs. In stark contrast, the LBO-LRMO ASSB, as shown
in Figure 5b, displays a considerably smaller variation in R, even
above 4.3 V. This implies the significantly reduced impedance be-
tween the Li,MnO, and SEs, and improved anionic redox kinetics
within LBO-LRMO ASSBs.

In addition, DRT technology is also used to decouple
the resistance evolution in cathode composites during the
charge/discharge process. The relaxation time 7 in the DRT pro-
files represents the specific electrochemical process. According
to the different relaxation times of each electrochemical process,

© 2024 Wiley-VCH GmbH

85U8017 SuoWILLOD aAIE81D) 8|qeot|dde ay) Aq peusenob ae sejolie YO ‘85N JO S3|Nn 10} ARIq1T 8UIUO A8]IAA UO (SUONIPUOD-PUE-SULBIW0D" A8 1M Afeq| 18Ul JUO//:SdnL) SUORIPUOD pue sWis 1 841 88S *[5202/0T/02] Uo Ariqiauliuo Ajim ‘Ariqi Aseaunenybus L Aq SeTHTHZ02ewpe/z00T 0T/10p/uoo" A3 (1M ARIq1 pul|uo’peoueApe//sdny wo.y papeojumod ‘9 ‘620z ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

[\
o

www.advmat.de

(¢}

In 3d In 3d

Intensity (a.u.)
Intensity (a.u.)

Uncharged ICharged 4.7

In 3d

300 cycles \

Intensity (a.u.)

440 445 450 455 440 445
Binding energy (eV)

0

umO umO

Binding energy (eV)

450 455 440 445 450 455
Binding energy (eV)

102 e-----—— - S i S I SR S S S i -

Figure 6. The interfacial chemical evolution analysis. a,b) In 3d XPS spectra for the LBO-LRMO collected at uncharged and charged (4.7 V vs Li/Li*). ¢)
In 3d XPS spectra for the LBO-LRMO collected after 300 cycles. d,e) Time-of-flight secondary ion mass spectrometry (TOF-SIMS) images of CIO~ and
InO~ species in cycled BM-LRMO cathode composites (300th cycles). The color bar exhibits the intensity of the ion fragment signals. f) TOF-SIMS 3D
images of the InO~ and CIO™ species in cycled BM-LRMO. g,h) TOF-SIMS images of CIO~ and InO~ species in cycled LBO-LRMO cathode composites
(300th cycles). i) TOF-SIMS 3D images of the InO~ and CIO~ species in cycled LBO-LRMO cathode composites.

three main regions can be distinguished in DRT plots, includ-
ing CEI/SEI, charge transfer, and diffusion (Figure 5c,d).[*#%] It
is apparent that the R, increases sharply at the BM-LMRO|SE
interface (Figure 5d) over 4.3 V, especially for the 7 at #107! s,
which represents the response of the Li,MnO,|SE interface. Such
high interfacial impedance over 4.3 V severely hinders the an-
ionic redox process consistent with the charge/discharge results.
In contrast, the LBO-LMROISE interface maintains a low resis-
tance value (R, 7 from 1073~1 ) even at the high voltage of 4.7 V,
indicating the fast Li-ion transport kinetics after introducing B—
O bonds and ionic networks in LRMO cathodes.®#¢] During the
discharging process (Figure S16, Supporting Information), the
interface in BM-LRMO cathode composites still maintains rela-
tively higher resistance than that in LBO-LRMO cathode compos-
ites, further verifying the significant influence of the nanoscale
LBO composites on the interfacial kinetics and stability. To fur-
ther quantify the chemical diffusion coefficient of lithium (D,;,)
of the electrode, GITTs were employed in both BM-LRMO and
LBO-LRMO electrodes during the charging process. As shown
in Figure S17 (Supporting Information), the D;, values for LBO-
LRMO and BM-LRMO are comparable below 4.3 V, ranging from
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107 to 107! cm? s~!. However, once the voltage exceeds 4.3 V,
the D, for LBO-LRMO (ranging from 1071 to 10712 cm? s71) is
one to two orders of magnitude higher than that of BM-LRMO
(ranging from10~'! to 107 cm? s71).

In order to demonstrate the interfacial compatibility between
the cathode and SE, ex situ XPS was carried out to monitor the in-
terfacial chemical evolution. Figure 6a—c displays the XPS spectra
of In 3d for the cycled LBO-LRMO composite cathode at differ-
ent states. When the LBO-LRMO composite cathode is charged
to 4.7 V (Figure 6a,b), no new peak indicative of indium-based ox-
ides is observed.*’] Even after 300 cycles, the O-involving degra-
dation of LIC is not aggravated (Figure 6c), demonstrating the
outstanding reversibility of anionic redox reactions after the B—O
bond introduction.!*8] In addition to the XPS analyses, TOF-SIMS
measurements are performed to obtain further information on
the anionic redox reversibility. The cycled BM-LRMO compos-
ite cathode was compared to the LBO-LRMO composite cath-
ode (Figure S18, Supporting Information), both of which were
prepared in the same way after 300 cycles. The color bar ex-
hibits the intensity of the ion fragment signals.[**5) The high sig-
nals of InO~ and ClO~ fragments are evidence of the interfacial
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O-involving degradation, which derives from the anionic redox
irreversibility of LRMO and the subsequently caused oxidation
of halide SEs. As shown in Figure 6d,e, the InO~ and ClO~ frag-
ments collected from cycled BM-LRMO composite cathode dis-
play strong intensity, revealing the continuously growing degra-
dation layers during the cycling. 3D reconstructions (Figure 6f;
Figure S19, Supporting Information) further confirm the gen-
eration of abundant InO~ and ClO~, which are uniformly dis-
tributed throughout the cycled BM-LRMO cathode composites.
In sharp contrast, the LBO-LRMO cathodes with highly reversible
anionic reactions exhibit slightly increased signal intensities of
InO~ and ClO~ fragments even after 300 cycles (Figure 6g,h),
demonstrating the highly stable oxygen configuration after intro-
ducing B-O bonds. 3D reconstructions (Figure 6i; Figure S20,
Supporting Information) also confirm the homogeneous doping
of B3* in the bulk and the low-intensity InO~ and ClO~ fragments
in the cycled LBO-LRMO cathode composites.

The morphological evolution of the BM-LRMO and LBO-
LRMO composite interfaces after 300 cycles was examined by
SEM and corresponding EDS (Figures S21 and S22, Supporting
Information). Figure S21 (Supporting Information) reveals that
cathode materials are surrounded by a matrix consisting of LIC
and carbon nanotubes in cycled BM-LRMO and LBO-LRMO cath-
ode composites. Cracking is observed in the cycled BM-LRMO
cathode composite, whereas no significant cracks are formed
in the LBO-LRMO cathode composite after 300 cycles. This im-
provement is attributed to the reduced lattice deformation and
the stabilizing effect of the well-connected soft LBO networks. As
shown in the cross-section SEM image of the ASSBs (Figure S22,
Supporting Information), owing to the LIC SE affords close con-
tact with the cycled LBO-LRMO electrode, guaranteeing efficient
charge transfer at the interface with low interfacial impedance.

3. Conclusion

The anionic redox activity and reversibility of LBO-LRMO in
ASSBs were significantly enhanced through the one-step inte-
gration of 3D Li-ion networks and B-doping within the LRMO
cathode materials. Theoretical calculations, coupled with multi-
scale in situ and ex situ experimental characterizations, have elu-
cidated a marked improvement in anionic redox reactions. This
enhancement is attributed to two synergistic factors: 1) the in-
corporation of heterogenous B3* cations into LRMO effectively
reduces the bond length of TM-O covalence and therefore sup-
presses lattice oxygen escape; 2) the embedded 3D LBO ionic net-
works in LRMO serve as a bridge to accelerate the Li-ion transport
between the Li,MnO, phase and SE interface, therefore stimu-
lating the anionic redox reactions. Consequently, the as-prepared
LBO-LRMO cathode retains 80.4% of its initial discharge capacity
after 2000 cycles at a current density of 1.0 C, outperforming pre-
viously reported LRMO-based ASSBs. Our discovery presents an
effective strategy for the rational design of cathodes that promote
high-efficiency cationic and anionic redox reactions, leading to
ASSBs with superior cycle life and energy density.

4. Experimental Section

Materials Synthesis: ~ Synthesis of BM-LRMO and LBO-LRMO Materials:
Pristine LRMO was fabricated by coprecipitation as reported previously.[>']
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The pristine LRMO were added into a zirconia pot with a powder—to—ball
mass ratio of 1:20. The milling process was carried out in a planetary ap-
paratus (MITR, QM-QX-0.4 L) at 500 rpm for 60 h in Ar atmosphere to
achieve BM-LRMO. Furthermore, 20% LBO were mixed with 80% pristine
LRMO by the high-energy mechanical milling. The as-obtained sample was
further annealed at 400 °C for 4 h to prepare LBO-LRMO cathodes.l3"]

Material Characterization: ~Scanning electron microscopy (SEM) with
a JSM 7401F was utilized to examine the morphology and cross-sections
of the materials. The structure of the cathode materials was determined
using X-ray diffraction (XRD) on a Bruker D8 diffractometer, with sub-
sequent Rietveld refinement performed using GSAS Il software. Sur-
face and interface chemistry were analyzed by X-ray photoelectron spec-
troscopy (XPS) with an Al K, source on a Kratos Analytical Axis Supra+
and time-of-flight secondary ion mass spectrometry (TOF-SIMS) on an
ION-TOF GmbH 5-100, respectively. The atomic structure characteriza-
tion was conducted using aberration-corrected scanning transmission
electron microscopy on a FEI Titan Cubed Themis G2 300 operated at
300 kVv.

Electrochemical Measurements: Both LIC Sand LPSC SEs were pro-
vided by Nanjing Suzhan Intelligent Technology Co., Ltd. The solid battery
molds were purchased from Nanjing Jincaixin Technology Co., Ltd. The
ASSBs employing the BM-LRMO and LBO-LRMO in combination with the
LIC SE and the In/InLi anode were assembled in the glovebox. The mass
loading of the active materials is 4.2 mg cm~2. The LPSC with high stability
with the anode was added between the anode and LIC to inhibit the side
reactions. First, 40 mg LPSC was added into the solid battery molds and
pressed at 360 MPa for 2 min. Then 40 mg of LIC was pressed on the LPSC
thin film with the same condition. The cathode composite was prepared
by blending cathodes with carbon nanotubes and LIC SEs with a weight
ratio of 60:5:40 and was pressed at 360 MPa for 3 min. Following, an In
foil (0.10 mm thickness, 10 mm diameter) was pressed on the other side
and then a thin Li foil (0.03 mm thickness, 10 mm diameter) was pressed
on the In foil. Finally, this ASSB cell was fixed into a stainless-steel plate
casing with a stack pressure of 20 MPa.

The Galvanostatic charge/discharge of the ASSB was operated ranging
from 2.2 to 4.7 V versus Li/Li* at different rates using Land battery test
system (Wuhan Land Electronic Co. Ltd., China). The Solartron Energy
Lab XM is used to collect the in situ EIS spectra. The frequency ranges
from 1 MHz to 0.01 Hz and the amplitude is 10 mV. The repetitive GEIS
measurements are conducted during the charging and discharging pro-
cess after an equal interval time of 0.5 h. In addition, the DRT analyses
are transited by the MATLAB GUI toolbox that was developed by Ciucci’s
research team.[52] The chemical diffusion is characterized by the GITT, in
which the relaxations in cathode materials originate from the Lit* diffusion.
The diffusion coefficient is calculated by the following Equations (1) and

)

2 2

4 nyV, 2 AE
D = — 1
o= 27 (75 () )

12
T

@)

GITT

where 7 represents relaxation time, n,, is the mole value, V,, represents
the mole volume, S represents the contact area of cathode/SE, AEs repre-
sents the voltage response under the pulse current, and AEt is the voltage
change through the galvanostatic discharge.

Density Functional Theory Calculation:  Density functional theory (DFT)
calculations were performed to reveal the stabilization mechanism of lay-
ered Li,MnO; induced by the pinning effect using the Vienna ab ini-
tio Simulation Package (VASP). The projector-augmented wave (PAW)
method was used to describe the ion-electron interactions. Perdew—
Burke—Ernzerhof (PBE) version of generalized gradient approximation
(GGA) was adopted for the exchange-correlation energy. A kinetic energy
cutoff of 520 eV was used for the plane wave expansion of the valence elec-
tron wave functions. A dense I'-centered Monkhorst-Pack k-point mesh
with a sampling density of 0.04 A=T, 107¢ eV/cell in total energy, and
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1072 eV A~1 in force was adopted for the convergence criterion during
structural optimization. Because of the layered structure, van der Waals
(vdW) density functional of optB86b-vdW functional was performed dur-
ing structural optimization. Considering the strong electron correction ef-
fect in transition-metal oxides, electronic structure calculations were per-
formed by a GGA plus Hubbard U (GGA + U). A U value of 4.5 eV was
set for the d electrons in Mn atoms. A Li,MnO5(010) surface model was
constructed based on the experimental XRD data. A vacuum layer of 15
A was set to avoid the artificial interlayer interaction due to the periodic
boundary condition.

Supporting Information

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