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Abstract:

The residual Li and Li*/Ni** cation mixing play essential roles in the
electrochemical properties of Ni-rich cathodes. However, a general relationship
between the residual Li conversion, cation mixing, and their effects on the Li* kinetics
and structural stability has yet to be established, due to the presence of cobalt in the
cathode. Here, we explore the synergistic impact of the residual Li conversion and
cation ordering on a Co-free Ni-rich cathode (i.e., LiNig.9sMno.0s02). It discloses that
the rate capability is mainly affected by residual Li contents and operating voltage.
Specifically, residual Li can be electrochemically converted to cathode electrolyte
interphase (CEI) below 4.3 V, thus inducing high interphase resistance, and
decomposes to produce CO>-dominated gas at 4.5 V, causing temporary enhancement
of Li* diffusivity but severe surface degradation during cycling. Moreover, the cycling
performance of Co-free Ni-rich cathode is not only determined by Li*/Ni**
cation-ordered superlattice, which enhances the structural stability as it functions as
the pillar to impede lattice collapse at a highly charged state, but also by the robust
CEI layers which protect the bulk from electrolyte attack under 4.3 V. These findings
promote an in-depth understanding of residual Li conversion and Li*/Ni?>* cation

ordering on Co-free Ni-rich cathode.
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1 Introduction

The rapid expansion of electric vehicles (EVs) in recent years is closely related
to the application of advanced lithium-ion batteries (LIBs). The properties of the
cathodes have great influence on the electrochemical performance of LIBs[1-3].
Layered Ni-rich oxide cathodes, such as LiNiixyCoxAlyO2 and LiNiixyCoxMnyO2
(NCA, NCM, x+y < 0.2), have been extensively explored, owing to the high energy
density and good rate capability [4, 5]. Nevertheless, high Ni contents would increase
the probability of Ni** migrating to the Li* slab, and vice versa, to form cation mixing,
which substantially influences on the performance of cathodes [6, 7]. Several studies
have been proceeded to investigate the effect of cation mixing on Ni-rich cathodes. It
is reported that the cation mixing will increase the activation energy barrier and
hindrance for Li" migration, thus deteriorating the rate capability and cycling
performance [8, 9]. However, it is also discovered that the Ni?* ions, which orderly
occupy Li" sites (cation-ordered structure), can hinder the pernicious phase transitions
and collapse of the layered structure at a deeply charged state [10]. Up to now, the
functionality of cation mixing in Ni-rich cathodes remains controversial.

This controversy may ascribe to the presence of Co element in ternary NCM and
NCA systems. According to previous studies, Co®" can obscure the effects of cation
mixing on Ni-rich cathodes in the following ways: (1) Co’* serves as a buffer atom to
relieve magnetic frustration and thereby stabilize the layered structure of cathodes,
which is identical to the function of Li*/Ni?* cation ordering [11]. (2) Co** can

enhance the electrical conductivity because of the overlap between Co*"*" redox pair
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and O 2p orbital, whereas cation mixing may hamper the mobility of Li" by
decreasing the thickness of lattice interlayer [12]. (3) Co®* can provide extra capacity
when oxidized to Co*" at a highly charged state, which would mitigate the capacity
decay induced by inactive Ni?* in the Li* slab [13]. Thus, to achieve a comprehensive
understanding of cation mixing on Ni-rich cathodes and resolve the contradictory
statements reported by previous works, Co-free Ni-rich LiNi;xMnxO; (x < 0.1)
cathode materials are suitable choices for the research object.

During the high-temperature synthesis of Co-free Ni-rich cathodes, residual Li
will form due to the excessive addition of lithium sources [14, 15]. The residual Li
would react with electrolyte to generate gases, resulting in poor cycle stability and
battery safety [16, 17]. In contrast, previous work reports residual Li can protect
cathode materials from close contact with the electrolyte, thus avoiding surface
degradation and improving cycling performance [18]. The reason for these disparate
understandings of residual Li conversion on Ni-rich cathode is mainly attributed to the
amount of residual Li and operating voltage range, which will be discussed detailly in
this study.

Hence, revealing the effects of residual Li conversion and cation mixing is
essential for developing advanced Co-free Ni-rich cathodes. In this work,
LiNio9sMno 0502 with relatively high (denoted as NM95-H) and low (denoted as
NMO95-L) contents of residual Li and cation mixing are synthesized by adjusting the
calcination temperature. By conducting structural analysis and electrochemical testing,

we disclose that both residual Li and operating voltage account for the discrepancy of
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rate performance. For the first time, we discover that the cyclability of the Co-free
Ni-rich cathode can be attributed to not only Li*/Ni*>* cation-ordered structure
impeding lattice collapse at a highly charged state, but also residual Li, protecting
cathode from electrolyte attack by converting to robust cathode electrolyte interphase
(CEI).
2 Experimental
2.1 Materials synthesis

The Co-free Ni-rich LiNigp9osMnoosO2> cathodes were prepared through a
solid-state calcination method. Specifically, the Nig.osMno.os(OH)2 precursors (Hunan
Changyuan Lico Co. Ltd.) were blended with LiOH-H>O (excess of 5 mol.%) using a
mortar and placed into a tube furnace after the grind. Subsequently, the obtained
mixed powders were calcinated at 480 °C for 5 h for a preheat, then sintered at 700 °C
or 750 °C for another 10 h to obtain the final products. The whole calcination process
is under an O, atmosphere, with 5 °C min! for the heating rate.
2.2 Materials characterization

The morphological characteristics of prepared cathodes were collected using
scanning electron microscopy (SEM, LSM 7900F, JEOL). The chemical compositions
of Ni and Mn elements in each cathode were determined by inductively coupled
plasma
atomic emission spectrometry (ICP-AES, Agilent 7900 ICP-MS). The particle size
distributions were collected by a particle size analyzer (Mastersizer 3000). The

crystallographic structures of as-prepared samples were analyzed by X-ray diffraction
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(D8 Advance, Bruker) using Cu Ka radiation. The detection angle is 10°-90° and
10°-120°, and the scan speed is 5° min~'. The Rietveld refinement were conducted
with the Rietica software. The residual Li contents are detected by the titration
method. Specifically, 2 g of cathode materials are put into purified water (100 mL)
and then stirred for 10 minutes. The obtained solution was filtered and then titrated
with 0.048 mol/L HCI. The phenolphthalein and methyl red served as pH indicators.
Surface analysis of cathodes is performed by the X-ray photoelectron spectroscopy
(XPS) method (VG MultiLab 2000). The microstructure of cathodes is investigated by
transmission electron microscopy (TEM, Titan G2 60-300) and scanning transmission
electron microscopy (STEM, FEI Titan Themis). For TEM analysis of activated or
cycled cathodes, the cell was disassembled in a glove box under an inert atmosphere,
followed by DMC washing to remove electrolyte. The cross-sectional sample of
cycled cathodes at charged state is prepared using the focused ion beam (FIB) method
(FEI Helios NanoLab 6001). For gas generation analysis, operando differential
electrochemical mass spectrometry (DEMS) were conducted by mass spectrometer
(HPR-40, Hiden Analytical). The cells for DEMS analysis were charged to 4.3 V or
4.5V (versus Li/Li*) at 0.1 C.
2.3 Electrochemical tests

CR2025 coin-type cells with Li metal anodes were assembled to assess the
electrochemical performance. The active materials, acetylene black and
polyvinylidene difluoride (with a weight ratio of 8:1:1) are blended in a mortar and

then dissolved in N-methyl-2-pyrrolidone to form a slurry. Subsequently, the slurry is
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coated on aluminum foil, accompanied by a drying procedure in a vacuum oven for
almost 4 h (120 °C). After punching, the dried foil was transformed into thin disks
with a diameter of 12 mm and electrode loading of 2.2 mg cm™. The electrolyte
comprises the LiPF¢ solute and solvent containing dimethyl carbonate, ethyl methyl
carbonate, and ethylene carbonate (DMC, EMC, EC, 1:1:1 in volumetric ratio). The
assembly of coin-type half-cells was performed in a glove box, filled with inert Ar gas.
After rest for at least 8 h, the cells were transferred into a thermotank (30 °C) for the
electrochemical test, using the BTS-testing system (Neware, China). The cells were
firstly activated for 3 cycles at 0.1 C between 2.7-4.3 V or 2.7-4.5 V (1 C = 180 mA
g1, and then tested at a cut-off voltage of 4.3 V (abbreviated as NM95-H@4.3V,
NM95-H@4.5V, NM95-L@4.3V and NM95-L@4.5V, respectively). Electrochemical
workstation (CHI 660E) is used to probe the electrochemical impedance spectroscopy
(EIS), with the frequency range varying from 102 to 10° Hz. The galvanostatic
intermittent titration technique (GITT) was tested to calculate the diffusion
coefficients of Li* (Dr;") for all cathodes, and details for the testing process have been
described in our previous work [19, 20].
3 Results and discussion
3.1 Morphology and structure

The SEM images about the Nio.9sMno.os(OH)2 precursor and NM95 cathodes are
shown in Fig. S1(a)-S1(c). Both hydroxide precursor and cathodes exhibit a spherical
morphology, but their primary particles are micro sheet-like and cubic shapes,

respectively. The chemical compositions of each cathode determined by ICP-AES are
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in good accordance with the intended values (Table S1). The NM95-H and NM95-L
cathodes exhibit similar and nearly monodisperse particle size distribution, with an
average diameter of 11.1 um (Fig. S2). The XRD patterns as displayed in Fig. S3
reveal that all cathode materials exhibit a layered a-NaFeO: structure (R-3m space
group), and the peaks designated to impurities are undetectable. The peak intensity
ratio of (003)/(104) is 1.78 for NM95-H and 1.88 for NM95-L respectively, indicating
that NM95-H cathodes possess a higher cation mixing degree than that of NM95-L
[21]. The refinements of XRD patterns (Fig. 1(a) and 1(b), Table S2 and S3) show
exactly quantitative results of cation mixing, with 4.45% for NM95-H and 2.82% for
NMOI5-L, respectively. This result is also confirmed by XPS data of Ni 2p (Fig. S4),
showing more Ni*" contents on the NM95-H surface than that of the NM95-L.

It is widely accepted that for Ni-rich layered cathode, the residual Li compound
increase with cation mixing, because the calcination process is a lithiation process [22,
23]. The titration method is utilized to quantify the residual Li, and the details of the
titration processes are described in the experimental section [24, 25]. As shown in Fig.
1(c), the weight ratio of residual Li (LiOH and Li,COs) for NM95-H is 2.70 wt.%,
which is higher than 1.55 wt.% of NM95-L cathode. This result is further confirmed
by the XPS method (Fig. 1(d)-1(f)). The -characteristic peaks of Li»COsz or
LiOH/Li2COs in C 1s, Li Is, and O 1s are located at 289.9, 55.4, and 531.6 eV,
respectively. Specifically, the proportion of Li2CO; or LiOH/Li,CO3 in C 1s, Li 1s,
and O 1s for NM95-H cathode is 34.0%, 74.6%, 84.2%, which is higher than that of

the NMO95-L. The microstructures of NM95-H and NM95-L are characterized by
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TEM. Both two cathodes develop a layered structure, and the thickness of amorphous
residual Li on the NM95-H cathode surface is approximately 2.2 nm (Fig. 1(g)), while
the NM95-L cathode shows no obvious amorphous layer on the surface (Fig. 1(h)).

3.2 Rate capability analysis

The electrochemical properties of NM95-H@4.3V and NM95-L@4.3V are
evaluated between 2.7-43 V at 30 °C. Compared with NM95-H@4.3V,
NMOI5-L@4.3V cathode owns a higher initial discharging capacity and Coulombic
efficiency of 216.2 mAh g! and 86.70%, respectively (Fig. 2(a)). Besides,
NMOI5-L@4.3V exhibits superior rate capability than NM95-H@4.3V (Fig. 2(b)),
especially at high-rate current. The discharge capacity of NMO95-L@4.3V and
NM95-H@4.3V is 121.1 and 98.9 mAh g' at 10 C. Consequently, too much cation
mixing and residual Li would limit the rate performance.

To verify the detailed different impacts of cation mixing and residual Li on the
rate performance, cathodes are electrochemically activated at 2.7-4.5 V for 3 cycles,
then tested between 2.7-4.3 V at 30 °C. Compared with NM95-H@4.3V, the rate
performance of NM95-H@4.5V is improved, delivering a higher capacity (115.62
mAh g') at 10 C (Fig. 2(c)), which benefits from the possible removal of residual Li.
On the contrary, the capacity of NM95-L@4.5V declines sharply, with only 98.32
mAh g at 10 C (Fig. 2(d)), suggesting the undesirable side reaction as charging to
high voltage. Galvanostatic intermittent titration technique (GITT) is performed to
compare diffusion coefficients of Li* (Dri"), during the discharging process from

4.3-2.7 V after a different-voltage activation process. As shown in Fig. 2(e),
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NMI95-H@4.5V exhibits a relatively higher Dr;" than NM95-H@4.3V. EIS further
shows that the surface film impedance (Rr) of NM95-H@4.5V (18.2 Q) is lower than
that of NM95-H@4.3V (21.8 Q, Fig. S5(a), Table S4) [26, 27]. As reported early,
residual Li leads to sluggish Dri" and high interphase resistance [28]. Therefore, we
highly speculate that residual Li would be removed after activation at 4.5V, and the
rate capability of the NM95 cathode is closely related to the residual Li contents and
working voltage.
3.3 Variations of CEI

To further understand the underlying mechanism of residual Li decomposition
and CEI production after the activation process for NM95 cathodes, XPS spectra and
TEM images of NM95 cathodes activated under different voltage ranges are shown in
Fig. 3 and Fig. 4, respectively. XPS analysis confirms that residual Li will be
electrochemically converted into CEI after activation. As shown in Fig. 3, the surfaces
of all NM95 cathodes show typical CEI characteristics, mainly comprising lithium
alkyl carbonates (Li2CO3;, ROCOsL1), LiF, LiPFy, and LixPOF, species [29-31]. The
high intensity of LiF peak in F 1s of NM95-H@4.3V cathode is attributed to the high
concentration of Li2CO; on the pristine material, and LiF is beneficial to form a
robust CEI [32, 33].

The TEM images confirm that NM95-H@4.3V cathode possesses a thick and
uniform CEI of approximately 3.06 nm (Fig. 4(a) and Fig. S6(a)), consistent with the
lowest peak intensity in Ni 2p spectra but the highest one of CEI compositions in Li

Is spectra (Fig. S7). In marked contrast to the NM95-H@4.3V, the NM95-H@4.5V
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shows a thin and uneven CEI of approximately 0.78 nm (Fig. 4(b) and Fig. S6(b)).
Operando differential electrochemical mass spectrometry (DEMS) shows more CO;
released from NMO95-H//Li cell when charged to 4.5V (Fig. 4(e) and 4(f)),
demonstrating the decomposition of Li>COs as this formula: Li»CO3 — 2e — 2Li" +
1/2 Oz + CO» [19]. The thin CEI could decrease the interphase resistance and benefit
Li" kinetics, which conforms to above-mentioned rate performance.

Besides, the NM95-L@4.3V exhibits a thin and uneven CEI of approximately
0.65 nm (Fig. 4(c) and Fig. S6(c)), consistent with the scarcely amorphous layer of
NMO95-L in Fig. 1(h). However, after activation at 4.5 V for 3 cycles, the NiO peak in
O 1s spectra (Fig. 3(f)) and FFT images of the cycled electrode demonstrate the
irreversible phase transition from layer structure to rock-salt phase at the surface of
NMOI5-L@4.5V (Fig. 4(d) and Fig. S6(d)). The XRD patterns of electrochemically
activated cathodes in Fig. S8 show that the (003) diffraction peak of NM95-L@4.5V
cathode shifts to a lower angle compared with other cathodes, which is further
verifying the reconstruction of the Li-deficient phase of NM95-L@4.5V. The surface
reconstruction with layer-rock salt phase transition could block the Li" diffusion and
consequently undermine the rate capability of NM95-L@4.5V in Fig. 2(d).

Based on the obtained results, Fig. 5 vividly illustrates the intrinsic correlation
among the residual Li contents, voltage range, and CEI characteristics. The thick
residual Li on the NM95-H surface can be converted into a thick and uniform CEI
layer below 4.3 V, incurring high interphase resistance. Compared with the

NMO95-H@4.3V, the thick CEI decomposes to gas at a cut-off voltage of 4.5 V, and
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the rate performance of NM95-H is substantially improved. In addition, the small
amount of residual Li on the NM95-L cathode surface turns into a thin and uneven
CEI layer below 4.3 V, and leaves the bare surface of NM95-L in direct contact with
electrolyte at 4.5 V, resulting in a severe surface degradation as well as sluggish Li*
kinetics. Therefore, the rate performance of Co-free Ni-rich cathodes is mainly
attributed to the residual Li contents and operating voltage. The thick CEI on
NMO95-H@4.3V cathode would increase the interfacial impedance and thus reduce the
ionic conductivity, while the thin CEI on NM95-H@4.5V and NM95-L@4.3V
cathodes promote Li* diffusion.
3.4 Cycling stability

The cycling performance of NM95-H@4.3V and NM95-L@4.3V cathodes are
shown in Fig. 6(a). After 100 cycles between 2.7-4.3 V at 1 C, NM95-H@4.3V and
NMO5-L@4.3V cathodes retain 98.16% and 80.41% of their initial capacities,
respectively. Fig. 6(b) and 6(c) compared the cycling performance of NM95-H and
NMO95-L cathodes activated at different voltages for solely investigating the impact of
residual Li on structure stability. For NM95-H cathodes, the CEI layer on
NMO95-H@4.3V (as shown in Fig. 4(a)) protects the cathode surface from electrolyte
attack, thereby maintaining the original layered structure during cycles, whereas the
increased cut-off voltage could induce residual Li decomposes, and the bare surface of
NMO95-H@4.5V directly contacts with electrolyte, causing detrimental surficial phase
transitions with the capacity retention of 84.33%. For NM95-L cathodes, the inactive

NiO layers (as shown in Fig. 4(d)) form on NM95-L@4.5V cathode surface as
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charging to high voltage, which would be mainly responsible for the faster capacity
loss (capacity retention of 63.49%) during cycles.

Furthermore, Fig. 6(d) and 6(e) show TEM and corresponding FFT images of
NM95-H@4.3V and NM95-L@4.3V cathodes after 100 cycles between 2.7-4.3 V.
The FFT patterns of the marked region (Fig. 6(d-I), 6(e-I) and 6(e-11)) confirm that the
cycled NM95-H@4.3V cathode still maintains its original structure due to the
protection of CEI layer, which derives from thick residual Li by electrochemical
conversion, while the surface of cycled NMO95-L@4.3V cathode degrades from
layered structure to rock-salt phase because of the side reaction with electrolyte.
Besides, the (003) peak of NM95-L@4.3V shifts to a lower angle, indicating more
serious structural degradations than NM95-H@4.3V (Fig S9). However, this
protection effect disappears between 2.7-4.5 V due to the decomposition of residual Li,
and thus cause battery swelling at such high voltage (Fig. 4(b) and 4(f)). Therefore,
the residual Li can convert into robust CEI and stabilize the cathode surficial structure
during cycles between 2.7-4.3 V, but arouses potential safety problems between
2.7-4.5 V.

It is noteworthy that the capacity retention of NM95-H@4.5V (84.33%) is higher
than NM95-L@4.3V (80.41%), although the NM95-H@4.5V suffers battery swelling
problem, and both samples show the same surface properties after electrochemical
activation for 3 cycles at 0.1 C (Fig. 4(b) and 4(c)). This difference may be due to the
bulk structural evolution of the material caused by cation mixing, as the cation mixing

ratio of NM95-H (4.45%) is higher than NM95-L (2.82%). The dQ dV-! curves of
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NMO95-H@4.5V and NM95-L@4.3V cathodes show H1—-M—H2—H3 multiple
phase transitions (Fig. 7(a)-7(c)), in which H and M represent hexagonal and
monoclinic structure respectively [26, 34]. The abrupt contraction of the c-axis in unit
cell during the H2—H3 phase transition stage would induce stress concentrations
between grains, which can cause cracks in cathode particles during cycles.
Subsequently, the electrolyte will penetrate via those cracks to react with cathodes,
thereby deteriorating the reversibility of capacity [35, 36]. Apparently, the intensity of
H2—H3 oxidation peak for NM95-L@4.3V of the first cycle is significantly higher
and it drops more quickly after 100 cycles than that of NM95-H@4.5V, indicating a
drastic phase transition with poor reversibility, which is detrimental to structural
integrity.

To further understand the effect of cation mixing on the structural stability of
NMO95 cathodes, the bulk structures of the charged NM95-H@4.5V and
NMO5-L@4.3V after 100 cycles between 2.7-4.3 V are demonstrated by
cross-sectional images and STEM images (Fig. 7(d) and 7(e)), prepared by the
focused ion beam (FIB) method. The NM95-H@4.5V cathode shows no distinct
cracks, while some of the long and wide cracks cross the NM95-L@4.3V particle.
The superior structure stability of NM95-H@4.5V originates from the partially
ordered structure with Li* occupied Ni** site orderly and vice versa, as the absence of
Co*" is conducive to forming an ordering of cations in Ni-rich cathode materials [37].
This cation-ordered superlattice causes extra diffraction spots (marked by yellow

circles) in SAED patterns (Fig. 7(d-I)), which keep a simple fraction relationship with
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basic diffraction spots, indicating the origin of them from a Li*/Ni** ordered structure
rather than a secondary phase [10, 38]. The presence of Li* in Ni** slabs, as a pillar, is
assumed to impede lattice collapse induced by phase transitions at a highly charged
state [39]. However, the layered structure of NM95-L@4.3V cathode suffers from
severe phase transitions and consequently cracks. Those cracks can serve as channels
to facilitate electrolyte penetration into the interior of particles, reacting with cathode
to form NiO phase (Fig. 7(e-II)), which would be responsible for cycling stability
degradation of NM95-L cathode. Fig. 7(f) and 7(g) illustrate the crystal structure of
both cation-ordered superlattices and layered structures viewed from the different axis,
which corresponds to Fig. 7(d-I) and 7(e-I), respectively.
4 Conclusion

In summary, we synthesized Co-free Ni-rich LiNio9sMnoosO2 cathodes with
different residual Li contents and cation mixing degrees. Without the disturbance of
the Co element, the actual impacts of residual Li conversion and cation-ordered
superlattice on Ni-rich cathodes have been discovered. The residual Li can be
electrochemically converted into the CEI layer during electrochemical activation,
which is mainly responsible for the decrease of rate performance due to its high
resistance to Li" diffusivity. While as the cut-off voltage raises to 4.5 V, the residual Li
decomposes to COz-dominated gas, resulting in enhanced Li* kinetics temporarily but
more severe surface degradation during cycling. In addition, according to the STEM
analysis, the Li"/Ni** cation-ordered superlattices can inhibit phase transition at a

highly charged state and suppress microcrack generation during cycles owing to the
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pillar effect. However, the cation-ordering is not the only reason for the enhanced
cycling performance of NMO95-H between 2.7-4.3 V. By utilizing various
measurements, we reveal that the converted CEI layer can prevent the cathode from
electrolyte attack and inhibit side reaction under 4.3 V, thus synergistically improving
the cycling stability of Co-free Ni-rich oxide cathodes. This research proposes a
systematic understanding of residual Li conversion and cation ordering on Co-free
Ni-rich cathode, which provides a specific guide for cathode design to promote the

application of LIBs.
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Fig. S1. SEM images of (a) precursor, (b) NM95-H and (c) NM95-L cathodes.
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Fig. S2. Particle size distribution of NM95-H and NM95-L cathodes.
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Table S1 ICP-AES data of NM95-H and NM95-L cathodes

ICP-AES (molar ratio)

Sample

Li Ni Mn
NM95-H 1.0132 0.9512 0.0488
NM95-L 1.0125 0.9524 0.0476

Table S2 Rietveld refinement results of XRD data for NM95-H

NM95-H
Volume: 101.2 A3 a-axis: 2.8765 A c-axis: 14.1964 A
Space group: R-3m Rp=4.191 Rwp =5.649
atom site X Y Z B Occ
Lil 3a 0 0 0.5 0.6 0.9554
Li2 3b 0 0 0 0.6 0.0445
Nil 3a 0 0 0.5 0.6 0.0445
Ni2 3b 0 0 0 0.6 0.9054
Mn 3b 0 0 0 0.6 0.05
0 6¢ 0 0 0.2575 0.6 2

Table S3 Rietveld refinement results of XRD data for NM95-L

NM95-L
Volume: 101.3 A3 a-axis: 2.8767 A c-axis: 14.1998 A
Space group: R-3m Rp=4.228 Rwp =5.936
atom site X Y Z B Occ
Lil 3a 0 0 0.5 0.6 0.9717
Li2 3b 0 0 0 0.6 0.0282
Nil 3a 0 0 0.5 0.6 0.0282
Ni2 3b 0 0 0 0.6 0.9217
Mn 3b 0 0 0 0.6 0.05
0] 6¢ 0 0 0.2575 0.6 2

Table S4 EIS fitting results of NM95-H and NM95-L cathodes

Rt (2) Ret ()
NM95-H@4.3 21.8 929.8
NM95-H@A4.5 18.2 168.0
NM95-L@4.3 19.5 515.6

NM95-L@4.5 45.5 1053.0




