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Abstract: Solid-state batteries (SSBs) based on Li-rich Mn-based
oxide (LRMO) cathodes attract much attention because of their high
energy density as well as high safety. But their development was
seriously hindered by the interfacial instability and inferior
electrochemical performance. Herein, we design a three-dimensional
foam-structured GaN-Li composite anode and successfully construct
a high-performance SSB based on Co-free Lis 2Nig2Mno O, cathode
and LigsLasZrisTagsO1, (LLZTO) solid electrolyte. The interfacial
resistance is considerably reduced to only 1.53 Q cm? and the
assembled Li symmetric cell is stably cycled more than 10,000 h at
0.1-0.2 mA cm. The full battery shows a high initial capacity of 245
mAh g at 0.1C and does not show any capacity degradation after
200 cycles at 0.2C (~100%). The voltage decay is well suppressed
and it is significantly decreased from 2.96 mV/cycle to only 0.66
mV/cycle. The SSB also shows a very high rate capability (~170mAh
g at 1C) comparable to a liquid electrolyte-based battery. Moreover,
the oxygen anion redox (OAR) reversibility of LRMO in SSB is much
higher than that in liquid electrolyte-based cells. This study offers a
distinct strategy for constructing high-performance LRMO-based
SSBs and sheds light on the development and application of high-
energy density SSBs.

Introduction

High-energy-density lithium-ion batteries (LIB) can greatly
improve the alleviation of mileage anxiety in electric vehicles and
promote the rapid development of portable electronics and energy
storage power stations. '8l However, traditional lithium-ion
cathode materials, whether it is layered structure (LiCoO;,
LiNixCoyMn1x., Oz, LiIMNOy), olivine structure (LiFePOs) or spinel
structure (LiMn20,), its specific capacity has reached a bottleneck
and is difficult to break through (its specific capacity is lower than
200 mAh g"). #7 Therefore, the development of new high-energy
cathode materials has become very urgent. Lithium-rich Mn-
based oxide (LRMO) cathode materials have been widely
investigated as the next generation of cathode materials due to
their ultra-high specific capacity (>300 mAh g™') and high energy
density (~1000 Wh kg'). 1 But the critical issues such as
irreversible lattice oxygen loss (oxygen gas release), voltage
decay and rapid capacity decay accompanying the cycling
process have seriously hindered the practical application of
LRMO cathode materials. 1%

The liquid electrolyte (LE) is known as the blood of the LIB, and
its impact on battery performance cannot be overstated. However,
organic solvents in LE are one of the major causes of fire and
explosion in LIB, which has a huge impact on the security of LIB.
[11.12 _LRMO cathodes with high voltage and high specific energy
characteristics, on the other hand, put forward higher
requirements for LE. Lattice oxygen released from the LRMO
cathode under high pressure will lead to the decomposition of the
LE, and the decomposed LE will seriously corrode LRMO cathode
and lead to the dissolution of transition metals (TM). ['3'4] This is
one of the major reasons for the poor cycling performance and
fast voltage decay of the LRMO cathode. ['*'7] Therefore, the use
of solid electrolytes (SE) with LRMO cathode is one of the best
choices to solve critical issues. But the unique oxygen anion redox

(OAR) and the high operating voltage (4.8V) of LRMO cathode,
and the critical issues such as oxygen release, irreversible phase
transition and increased interfacial resistance seriously restrict
their application in solid-state batteries (SSB). To the best of our
knowledge, there are only a few reports on the evaluation of
LRMO cathode materials in SSB. ['®201 Pan et al. used LigPSsCl
(LPSCI) SE to evaluate the composite cathode of LRMO/LiNiO-,
which achieved 85% capacity retention at 0.1C for 100 cycles. ¥
Zhang et al. used 20% Li;SO4 mixed with LRMO cathode,
followed by LisInClssF12 SE to evaluate the performance of the
battery, and its capacity retention rate could reach 80.1% after
100 cycles at 0.2C. ' Recently, Sun et al. assembled an SSB
using LRMO cathode with a surface-deposited LisPO. layer and
LisInCls SE, and its capacity retention could be improved to 87.9%
after 100 cycles at 0.2C. ['® These pioneer studies have shown
the great potential of LRMO-based SSB. But the rate capability is
quite low and the specific capacity at a high current density of 1C
is only around 120-130 mAh g due to the interfacial instability
[19.201 Moreover, it is well known that voltage decay is one of the
most critical issues for Li-rich oxide cathodes, and it is quite
important to know the voltage behavior of Li-rich oxide cathodes
in SSBs. But the voltage behaviors of LRMO-based SSBs have
not been reported in the previous few studies. ['®2% |n addition to
the voltage behaviors, the OAR characteristics of LRMO, which
have a decisive role in the electrochemical performances in LE-
based cells, are also far less known in LRMO-based SSBs.
Therefore, how to enhance the long-term cycling stability, the rate
capability and the voltage retention remains a highly challenging
issue for LRMO-based SSBs.

Garnet-type SE LissLasZrisTagsO12 (LLZTO) has high Li*
conductivity and a wide electrochemical window,?" which can be
an ideal SE used to evaluate LRMO in SSB. But the huge
Li|LLZTO interfacial resistance and the Li dendrite concerns
hinder the use of LLZTO in LRMO-based SSB. ?? To solve these
issues, in this work, we design a three-dimensional (3D) foam-
structured GaN-Li composite anode and successfully construct a
high-performance SSB based on LLZTO SE and Co-free LRMO
cathode (unmodified bare Lii2Nig2MngeO2). The interfacial
resistance was considerably reduced to only 1.53 Q cm?. The
assembled Li symmetric cell can be stably cycled for more than
10,000 h at 0.1-0.2 mA cm. Even at an ultra-high area-specific
capacity (2.5 mAh cm™), it can still be stably cycled for more than
1500h without Li dendrite growth, demonstrating extremely
superior interfacial stability. As far as we know, 1500h is also the
longest time that a garnet-based SE can be cycled at such a high
area-specific capacity. More impressively, the SSBs show a high
initial capacity of 245 mAh g at 0.1C and does not show any
capacity degradation after 200 cycles at 0.2C (~100%) . In
comparison to LE-based cells (the voltage decay is about 2.96
mV/cycle) the LRMO-based SSB only shows an average voltage
decay of 0.66 mV/cycle. At the same time, its discharge-specific
capacity under 1C can reach 170mAh g showing outstanding
rate performance, which is also comparable to a LE-based battery.
Moreover, we for the first time, comprehensively explore the OAR
of LRMO in SSB using resonant inelastic X-ray scattering (RIXS)
and the results indicate that the OAR of LRMO in SSB shows a
much higher reversibility than that in LE-based cells. This study



reports the high-performance SSB based on Co-free LRMO
cathode and LLZTO SE in terms of high capacity retention, high
voltage stability and high rate capability showing a great
practicability of LLZTO in LRMO-based SSB but also presents
some new insights on the OAR of LRMO in SSB. This study
should accelerate the development and application of LRMO-
based high-energy density SSB.

Results and Discussion

As previously reported, #¥1 LLZTO was prepared by a high-
temperature solid-phase method. The X-ray diffraction (XRD)
patterns of LLZTO show a pure cubic garnet phase (PDF#45-
0109) and no impurity phases are formed (Figure S1). Scanning
electron microscopy (SEM) of the LLZTO cross-section shows
tightly arranged grains without cavities (Figure S2). The Li*
conductivity of the LLZTO was measured by electrochemical
impedance spectroscopy (EIS) to reach 8.4x10* S cm™' (Figure
S3). In a glove box, the Li foil is heated to 250°C to obtain molten
Li, after which GaN powders of different mass fractions are added
to the molten Li and mixed well to obtain the LGNx(x=1~10) and
3D-FLGNx(x=15~30) composite.

XRD and X-ray photoelectron spectroscopy (XPS) for the
analysis of the phase structure of GaN after reaction with molten
Li. Diffraction peaks of Ga metal, LisN, LixGa and LizGaN; can be
detected in the 3D-FLGN15 composite (Figure S4a), implying that
GaN reacted with molten Li most likely to produce the above
substances. To further investigate the fundamental process of
GaN reaction with molten Li, density functional theory (DFT)
calculations based on thermodynamic analysis are used. The
results of the ternary phase diagram of the Li-Ga-N system
(Figure S4b), which lists all possible reaction equations (Table S1),
indicate that LisN, LisGaN» and LixGa are unstable within the 3D-
FLGN15 composite. Therefore, the proposed reaction Li + GaN
— LisN + LisGaN; + LixGa is consistent with the thermodynamic
tendency. As shown in Figure S4c, the high-resolution XPS
spectrum of Li 1s in the 3D-FLGN15 composite can be
deconvoluted into four peaks at 54.8,55.2,56.0 and 55.8 eV,
attributed to Li metal, LixGa, Li3N, and Li;GaN, respectively. 2421
The N 1s spectrum (Figure S4g) can be deconvoluted into three
peaks 397,397.7 and 398.5 eV that can be assigned to LizGaNy,
GaN and Li3N, respectively. 2830 |n addition, the Ga 3d spectrum
(Figure S4f) can be fitted to four peaks concentrated at 18.5, 19.1,
20 and 20.6 eV, corresponding to Ga metal, LixGa, GaN and
LisGaN_, respectively. 2831-33 The above analysis shows that Li
metal, Ga metal, LisN, GaN, LixGa and LizGaN; are co-existing in
the 3D-FLGN15 composite. In addition, time-of-flight secondary-
ion mass spectroscopy (TOF-SIMS) shows that GaN-, LiN- and
LiGaNs™ signals (from GaN, LisN and LisGaN,, respectively) are
uniformly distributed inside the 3D-FLGN15 composite (Figure
S4h), a result that is consistent with XPS. At high current densities,
the Li at the Li|LLZTO interface is heavily stripped resulting in a
large number of voids and uneven Li deposition at the interface.
231 Li3N has a very high Li* conductivity close to 10° S cm™ at
room temperature (RT), which improves the physical contact

between the garnet and the Li metal and prevents the garnet from
being reduced to Li metal. B4 These properties of LizN greatly
improve the transport of Li* across the Li|LLZTO interface. Even
at high current densities, the high Li* conductivity of LisN allows Li
to be transported from within the bulk phase to the interface, %
thereby avoiding the formation of voids at the interface and the
occurrence of Li inhomogeneous deposition, inhibiting the growth
of Li dendrites. In addition, the LixGa alloy has a very high
chemical Li diffusion coefficient (Dy;) of about 10 - 106 cm? ™' at
RT. B A high diffusion coefficient increases the Li diffusion flux at
the interface, reduces the Li nucleation overpotential and induces
uniform Li deposition, achieving uniform Li* transport and a Li
dendrite-free interface.

Figure 1. 3D-FLGN15 composites morphology and interfacial wettability
analysis. (a-d) SEM and EDX images of cross-sections at different
magnifications. (e-g) Li[LLZTO interfaces at different magnifications and CA. (h-
j) 3D-FLGN15|LLZTO interfaces at different magnifications and CA. (k) EDX

images of 3D-FLGN15|LLZTO interfaces.

The morphology and elemental distribution of the cross-
sections of the LGNx (x=1~30) composites were characterized by
SEM coupled with an energy-dispersive X-ray detector (EDX). As
shown in Figure S5, with the gradual increase of GaN content, the
cross-section of LGNy composites transforms from a flat dense
structure to a 3D foam structure (Figure S5a-c), and a complete
3D macroporous foam structure is formed at a content of 15% with
N and Ga elements uniformly embedded in bulk Li matrix (Figure
1a-d). The 3D macroporous foam structure provides a larger
electroactive specific surface area and enhanced diffusion of Li*
inside the electrode, which is essential to enhance Li* migration
at the Li|LLZTO interface and reduce charge carrier impedance.
161 More importantly, the high specific surface area can effectively



suppress local current concentration, induce homogeneous
deposition of Li* during the Li plating/stripping process and inhibit
the growth of Li dendrites.®”! Interestingly, as the GaN content
increases to 20% (Figure S5e), the cross-section maintains the
3D foam structure as it is contained, but the size of the 3D foam
structure decreases dramatically and the 3D foam structure
begins to collapse as the GaN content increases to 30%(Figure
S5f). The contact angle (CA) is one of the most important
indicators of the wettability of a Li anode to an SE and for this
purpose the contact angle between pure Li|lLLZTO and LGNx
(x=1~30)|LLZTO was tested. As shown in Figure 1e-g, there is a
huge void at the LilLLZTO and the CA reaches 120°. In sharp
contrast, the CA of LGNx (x=1~30)|LLZTO is very small (Figure
S6). Surprisingly, the CA of 3D-FLGN15|LLZTO is only 18° and
the interfacial contact is tight (Figure 1h-j), and the same result is
also verified in the EDS mapping (Figure 1k). In addition, the
results of DFT calculations show that both Li metal and LizGaN,
can essentially wet LLZTO (Figure S7a, S7f). It is of interest that
Ga|LLZTO, GaN|LLZTO, LiGa|LLZTO and Li3N|LLZO have more
negative interfacial formation energies (-1.97 J m?, -1.94 J m?, -
2.16 J m? and -2.46 J m* respectively), suggesting that GaN
powder and the resulting products Ga, LiGa alloy and LisN from
the reaction between GaN and molten Li can all improve the
chemical contact between Li and LLZTO (Figure S7 b-e and g).

The area-specific resistance (ASR) of Li symmetric half-cells
with LGNx(x=1~30) anodes was tested using electrochemical
impedance spectroscopy (EIS). As shown in Figure S8b, the
Li|LLZTOILi symmetric half-cell composed of pure Li has a very
high interfacial resistance due to the generation of lithiophobic
Li,CO3; on the LLZTO surface, the results are consistent with
those reported in the literature. 283 In striking contrast, the
addition of different proportions of GaN to the molten Li results in
a significant reduction in ASR (Figure S8b). The reduction in
interfacial resistance is due to the very good wetting of the LLZTO
by the LGNx(x=1~30) composite anode, which allows close
contact between LGNx(x=1~30) and LLZTO and greatly
eliminates the current contraction effect caused by interfacial
voids. 2 Notably, the ASR of 3D-FLGN15|LLZTO|3D-FLGN15
was only 1.53 Q cm? (Figure S8c, the equivalent circuit is shown
in Figure S8a) and also compared favorably with other ASRs
reported in the literature (Figure S8d and Table S2). In addition,
3D-FLGN15|LLZTO|3D-FLGN15 has very low activation energy
(Ea), suggesting that the unique 3D macroporous foam structure
contributes to the improved transport kinetics of Li* at the interface
(Figure S8e). A Li symmetric half-cell was used to evaluate the
critical current density (CCD) and a step-increase in constant
current method (fixed 0.5h Li plating and 0.5h stripping) was used
to test the CCD. Due to the huge interfacial impedance,
LilLLZTO|Li short-circuits at a current density of 0.1 mA cm?
(Figure S9). In contrast, the CCDs of LGNx(x=1~30) anodes are
all substantially higher (Figure S8f-k) and 3D-FLGN15 can reach
1.4 mA cm? (Figure S8l). The 3D-FLGN15|LLZTO|3D-FLGN15
symmetrical half-cell has a high CCD due to several factors.
Firstly, LisN and LiGa alloys are uniformly dispersed in the 3D-
FLGN15 composite anode. The high Li* conductivity of LisN
inhibits the reduction of garnet to Li metal and improves the

transport of Li* at the 3D-FLGN15|LLZTO interface, thus avoiding
the occurrence of uneven Li deposition at the interface. Secondly,
there is also a LiGa alloy layer with a high diffusion coefficient
inside the 3D-FLGN15 composite anode, which greatly increases
the diffusion flux of Li* at the interface and improves its energy to
inhibit Li dendrites. Thirdly, the 3D-FLGN15 composite anode has
very good wettability for LLZTO, which greatly reduces the
resistance to Li* transport at the interface. Remarkably, the CCD
of LGNx(x=1~10) anodes with dense structure is almost always
lower than that of 3D-FLGNx(x=15~30) anodes with 3D foam
structure, and 3D-FLGN15 anodes with 3D macroporous foam
structure have the largest CCD, indicating that 3D foam structure
anodes can improve the CCD of Li-symmetric half-cells. The 3D
foam structure of 3D-FLGN15 facilitates uniform electric field
distribution, reduces local currents and directs the uniform

deposition of Li* to achieve the goal of inhibiting Li dendrite growth.
[40,41]

To further understand the evolution of the interface resistance
over time during cycling continuous unidirectional galvanostatic
electrochemical impedance spectroscopy (GEIS) of Li
symmetrical half-cells was carried out at 0.2 mA cm? current
density (Figure S10a-c). Due to the very poor wettability of pure
Li with LLZTO, the Li|LLZTO|Li symmetric half-cell has an
interfacial resistance as high as 13959.33 Q cm? just before
cycling, which increases with Li stripping and terminates the cycle
after 2h of Li stripping due to an overpotential exceeding the
maximum voltage set by the test (Figure S10a and Figure S11).
Under the same conditions, both LGN1|LLZTO|LGN1 and 3D-
FLGN15|LLZTO|3D-FLGN15 symmetric half-cells showed a
significant improvement in Li stripping performance. The
interfacial resistance of the LGN1|LLZTO|LGN1 symmetric half-
cell is below 30 Q cm? for the first 7h of the cycle and suddenly
increases to 572.31 Q cm? at 8h (Figure S10d). The polarization
voltage profiles show a sharp increase in polarization voltage due
to a sharp increase in interfacial resistance and consequent
termination of the test (Figure S12). Interestingly, the depth of
discharge that the 3D-FLGN15|LLZTO|3D-FLGN15 symmetric
half-cell can accommodate is further increased as the composite
anode structure becomes a 3D foam structure. The 3D-
FLGN15|LLZTO|3D-FLGN15 symmetrical half-cell can be stably
Li stripping for more than 15h with an interface resistance below
20 Q cm? and a very low polarization voltage (Figure S10d and
Figure S13), demonstrating superior interfacial stability and the
ability to accommodate deeper depths of discharge.

The distribution of relaxation time (DRT) technique is commonly
used for profound analysis of EIS profiles, therefore, the DRT
technique is used in this work for further analysis of GEIS results.
The DRT schematic (Figure S14) shows that the whole EIS
spectra will be converted as a relaxation-based function y(t). The
peaks corresponding to the relaxation times represent the
relevant electrochemical processes and the peak areas are
consistent with the impedance values. *' Where the peak
appearing at T < 1.6x107 s comes from the impedance of the
grains boundary (Rg) of LLZTO. ¥2 The response of the anode
charge transfer process then appears in the range 1.6x10
3~1.6x102s. 3 Of interest is that the response of the interfacial



Li* transport process appears in the range of 10'~10 s. ¥4 As
shown in Figure S10e, all DRT peaks for the LGN1|LLZTO|LGN1
symmetric half-cell increase progressively with the Li stripping
process and fail when the Li stripping capacity exceeds 1.4
mA-hour cm?. In contrast, the 3D-FLGN15|LLZTO|3D-FLGN15
symmetrical half-cell can have a Li stripping capacity of 3.0
mA-hour cm™ (Figure S10f). It means that the 3D foam structure
of the composite Li anode maintains interfacial contact and avoids
contact loss due to the accumulation of voids. From the base
equation R=pL/S (where p is resistivity, L is length, and S is area),
a reduction in the active area of the anode during Li stripping will
result in a proportional increase in the total impedance. Due to the
very large specific surface area of the 3D foam structure of the
3D-FLGN15 composite anode and the closer contact with the
LLZTO (with a smaller contact angle), it has a larger active area
at the interface. This significantly reduces the interfacial contact
loss between 3D-FLGN15|LLZTO, improves the Li* transport path
at the interface and improves interfacial stability.

The Li* diffusion coefficient (D.i+) obtained by fitting the low-
frequency region of the Nyquist plots is often used as a measure
of the electrochemical kinetics of Li* transport at the interface. (43!
As shown in Figure S10g, the D-value of the LGN1 composite
anode is three orders of magnitude higher than that of pure Li due
to the fast ionic conductivity of the LiF, Li-Ga alloy and LizGaN,
components effectively improving the electrochemical kinetics of
ion transport at the interface. Interestingly, the D-value of 3D-
FLGN15 with its 3D foam structure is two orders of magnitude
higher than that of LGN 1. This is mainly because 3D-FLGN15 with
a 3D foam structure has more active sites, which greatly
enhances the electrochemical kinetics of the rapid diffusion of Li*
at the interface. To further investigate the electrochemical
processes at the interface, Tafel plots were fitted in the high
overpotential region to obtain the exchange current density (j) of
the symmetric half-cell at the interface. The 3D-
FLGN15|LLZTO|3D-FLGN15 symmetric half-cell has an
exchange current density of 7.869 mA cm? (Figure S10h), which
is much higher than Li|LLZTO|Li and LGN1|LLZTO|LGN1
(4.051x10* and 0.37 mA cm™ respectively), implying that the 3D-
FLGN15|LLZTO interface is a faster ion transfer kinetic.

The long-term Li plating/stripping reversibility was analyzed
using asymmetric Li-Al cells. As shown in Figure S15, with a fixed
deposition capacity of 0.2 mAh cm? and a constant current
density of 0.2 mA cm?, the Li|LLZTOJAI cell has a rapidly
decaying and fluctuating voltage during the first cycle, when the
electrode interface fails. However, LGN1 as an anode has led to
a significant improvement in Li plating/stripping reversibility and
can be stably cycled over 280 times with an average Coulomb
efficiency (CE) of 95.0% (Figure S10i). At the same time, the
LGN1|LLZTOJAI cell failed due to a sudden drop and fluctuation
in voltage during the 281th cycle (Figure S16), which was due to
an internal short circuit formed during the uncontrolled growth of
the Li dendrites. (461 Surprisingly, 3D-FLGN15|LLZTO|Al cells can
achieve an average CE of 97.2% in the first 280 cycles and
maintain an average CE of 96.6% even after 450 cycles (Figure
S10i-j). This result indicates that the 3D foam structure greatly
improves the reversibility of the Li plating/stripping. In addition, the

3D-FLGN15|LLZTOIAI cell shows a smaller hysteresis voltage
(145mV) compared to the hysteresis voltage of the
LGN1|LLZTOJAl cell (e.g., 263mV in the 50th cycle, Figure S10m).
After a long cycle (e.g 250 cycles), the hysteresis voltage of the
3D-FLGN15|LLZTOIJAI increases by just 8mV (to 153mV, Figure
S10n), while the hysteresis voltage of the LGN1|LLZTOIAI cell
increases by 13.5 times (its increased hysteresis voltage is
108mV and 371mV respectively) more than that of the 3D-
FLGN15|LLZTOJAl cell. The difference is that the 3D-
FLGN15|LLZTOJAI cell maintains a very small hysteresis voltage
even after 450 cycles (after 450 cycles the hysteresis voltage is
only 176mV, Figure S10l). The very small hysteresis voltage of
the 3D-FLGN15|LLZTO|AI cell is consistent with the high CE
results, suggesting that the unique 3D foam structure of the
composite anode can significantly improve interfacial stability and
inhibit the growth of Li dendrites. Thanks to the very high Li* flux
of the 3D foam structure, the 3D-FLGN15|LLZTOIAl cell can still
be stable for more than 100 cycles (average CE of 97.3%, Figure
S100), even with higher deposition capacity and constant current
density (0.5 mA cm? and 0.5 mAh cm?, respectively). And the
hysteresis voltage only shows a very small fluctuation (the
hysteresis voltage at the 10th and 100th times is 198mV and
214mV, respectively, Figure S10p), indicating that the 3D-
FLGN15|LLZTOJAI cell still has a very high reversibility of Li
release at different current densities. These results further confirm
that interfacial stability and kinetics of Li plating can be greatly
improved by using a composite Li anode with a 3D foam structure,
enhancing the flux of Li* at the interface and inhibiting the growth
of Li dendrites.

To further test the interface performance of 3D-FLGN15, it was
subjected to a long-time galvanostatic cycling test. 3D-
FLGN15|LLZTO|3D-FLGN15 symmetrical half-cell has a very
small polarization (Polarization voltages of 15.2 mV and 27.5 mV
at 0.1 mA cm™ and 0.2 mA cm™ current densities respectively) at
current densities of 0.1-0.2 mA cm and can be cycled stably for
more than 10,000h during long cycle tests (Figure 2a). To verify
whether the 3D-FLGN15|LLZTO|3D-FLGN15 symmetrical half-
cell is short-circuited during a long-time of galvanostatic cycling,
the impedance values for 0.1 mA cm™ and 0.2 mA cm current
densities were calculated by Ohm's law to be 152 Q cm? and
137.5 Q cm? respectively, which are very close to the values
obtained in the actual test (Figure S8b), indicating that the 3D-
FLGN15|LLZTO|3D-FLGN15 symmetrical half-cell does not
short-circuit during a long-time galvanostatic cycle. It is worth
noting that the long-time galvanostatic test for the 3D-
FLGN15|LLZTO|3D-FLGN15 symmetric half-cell has a much
longer cycle time than the symmetric half-cell reported in Figure
2b and Table S3. Since the 3D-FLGN15|LLZTO|3D-FLGN15
symmetric half-cell has an ultra-low interface resistance and a
high CCD, a long-time galvanostatic test at 2.5 mAh cm ultra-
high area specific capacity was attempted. As shown in Figure 2c-
f, the 3D-FLGN15|LLZTO|3D-FLGN15 symmetrical half-cell can
still cycle steadily for more than 1500 h at a high current density
of 0.5 mA cm? and an ultra-high area capacity of 2.5 mAh cm™,
To our knowledge, the ultra-high area capacity of 2.5 mAh cm? is
the highest reported in the literature for long-time galvanostatic



cycling tests (Figure 2g and Table S4). The excellent long-time
galvanostatic cycling performance with ultra-high area-specific
capacity indicates that the 3D-FLGN15 greatly improves the Li*
flux and Li* transport kinetics at the interface. Meanwhile, the
ultra-long time galvanostatic cycling demonstrates once again
that the 3D foam

inspiration for the construction of
interfaces.

structure can effectively inhibit Li dendrite growth and is a great
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Figure 2. Galvanostatic cycling performance test for Lithium symmetrical half-cells. (a) Galvanostatic cycling performance of the 3D-FLGN15|LLZTO|3D-FLGN15

cell under 0.1~0.2 mA cm™ at RT. (b) Comparison graph of galvanostatic cycle times for Li symmetrical half-cells. The details of the references are shown in Table

S3. (c) Galvanostatic cycling performance of the 3D-FLGN15|LLZTO|3D-FLGN15 cell under 2.5 mAh cm at RT. (d-f) Enlarged view of the galvanostatic curve
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under the current density of 2.5 mAh cm. (g) Comparison graph of Li symmetrical half-cell galvanostatic cycling area capacity. The details of the references are

shown in Table S4.

From the above analysis, it can be shown that the 3D-FLGN15
composite anode greatly reduces the Li|lLLZTO interfacial
resistance and inhibits the growth of Li dendrites. Therefore, this
lays a solid foundation for the use of high-specific energy LRMO
cathode in garnet-based SSB. However, the rapid capacity and
voltage decay and very poor rate performance present in LRMO
cathodes are difficult to overcome. ¥ Encouragingly, the
LRMOILLZTO|3D-FLGN15 full cell has an ultra-high discharge
specific capacity of 245 mAh g at 0.1C (Figure S17). More
importantly, it has a discharge specific capacity of 170 mAh g™' at
1C (1C = 250 mAh g™), which is much higher than that of the
LRMO-based SSB at 1C reported in the literature so far ['8-19
(Figure 3f), and is also comparable to that of the pure LE cell
(Figure S18), showing a very good rate performance (Figure 3a-
b). It is interesting to note that after the rate test, the
LRMOILLZTO|3D-FLGN15 full cell can achieve a capacity
recovery rate of 99.6% (Figure 3a), which is much higher than the
pure LE cell (95.9% capacity recovery rate, Figure S18). The high
capacity recovery rate is due to less interfacial side reactions, and
the high Li* flux and outstanding inhibition of Li dendrite growth of
the 3D foamed composite anode (3D-FLGN15) provide a solid
basis for the exceptional rate performance of the
LRMOILLZTO|3D-FLGN15 full cell. At the same time, the cycling
performance of the LRMOI|LLZTO|3D-FLGN15 full cell is further
evaluated. As shown in Figure 3c-d, the LRMO|LLZTO|3D-
FLGN15 full cell was cycled 200 cycles at 0.2C without capacity
decay (~100%) demonstrating excellent cycling performance,
which is much higher than that of other Li-rich oxide cathode-
based SSB reported in the literature (Figure 3e). ['82% |n addition,
it should be noted that the capacity retention of LRMO in LE-
based cells was seriously decreased to 65.4% after 150 cycles
(Figure S19). Voltage decay is one of the most critical issues for
Li-rich cathode in LE-based batteries, which is largely associated
with irreversible OAR and structure degradation. & It is also quite
important to know the voltage behavior of Li-rich cathode in SSBs.
But the voltage behaviors have not been evaluated and reported
in the previous few LRMO-based SSBs. ['®29 Impressively, the
LRMO|LLZTO|3D-FLGN15 full cell showed a 96.21% voltage
retention after 200 cycles at 0.2C and an average voltage decay
of just 0.66 mV/cycle (Figure 3d), demonstrating a largely
mitigated voltage decay. In contrast, the voltage decay of LRMO
in LE-based cells was about 2.96 mV/cycle (Figure S20). The
extremely low voltage decay in LRMO|LLZTO|3D-FLGN15 even
shows great advantages when compared to other LE-based cells
with modified LRMO cathodes reported in the extensive literature
(Figure 3g and Table S5). In addition, LRMO|LLZTO|Li full cells
with pure Li as the anode, due t o their large interfacial impedance
at the Li|LLZTO interface, still short-circuit on the first cycle, even
at very low currents (Figure S21). In addition, the
LRMOILLZTOILE|Li full cell was similarly short-circuited after 3
cycles at 0.2C by lowering the Li|LLZTO interface between pure
Li and LLZTO by dripping LE (Figure S22). As a further
assessment of the cycling performance of the LRMO|LLZTO|3D-
FLGN15 full cell, it can be cycled steadily for more than 200 cycles

at 0.5C and still maintain a high capacity retention rate (up to
85.1%, Figure S23). Furthermore, under the same conditions, the
capacity retention of a pure LE full cell is only 67.3% (Figure S24).
It is clear from the above experiments that the excellent interfacial
properties of 3D-FLGN15 composite anode can greatly improve
the performance of LRMO-based full cells and is one of the best
choices of anode materials for high-specific energy SSBs.

LRMOI|LLZTO|3D-FLGN15 full cells show excellent cycling
performance and very low voltage decay. To explore the
differences between LRMO|LE|Li and LRMO|LLZTO|3D-FLGN15
full cells, we performed XPS analyses of the LRMO cathode
undercharging to 4.8V(C-4.8V) and discharging to 2.0V(D-2.0V)
states, respectively. As shown in Figure 4a and 4e, when charged
to 4.8V, very weak peaks are detected on the LRMO surface of
the LRMOJ|LE]|Li full cell at 529.5 eV (marked as cyan) and 530.5
eV (marked as red), which are attributed to lattice oxygen (0?%)
and a lower electron density oxygen species (O2™), respectively.
49 |n contrast, very strong oxygenated deposit species and LE
decomposition were calibrated at 531.7 eV (marked as dark
yellow) and 533 eV (marked as green). 505" This is due to the
decomposition of a large amount of LE as a result of irreversible
oxygen release during the cycling process and severe interfacial
side reactions, resulting in the formation of large oxygenated
deposit species at the interface. 51 When discharged to 2.0V
(Figure 4b and 4f), the peaks of 0% and O,™ were not detected
because the LRMO cathode of the LRMO|LE|Li full cell was
covered by a large amount of LE decomposition products and
oxides, and after etching for 20 nm, a weak O," peak appeared
at this time, implying that a large amount of decomposition of the
LE had occurred during the first cycling process, and the same
result could be observed at the Mn 2p peak, even though the
same result can also be observed in the Mn 2p peak, even after
etching 20nm, the Mn 2p peak is still undetectable (Figure 4i and
4j). It is worth noting that the decomposition of the LE is widely
recognized as one of the main causes of poor cycling
performance, rapid voltage decay and undesirable rate
performance. 2 Compared to the LRMOILE|Li full cell, the
LRMOILLZTO|3D-FLGN15 full cell shows very weak peaks of
decomposition products at both C-4.8V (Figure 4c and 4g) and D-
2.0V (Figure 4d and 4h) and greatly improves the retention of 0%
and O2™ in the surface region, indicating that the SSB can inhibit
the side reactions at the interface improving the reversibility of the
oxygen redox reaction. In addition, the intensity of the Mn 2p peak
before and after etching is not much different (Figure 4k and 4l),
indicating that the LRMO cathode in the LRMO|LLZTO|3D-
FLGN15 full cell is not covered by the reaction products, which
further suggests that the interfacial side reaction during the
battery cycling can be effectively reduced in the SSB condition.
On the anode side, LiPFs peaks can be detected on the Li metal
of the LRMO|LE|Li full cell, which is due to the LiPFs residue in
the LE. In addition, a large number of LE decomposition products,
LisPOyF; and LiF, can be observed at C-4.8V (Figure S25a and
b), ®2 while a further LiPFs decomposition product, PFs, can be



observed at D-2.0V (Figure S25c and d), ®% further suggesting
that a large amount of LE decomposition occurs under the first
cycle. Since a trace amount of LE (just 7 pL) was added to the
Li|LE|LRMO full cell for wetting the LLZTO|LRMO interface, small
amounts of LixPO,F; and LiF were observed on the LLZTO
surface in addition to residual LiFPs. Notably, LaFs peaks were
also observed on the LLZTO surface due to the formation of LaF3
and Li from the reaction of LLZTO with HF in LE. 54 Unlike the
Li|LE|LRMO full cell, LiFPs and LiF dominate on the surface of
LLZTO, and the decomposition product of LiFPs, PFs, does not
appear, while the peaks of LaFs newly appear (Figure S26a and

decomposition of LE. Since the XPS does not show PFs and the
LixPOyF; content is very low, it means that only a very small part
of the LE is decomposed. On the other hand, it comes from the
reaction between LLZTO and HF in LE to form LiF and LaF3;, and
the content of LaF3 gets higher and higher as the etching reaches
20 nm (Figure S26b and d), so we believe that LiF mainly comes
from the latter, which also proves that the decomposition of LE in
the SSB is very little. In addition, since the 3D-FLGN15 composite
anode and LE are separated by LLZTO, the decomposition of LE
into products is completely undetectable in 3D-FLGN15 (Figure
S26e), which completely avoids the corrosion of LE on the anode,

c). LiFPs comes from the residue of the electrolyte after drying, = which guarantees the superior performance of the
and LiF comes from two aspects, on the one hand, it is the LRMOILLZTO|3D-FLGN15 full cell.
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Figure 3. LRMOI|LLZTO|3D-FLGN15 full cell performance test. (a-b) Rate performance of the LRMO|LLZTO|3D-FLGN15 full cell. (c) Cycle performance of the
LRMOILLZTO|3D-FLGN15 full cell under 0.2C at RT. (d) Voltage decay and cycle of the LRMO|LLZTO|3D-FLGN15 full cell under 0.2C at RM. (e) Comparative
capacity retention rate of SSB after cycling at 0.2C. ['819 (f) Comparison chart of the discharge-specific capacity of solid-state batteries at 1C. 8% (g) Comparison
of voltage decay with Liquid Battery. The details of the references are shown in Table S5.
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Figure 4. (a-b) O 1s XPS of LRMO cathode of LRMOILE]|Li full cell at 4.8V and 2.0V, respectively. (c-d) O 1s XPS of LRMO cathode of LRMO|LLZTO|3D-FLGN15
full cellat 4.8V and 2.0V, respectively. (e-f) The content of different oxidized species at the LRMO cathode in LRMO|LE|Li full cell at C-4.8 V and D-2.0 V, respectively.
(g-h) The content of different oxidized species at the LRMO cathode in LRMO|LLZTO|3D-FLGN15 full cell at C-4.8 V and D-2.0 V, respectively. (i-j) Mn 2p XPS of
LRMO cathode of LRMOILE|Li full cell at 4.8V and 2.0V, respectively. (k-i) Mn 2p XPS of LRMO cathode of LRMOI|LLZTO|3D-FLGN15 full cell at 4.8V and 2.0V,
respectively. (m) The normalized O-K-edge RIXS of LRMO cathode in LRMOI|LLZTO|3D-FLGN15 full cell in different states. (n) The normalized O-K-edge RIXS of
LRMO cathode in LRMOJ|LE|Li full cell in different states. (0) The corresponding RIXS process and the relative elastic peak area of the two LRMO cathode, setting

the elastic peak area of each sample in the pristine state as 1. (p) Enlarged image in (m) and (n) at energy loss from 0 to 1.0 eV for the O-O vibration.

OARis one typical characteristic in Li-rich oxide cathodes which  characteristic peak appears near 7.7 eV, which is attributed to the
has been extensively explored in LE-based cells. P55 Knowing  characteristic peak of O% redox. [*® It can also be observed that
about the OAR behavior of LRMO in SSBs is also quite important.  the intensity of the elastic peak gradually increases with charging
RIXS has a very good sensitivity to the oxidation state of O,%  up to 4.8V, implying that the oxygen vacancies produced by
and for this reason, it is applied to detect the state of O%> at  oxygen ions during the redox process gradually increase. % The
different voltages on the LRMO cathode both in SSBs and LE-  elastic peak intensities of the LRMO cathode at different voltages
based cells. As shown in Figure 4m and 4n, the reflected loss- were compared with the elastic peak intensities of the pristine
energy signals near 5.75 eV come from the TM-O hybridization = samples and can be seen from Figure 40 that the elastic peak
and O%2P characteristic peaks. ®¥ At charging to 4.8 V, a new intensities of the LRMO cathode in the LRMOI|LLZTO|3D-FLGN15



full cell were much higher than the pristine samples at a voltage
of 4.8V, which indicates that the anions in the LRMO cathode
have a higher redox activity in the SSB. When the discharge was
completed (2.0v), the elastic peak at the LRMO had the same with
higher intensity in SSB, implying that the O% in LRMO has better
redox reversibility in SSB. In addition, the vibration of 0.1-1.0 eV
near the elastic peak can reflect the potential fine structure of the
LRMO cathode, and its vibration frequency is strongly correlated
with the species of O-O dimer. 'l For the LRMO cathode in
Li|LE|LRMO full cell, the energy loss peak at ~0.201 eV originates
from an O-O vibration with a frequency of 1600 cm™' and is closely
related to the molecular O, suggesting localized O, molecular and
Mn-O bond breakage. 7! In the LRMO|LLZTOI|3D-FLGN15 full
cell, the loss energy of the LRMO cathode is only 0.186 eV, which
at this time is consistent with the 1500 cm" frequency (Figure 4p),
implying that the O-O dimer has a stronger interaction with Mn at
the lattice, suggesting that the redox-active O-Mn bond is more
robust.*” Meanwhile, the first-circle in situ XRD also shows that
the diffraction peaks of LRMOI|LLZTO|3D-FLGN15 have less
variation compared with Li|lLE|[LRMO, which proves that the
LRMO cathode has better structural stability during the
charging/discharging process of LRMOI|LLZTO|3D-FLGN15
(Figure S27).

Conclusion

In summary, we successfully built an LRMO-based SSB using
LLZTO as the SE and 3D-FLGN15 composite as the anode. The
3D-FLGN15 composite has a very good wettability (its CA is only
18°) and outstanding interfacial property for LLZTO. The 3D-
FLGN15|LLZTO|3D-FLGN15 symmetric half-cells have a high
CCD and impressive ASR (1.4 mA cm? and 1.53 Q cm?
respectively), and they can be stably cycled for 10,000h at 0.1-0.2
mA cm™ current density, and can still be steadily cycled for 1,500h
even at a high current density of 0.5 mA cm? and an ultra-high
area capacity of 2.5 mAh cm?, showing excellent interfacial
stability. In addition, the 3D-FLGN15|LLZTO|3D-FLGN15 full cell
has a 245 mAh g discharge specific capacity and a voltage
decay of only 0.66 mV/ cycle with great cycling performance (200
cycles at 0.2C without capacity degradation). Moreover, it is found
that the OAR reversibility of LRMO in SSB is greatly enhanced in
compared to liquid electrolyte-based cells. This work provides a
distinct solution to the interface issue of garnet-based SE and is
also worthy of consideration for the optimization of other types of
SE. More importantly, it shows great potential for the development
and application of LRMO-based SSBs.
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We successfully constructed a high-performance solid-state battery based on Li-rich Li1 2Nig2Mn 6O cathode, LissLasZri 5Taos012
solid electrolyte and GaN-modified Li anode. The assembled Li symmetric cell shows quite low interfacial resistance and great
interfacial stability, and the full battery shows a high initial capacity, a high capacity retention, a high rate capability and a significantly
mitigated voltage decay demonstrating a great potential in high energy density solid-state battery.

Li-rich Lis 2Nio2Mno sO2 cathode, LissLasZri 5Tag 5012 solid electrolyte and GaN-modified Li anode assembly of solid-state batteries
with excellent performance. Li symmetric cell have very low interfacial resistance and great interfacial stability. The full cell has the
advantages of high initial capacity, high rate, high-capacity retention and low voltage decay.
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