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Li-rich layered oxides are promising cathode candidates for high-energy-
density Li-ion batteries due to their high output capacity triggered by both cationic and
anionic redox reactions. However, the severe lattice oxygen loss inevitably induces the
irreversible Li migration both in transition metal (TM) and Li layers, which deteriorates
the stability of Li-O-Li configuration, further resulting in serious structural distortion
and capacity decay. Herein, a stable Li-O-Na configuration was introduced within Li-
based layered cathode material by Na substitution in TM layer, which not only triggers
additional capacity based on oxygen redox reactions, but also introduces excellent
structural and electrochemical stability upon cycling. By means of stable Li-O-Na
configurations, the layered Li[NaisRu23]O2 exhibits reversible phase transition and
structure evolution during Li" (de)intercalation processes, further boosting high output
capacity (232 mAh g!) and long-term cycle stability (0.019 % per cycle after 1000
cycles). Comprehensive analysis of anionic/cationic redox reactions further clarifies the
underlying charge compensation mechanisms. Altogether, these findings demonstrated
that Na substitution can be regarded as an effective strategy to achieve stable oxygen

redox chemistry within Li-based cathode materials.



1. Introduction

The family of Li-rich cathode materials, xLi2MnOs3-(1—x)LiMO2 (M = Mn, Ni, Co
etc.), has attracted much attention as Li-ion battery cathodes because of their high
specific capacity (exceeding 250 mAh g ') and compositional flexibility. In comparison
to the commercial layered Ni-rich LiNiixyMnxCoyO2 (x+y<1), these Li-rich
candidates further boost the energy density and lower the cost of manufacture for
existing Li-ion battery systems. However, layered Li-rich oxide cathodes generally
suffer from the serious oxygen release at high states of charge, which is caused by a
detrimental oxidation of lattice O* ions to O2 molecules upon charging. The lattice
oxygen loss induces several issues. First, gaseous Oz generated during charging process
cannot be efficiently reduced back to lattice O*" upon discharge, preventing the
reversible migration of Li" ions back to the TM layer. It will accelerate the loss of Li-
O-Li configuration, resulting in the serious capacity decay arising from the oxygen
redox reactions. Furthermore, the oxygen loss and irreversible Li migration will
exacerbate the irreversible TM migration from TM layer to Li layer. As a result, it
causes the structural rearrangement, inducing the obvious layered to spinel phase

transition, which leads to rapid decline of energy density upon initial several cycles.

Numerous efforts have been dedicated to addressing the issues of Li-rich cathode
materials. Among them, surface/interface modifications, such as coatings, and tailoring
of the composition in the TM layer, through doping and substitution strategies, are the
most widely used, which yield improvements in structural and electrochemical stability

in traditional Li-rich cathode materials. Besides, the strategies of novel structural design



and modification also effectively resolve the inherent problems of Li-rich cathode
materials, which not only broadens the design ideas but also enriches the types of Li-
rich materials. For instance, Eum et al. developed a novel Li-rich layered
Lio.s3[Lio.2Nio.2Mno.6]O2 cathode by altering oxygen stacking arrangement to O2 rather
than O3. The material displayed improved reversibility of the cation migration and
excellent voltage retention upon cycling. Moreover, Cao et.al designed a O3-type
layered Lio.s[Lio.2Mno.s]O2 cathode material, where the Li deficiency in the Li layer and
Li excess state in the TM layer combined to effectively restrain lattice oxygen release
while reaching high oxygen-related capacity. However, most of these research works
mainly focused on modifications that preserved Li-O-Li configuration in Li-rich
cathode materials as a design target, in which the Li" ions within TM layer always
irreversibly migrate to Li layer even to out of layered structure upon cycling. However,
relatively stable oxygen redox behavior is also triggered in Na-based layered cathode
materials via structural configurations different from Li-O-Li, which can be reached by
various substitutions of vacancy, Li, Na, Mg, Zn, Cu etc. within the TM layers.
Therefore, it is imperative to develop and enrich the significant configurations for Li-

based cathode materials to realize stable cationic and anionic redox reactions.

In this work, Li-O-Na configurations were introduced in layered Li-based oxides
for the first time, which not only trigger oxygen redox reactions to provide additional
capacity but also stabilize the layered structure to achieve excellent cycling
performances. This principle is exemplified with a novel layered oxide cathode

Li[Na1sRu23]02 developed by chemical Li/Na® ion exchange strategy form
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Na[Nai3Ru23]02. Li[Nai3Ru23]02 achieves a high discharge capacity of 232 mAh g™
through a combination of anionic/cationic redox reactions. Benefiting from structural
stability induced by Na substitution within TM layer, the electrode displays a reversible
phase transition and structure evolution upon (de)lithiation processes, which underpins
the electrochemical stability upon long-term cycling, resulting in the limited capacity
loss 0f 0.021 % (per cycle upon 800 cycles) and 0.019 % (per cycle upon 1000 cycles)
at current density of 50 and 200 mA/g. respectively. Besides, the existence of complex
oxygen-related and Ru-based redox reactions is evaluated, which is beneficial for

unravelling the charge compensation mechanisms of anionic and cationic chemistry.

2. Results and Discussion

2.1 Synthesis and Structural Characterization of Na[Nai;sRuz3]02 and
Li[Nai1sRu23]0:

Layered Li[NaisRu23]O2 was prepared by chemical ion exchange from
Na[Nai/3Ru2/3]02 (Na2RuO3) with disordered arrangement in TM layer. The Na-based
precursor was synthetized by traditional solid-state reaction, which has been
investigated in previous studies. The X-ray diffraction (XRD) pattern and Rietveld
refinement results (Figure 1a and Table S1) proved that the Na-based precursor can be
indexed as the space group of hexagonal R3m with layered structure. The calculated
lattice parameters were a = b = 3.120(3) A, ¢ = 16.099(8) A, V=13575 A3, a =B =
90° and y = 120° with goodness-of-fitting parameters of Rwp (8.3 %) and > (3.19).

Furthermore, the elemental analysis by inductively coupled plasma (ICP, Table S2)



confirmed the chemical formula as Na[NaisRu23]O2. In the XRD pattern
Na[Nai/3Ru2/3]02, there is no absence of superlattice peaks in the range of diffraction
angle from 20 to 30°, indicating the arrangement of Na and Ru is disordered within the
TM layer. Therefore, Na[Nai;3Ru23]O2 displays a typical O3-type layered structure
with ABCABC oxygen stacking along the c-axis, in which Na" ions occupy prismatic
sites in the alkali metal (AM) layer, and Na" and Ru*" ions are located in octahedral

sites within the TM layer (Figure la insert).

Scanning electron microscopy (SEM, Figure S1) revealed that the morphology of
Na[Nai3Ru23]O2 particles is macrometric with irregular shape. Furthermore,
transmission electron microscopy (TEM, Figure 1b) image clearly showed these
microparticles consist of holey sheets with diameters of several hundred nanometers. In
addition, selected area electron diffraction (SAED, Figure 1b insert) was collected for
the (003) lattice plane, where the spacing is consistent with XRD result. High-resolution
TEM (Figure Ic) revealed the interlayer spacing of about 0.53 nm, again consistent
with the (003) plane. According to the magnified rectangle area (Figure 1c insert), it
can be clearly observed the TM layer displayed disordered arrangement between Na

and Ru atoms.

After chemical Li*/Na" ion exchange in molten salts, Li* ions from substituted for
original Na" ions in the AM layer of Na[Nai/3Ru2/3]02, whereas the composition and
arrangement within TM layer was well preserved. It can be proved by the ICP result

after ion exchange process since the ratios of Li, Na and Ru accord with the designed
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chemical formula (Table S3), indicating the Na ions within TM layer can be still stored
in the layered structure, and Na* ions in AM layer can be replaced by Li" ions.
Moreover, the XRD pattern of as-prepared product presented the (003) main peak was
located at around 18.03° (Figure 1d), demonstrating the only Li ions occupy the
octahedral sites in the AM layer because the Na ions require larger interlayer distance
to be located with the lower diffraction angle at around 16.59° (Figure la). The
combination of XRD and ICP results forcefully demonstrated that Na® ions can be
settled within TM layer, which achieves the introduction of Li-O-Na configuration in
Li-based layered cathode material at the first time. According to the XRD Rietveld
refinement results, the Li[Nai13Ru23]O2 could be indexed with the hexagonal space
group of R3m, corresponding to a lattice with an oxygen stacking arrangement of
ABCABC (Table S4). The refined lattice parameters were a = b = 2.929(4) A, ¢ =
14.851(3) A, V=101.7 A3, o= B = 90° and y = 120°, with satisfactory parameters, Rwp
= 7.8 % and ¥* = 2.67. Thus, the layered Li[Nai;sRu23]O2 have succeeded the
disordering Na/Ru arrangement in TM layer form Na[Nai;3Ru23]02, in which all Li"
ions was located in AM layers, delivering the Li-O-Na configuration along the c-axis

direction (Figure 1d insert).

The morphology of Li[NaisRu23]02 was also investigated with both SEM (Figure
S2) and TEM (Figure 1le). The morphology of the powder was microparticulate with
layered structure characteristics, again constructed by porous sheets at the nanometer
scale. Li[Nai/3Ru23]O2 exhibited the similar morphology with Na-based precursor,

suggesting the chemical ion exchange strategy is a moderate method to harvest Li-based
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layered materials with various structures. Both SAED (Figure le insert) and high-
resolution TEM (Figure 1f) images detected an interlayer spacing of approximate 0.49
nm, which is consistent with the (003) plane, confirming Na* ions with larger radius
have been replaced by Li" ions within the AM layer. Besides, the magnified rectangle
area (Figure 1f insert) also provided direct evidence that the disorder in the TM layer
can be also maintained after ion exchange, in agreement with the absence of superlattice

peaks in the XRD pattern (Figure 1d).

2.2 Electrochemical performance of Li[Na;3Ru23]0:

The electrochemical performance of layered Li[Nai3Ru23]O2 as cathode material
was investigated in Li half-cells using galvanostatic tests within the voltage range from
2.0to 4.8 V at a current density of 50 mA/g (Figure 2a). The first charge profile exhibits
a combination of a slope up to 4.5 V (vs Li/Li"), followed by a high-voltage plateau at
around 4.68 V, for an initial charge capacity of about 234 mAh g'. It might be
attributed to combination of the Ru oxidation reaction and oxygen-centered redox
reactions triggered by the Li-O-Na configuration, which would be unraveled in charge
compensation mechanism section. During the subsequent discharge, the electrode
delivered a capacity of 225 mAh g™!, for a limited irreversible capacity of about 9 mAh
g ! during the initial cycle. Upon the second cycle, the charge and discharge curves
exhibited the sloping profiles reminiscent of other Li-rich layered oxides with Li-O-Li
configuration, such as Li[Lio2Nio.2Mno.]O2. Besides, the Li[NaisRu23]0: electrode

delivered a high output capacity of 232 mAh g™! upon the second discharge, which is



close to the value of the charge capacity, suggesting the excellent coulombic efficiency
and superior electrochemical reversibility can be achieved. Notably, excellent rate
performance also can be realized in this cathode material (Figure 2b), as discharge
capacities of 232, 215, 190, 163, 139 and 115 mAh g ! were achieved at rates of 0.25,
0.5,1,2,5,10 C (1 C=200 mA/g), respectively. A high output capacity of 228 mAh g!

also could be harvested again after the measurement of rate performance.

Limited capacity loss (0.021 % per cycle) and outstanding capacity retention
(82.9 %) was obtained after 800 cycles at a low current density of 50 mA/g. In addition,
the normalized 100th, 200th, 300th, 400th, 500th discharged curves displayed a stable
output voltage (Figure S3), indicating the serious voltage decay in Li-rich cathodes with
Li-O-Li configuration can be well restrained in Li[NaisRu23]O2 with Li-O-Na
configuration. Moreover, even at high current density of 200 mA g!, the limited
capacity loss (0.019 % per cycle upon 1000 cycles) and excellent capacity retention
(81.1 % after 1000 cycles) also can be realized upon long cycling (Figure 2d). These
electrochemical results indicate that stable electrochemical processes, favorable
kinetics, and superior structural stability can be achieved in Li[Nai/3Ru23]02 with Li-

O-Na configuration during long-term cycling.

2.3 Structural evolution within Li[Naj;sRuz/3]0:
Operando XRD was employed to investigate the processes of phase transition
within a Li[Nai;3Ru23]O2 electrode during delithiation/lithiation (Figure 3a and S4).

According to both the contour plots and full-range XRD patterns, it can be clearly
9



observed that an obvious phase transition from the pristine O3 to an Ol structure
occurred in the initial stage of the first charge. Such O1 structure subsquently
dominated until the final stage of the first discharge, in which the (10-1) characteristic
peak of O1 structure can be detected at around 40.8°. Notably, the reversible phase
transition from O1- to O3-type layered structures appeared at the end of the first cycle,
which displays a reversible structural evolution upon the first delithiation and lithiation
process. Moreover, the shifts and transitions of (003)/(001), (006)/(002), (10-1) and
(009)/(003) peaks also had a reversible process accompanied by the second Li"
(de)intercalation process, which is similar with the evolutions during the first cycle,
further demonstrating the reversible O1/03 phase transition and structural evolution
have been achieved upon the second cycles. The operando XRD results provided a solid
foundation of the layered Li[Nai3Ru23]O2 electrode would harvest excellent

reversibility of structural change during long-term cycling.

2Na solid-state nuclear magnetic resonance (NMR) was also conducted to study
the evolution of Na migration during Li* (de)intercalation processes (Figure 3b). For
23Na solid-state NMR spectrum of Na-based layered Na[Nai3Ru23]02, it exhibited two
resonances at around 446 and 805 ppm at pristine state (Figure S5), which can be
assigned as Li" ions located in AM layers (Naam) and TM layers (Narm), respectively.
The **Na solid-state NMR spectrum of Li[Nai;3Ru2/3]O: electrodes collected at charged
and discharged states, it can be deduced that Na* ions can be well preserved during
cycling since the Natm signal can be detected with absence of the Naawm signal. Besides,

no-related layered Na-based phase can be observed within in-situ XRD patterns, further
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demonstrating Na" ions would not migrate from TM layer to AM layer, which enhances
the stability of Li-O-Na configuration upon charging and discharging processes.
Altogether, the results of in-situ XRD and solid-state NMR demonstrated that the
reversible phase transition and structural evolutions as well as stable Na substitution
can be achieved within Li[Nai3Ru23]0:2 electrode, which provides a solid foundation
for excellent cycling performances at both low and high current density.
2.4 Analyses of redox reactions

The irreversible/reversible anionic oxygen redox behaviors within the layered
Li[Nai1sRu23]0z2 electrode were probed by the combination of mapping of resonant
inelastic X-ray scattering (mRIXS) and in-situ differential electrochemical mass
spectroscopy (DEMS) upon (de)lithiation processes. In comparison with the mRIXS
collected at pristine state, the feature of oxidized lattice oxygen with low intensity can
be observed at 531.5 eV excitation energy and 523.1 eV emission energy after the first
charge process (Figure 4a and 4b), which is consistent with Ru/Ir-based cathode
materials with anionic redox reactions. To further confirm the emergence of oxygen-
related feature, the integrated RIXS spectra cut from the range of oxygen redox feature
were shown at the pristine and the first charged states (Figure S6), which effectively
demonstrated the oxygen oxidation reactions occurred upon the first charging process.
Moreover, the mRIXS were also collected at the first discharge and second charged
states (Figure S7), in which the feature of oxidized lattice oxygen was absent after

discharged to 2.0 V and became distinct after recharged to 4.8 V, which is also
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confirmed by the corresponding integrated RIXS spectra cut from the range of oxygen

redox feature (Figure S8).

In-situ DEMS was employed within the layered Li[NaisRu23]O2 electrode to
investigate the evolution of gaseous O2 and CO2 upon Li" (de)intercalation (Figure 4c).
The COz evolution can be divided into two regions. The first region started from 4.35
V generated by the oxidation reactions of carbonates such as Li2COs3, and the other
region located at high voltage can be attributed to the nucleophilic attack on electrolyte
caused by superoxo species and/or the decomposition of electrolyte at high voltage, in
which the originations cannot be distinguished at our current experiment conditions.
Moreover, Oz evolution can be detected at 4.69 V, which only originates from the
oxidization of lattice oxygen but cannot be assigned to carbonate oxidation nor
electrolyte degradation. Therefore, according to the total amount of oxygen evolution
(39.6 umol/g), the irreversible capacity can be calculated as about 7.5 mAh/g based on
the 4e~ reactions from 20%~ to Oz. The results of mRIXS and DEMS indicated that not
only can reversible oxygen redox reactions be well triggered within Li[Nai3Ru2/3]O2
electrode upon cycling, but also can the irreversible oxygen behaviors be well

suppressed by means of Li-O-Na configuration.

To further study the evolution of the Ru oxidation state during cycling, Ru K-edge
X-ray absorption spectroscopy (XAS) was conducted upon the initial two Li"
de(intercalation) cycles (Figure 3d). The shifts of the rising edge can qualitatively
reflect the evolution of Ru oxidation states during cycling (Figure 3d insert). Upon the

first charge, the rising edge shifted toward higher energy relative to the pristine state,
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demonstrating the Ru oxidation reaction was involved in the first Li removal process.
after the subsequent discharge process, the rising edge shifted back to the original
location, suggesting the Ru was reduced to original oxidation state after the first
discharge. When recharged to 4.8 V, the rising edge shifted to slightly higher energy
compared with the first charged state, suggesting the Ru was oxidized to a higher
oxidation state in the second cycle. Fourier transform of the Ru K-edge was also
performed to extract the extended X-ray absorption fine structure (EXAFS) and
investigate the Ru local chemical environments (Figure S9). The locations of both Ru—
O and Ru-Ru peaks have a relatively reversible evolution associated with Li"
(de)intercalation, indicating the reversible structural evolutions can be realized in

Li[NaisRu23]0z.

To further evaluate the capacity distributions of both Ru and O redox activities, the
integral method was performed to gain the approximate Ru oxidation states within
Li[Nai13Ru23]0Oz2 electrode upon cycling. By applying the integral method, the linear
relationship between Ru oxidation states and corresponding edge positions can be
provided with regardless of spectra shapes (Figure 4e and 4f). In the first place, the hard
Ru K-edge XAS spectra of RuO2, Li3RuO4 and K2RuO4 were conducted to build a
linear relationship between Ru oxidation states (+4, +5 and +6) and corresponding edge
positions. Furthermore, the approximate Ru oxidation states within Li[Nai;3Ru23]02
electrode at different charged states can be roughly measured in the linear fit curve. The
Ru valence was close to +4 at pristine state, which is well consistent with ICP results.

Upon the initial cycle, the Ru was oxidized to +4.36 upon charging and further
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reversibly reduced to +4.02 with neglect of a slight increase owning to the limitation of
the accuracy of this technique. During the second charge, Ru had higher oxidation state
(+4.45) than that at first charged state, in agreement with the analysis of hard Ru K-
edge XAS results. More importantly, the capacity contributions of oxygen redox
reactions upon cycling can be approximately by the difference between total
electrochemical capacities and Ru-based capacities. Thus, the capacity distributions of
Ru and O redox activities can be roughly summarized (Figure S10), suggesting both
cationic and anionic redox reactions experienced a reversible process upon initial two
cycles. In general, the combination of mRIXS, DEMS and hard Ru K-edge XAS has
demonstrated that reversible Ru-based and O-centered redox reactions can be well
achieved within Li[Nai;sRu2/3]02 electrode by means of Li-O-Na configuration, which

enhances the structural and electrochemical stability during long-term cycling.

3. Conclusion

In this study, linear Li-O-Na configurations were introduced in a Li-based layered
cathode material, Li[NaisRu23]O2, using the TM composition and disordered
arrangement of Na[NaisRu23]O2 as template in a chemical Li"/Na" ion exchange
process. Benefiting from the solid Na substitution within TM layer, the Li-O-Na
configuration can be well maintained upon cycling, which enhances both structural and
electrochemical stability during long-term cycling. As a result, not only can reversible
oxygen redox reactions be triggered, but also can irreversible oxygen release be

effectively restrained, in which a high output capacity of 232 mAh g™! can be achieved
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within layered Li[Nai3Ru2/3]O2 based on combination of reversible anionic/cationic
redox reactions. Both reversible phase transition and structural evolution have been
achieved upon (de)lithiation processes, which provides a solid foundation to realize the
excellent electrochemical performances including voltage and capacity retentions upon
long cycling. Our findings not only demonstrated that reversible anionic redox activities
can be realized within Li-based cathode material by means of Li-O-Na configuration,
but also provided a competitive structure for traditional Li-rich oxides with Li-O-Li

configuration.
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Figure 1. Structural characterization of layered Na[Nai/3Ru2/3]O2 and Li[Nai3Ru2/3]0z.
(a) XRD pattern of Na[NaisRu23]O2 and the corresponding results of Rietveld
refinement. The X-ray target was Cu K, with an incident wavelength of 1.54059 A.
The calculated pattern was obtianed by the software of General Structure Analysis
System 2. The crystal structure of Na[Nai3Ru23]02 viewed along the c-axis is depicted
in the insert. (b) TEM and inserted SAED images of layered Na[NaisRu23]0z2. (¢)
High-resolution TEM image of layered Na[Nai/3Ru2/3]Oz. (d) XRD pattern and Rietveld
refinement results of Li[Nai3Ru2/3]O2 generated from Na[Nai3Ru23]02 by Li"/Na" ion
exchange. (¢) TEM and inserted SAED images of layered Li[NaisRu23]Oz2. (f) high-

resolution TEM image of layered Li[Nai3Ru2/3]0x.
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Figure 2. Electrochemical performance of Li[NaisRu23]O2. (a) Typical charge—
discharge profiles of Li[Nai13Ru23]Oz2 during the first two cycles between 2 and 4.8 V.
(b) Cycling performance of layered Li[Nai;sRu23]O2 between 2 and 4.8 V at a current
density of 50 mA g!. (c) Normalized discharge profiles of Li[NaisRu23]02 after 100,
200, 300, 400 and 500 cycles. (d) Capacity retention and coulombic efficiency (CE) of
layered Li[Nai3Ru23]O2 between 2 and 4.8 V at a current density of 200 mA g .
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Figure 3. Phase transition and structural evolution of layered Li[NaisRu23]02 upon
cycling. (a) Contour plots of the (003), (006)/(002), (10-1) and (009)/(003) peaks of
Li[Nai;3Ru23]O:2 derived from operando XRD experiments. (b) *Na solid state NMR

spectra of the Li[NaisRu2/3]O2 electrode collected after the 1% charge and 1% discharge.
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Figure 4. Analysis of anionic/cationic states in layered Li[Nai;3Ru2/3]O2 upon cycling.
O K-edge mRIXS of Li[Nai3Ru2/3]0:2 electrode spectra obtained at (a) pristine and (b)
1°" charged states. (c) Ru K-edge XAS of Li[Na1sRu23]O0: at pristine, 1% charge, 1%
discharge and 2™ charge states. (d) Operando differential electrochemical mass
spectrometry (DEMS) of gas evolution during the first cycle. (e) Ru K-edge XAS of
standard samples, RuOz (+4), Lis3RuOs4 (+5) and K2RuOu4 (+6), for the evaluation of Ru
oxidation states. (f) Linear relationship between the Ru oxidation states (+4, +5 and +6)
and the K-edge positions determined by the integral method. The Ru oxidation states
of Li[Nai/3Ru2/3]O2 electrode at various charged states can be estimated by the linear

relationship.
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