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A B S T R A C T

Layered lithium- & manganese-rich oxides (LMR), with their high capacity and cost-effective advantage, are
considered as a potent alternative of the next-generation cathode material for lithium-ion batteries. The behaviors
of the electrode-electrolyte interphase (EEI) are crucial to the electrochemical properties of LMR as a cathode
material operating at wide voltage regions (from 2 to 4.8 V). Nonetheless, the understanding of EEI for LMR
materials and the related renovation techniques are somewhat lacking. Herein, we gain insight into the EEI
change mechanism for LMR materials during long electrochemical cycles and demonstrate a renovating method to
mitigate its deterioration. As for the pristine electrode based on LMR materials, the increasing amount of POxFy

z�

and metal fluorides lead to unpleasant degradation for both the EEI and the active material particle, causing
evident performance decay. Whereas, the lithium phosphate, if employed in the electrode, effectively enhances
the lithium ions transfer, impedes the decomposition of electrolyte salt, and leads to a more stable EEI, thus
promoting the electrochemical performances of LMR materials. All results indicate that the EEI should be one of
the critical components for comprehensively understanding the LMR material, and the success renovation by the
lithium phosphate offers a new orientation for those intrinsic drawbacks of LMR material.
1. Introduction

Lithium-ion batteries (LIBs) are currently ones of the most widely
used energy storage devices, especially for 3C products and electric ve-
hicles [1–3]. However, the energy density of the LIBs is still insufficient
for meeting the ever-growing demand from now to the future, and
finding high-capacity alternatives as cathode materials for advanced LIBs
becomes the critical issue to the present dilemma [4,5]. Layered lithium-
& manganese-rich oxides (LMR), with significant advantages such as
high mass energy density and low cost, attracted the attention from all
over the world [6]. This kind of materials is usually written as
xLi2MnO3⋅(1-x)LiMO2(M ¼ Ni, Mn, and Co, so forth.) (0.5 � x < 1.0),
where lithium ions occupy both lithium layer and part of transition metal
(TM) layer [7–9]. Although this unique structure provides high mass
energy density, the concurrent issues such as voltage fade and inferior
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rate/cycle performances hamper the large-scale commercialization of
LMR so far [10,11].

Most of the previous efforts such as structural design, coating, and
doping were focused on the understanding and tuning the bulk structure
evolutions of LMR [12–15]. While few reports focused on the electro-
de/electrolyte interphase (EEI), the concept of which is the inhomoge-
neous spatial region at the interface between two bulk phases in contact
according to the Electrochemical Society (ECS). The property of EEI is
critical to the overall electrochemical performance of LMR since a more
extensive operating voltage range as 2.0–4.8V is usually applied [16,17].
Under this circumstance, the electrolyte solvent undergoes significant
decompositions with evident side reactions [18]. Furthermore, previous
research has confirmed that LMR suffers gas releasing during cycling,
which is closely related to the anionic redox [19]. Highly active sub-
stances such as peroxide and superoxide put forward with higher
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requirements to stabilize the EEI for LMR. Finally, the structural trans-
formation of LMRmaterial has been identified to extend from the surface
to the bulk [20,21], which is also closely related to the interphase issue.
Therefore, understanding the evolution process of EEI during electro-
chemical cycles is helpful to the ultimate utilization of LMR, and it is
expected to solve their intractable electrochemical performances issues
from the perspective of EEI [22,23].

Recently, phosphate-based salts have been applied to modify high
energy cathode materials [24–26]. The coating of lithium phosphate
[27–30] and Li-TM phosphate [31–33] brought practical improvements
for LMR, but these modifications will come to naught since the pristine
particles would lose contact with the coating layer because of the
anisotropic volume change during the repeated lithiation and delithia-
tion [34], making EEI dynamically changed and vulnerable [35]. None-
theless, phosphate-based salts exhibit the potential to modify the
property of interphases. Herein, we presented an in-depth theory of the
relationship between the capacity decay/structure change of Li1.2Mn0.6-
Ni0.2O2 (LMNO), a typical LMR material, with the evolution of the EEI
and further demonstrated that Nano-sized Li3PO4 (NLP) particles could
renovate the EEI via a simple physical adding. Detailed analyses revealed
that the NLP-containing EEI was more evenly distributed and thinner,
which in turn prevented the continuous decomposition of LiPF6 from the
electrolyte, thereby alleviating the corrosion from the HF to the LMNO
particles. This method differs from the previously reported coating or
infusion methods with a more direct benefit, and further, we explain the
furtherly effectiveness of phosphates on LMR material in a new way,
which may direct the future path for layered cathode materials in
solid-state batteries.

2. Material and methods

2.1. Synthesis & preparation

The LMR material with a chemical formula of Li1.2Mn0.6Ni0.2O2 was
synthesized by a facile Sol-Gel method as reported before [36]. The
nano-sized lithium phosphate (NLP) particles were synthesized via a sand
grinding method: commercial lithium phosphate particles were mixed
with the ethanol, then the mixture was ground for 5h in the sand grinder,
then the mixed liquid was centrifuged, and the powder was dried in the
oven at 80 �C to get the final NLP particles. More details of NLP are
illustrated in Figure S1.

2.2. Materials characterization

X-ray diffraction was employed to check the crystal structure of
synthesized samples, scanning between 2θ ¼ 10�–90� at a rate of 2�/min
(Rigaku, Model Ultima IV-185). The morphologies were checked by the
field emission SEM (FEI QUANTA 250) and TEM (JEM-2100). The
element distribution was checked on energy dispersive spectrometer
attached on SEM. The X-ray photoelectron spectroscopy was conducted
on PHI Quantera II. The solid-state nuclear magnetic resonance was
performed on Agilent NMR Systems (600 MHz). The Raman and infrared
spectra were checked by Renishaw inVia and Thermo Nicolet IS 10,
respectively. The ToF-SIMs spectra were carried out by TESCAN instru-
ment platform with ToF-SIMS analyzer. The acquisition was carried out
at the ion beam energy of 20 Kev and 10 Kev with the current of 12 pA
and 8 pA, the related covering the same field of view of 50 � 50 μm2 and
8 � 8 μm2 area. The mapping images consist of 192 pixels � 192 pixels.
All the ex-situ tests were conducted with the electrodes after specific
cycles, which was disassembled from the cells with several hours rest
time to achieve the steady states (voltage change � 0.001V/h).

2.3. Electrochemical test

The electrode was made by the doctor blade method, Li1.2Mn0.6-
Ni0.2O2 (LMNO) particles without/with NLP as the active material, and
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the acetylene black as conductive agent, were at first ground together for
20mins, then the PVDF dissolved in the NMP was added with another
10mins grinding before depositing the slurry on Al foil. The mass ratio of
the active material, acetylene black and PVDF was controlled to 90:5:5,
in which the active material included 99 wt% LMNO and 1 wt% NLP
were named as 1%NLP, and so as the 2%NLP and other analogs. The
wetting electrode was dried in a vacuum oven at 80 �C for 24h. The
thickness of the as-prepared electrode was strictly managed to be~50 μm
by a rolling machine (MTI, MR-100A). The electrode loading density is
~5.0 mg cm�2 (see Supplementary Information Figure S2).

The electrolyte was 1 mol/L LiPF6 dissolved in a mixture of ethylene
carbonate and ethyl methyl carbonate (1:1 vol ratio), and the dosage was
controlled by a pipette. The 2025 coin-type half-cells were assembled in a
glove box filled with argon; the counter electrode was lithium metal, and
the separator was the Celgard 2500. Galvanostatic tests were performed
on CT2001A Land instruments (Wuhan, China) ranging from 2.0 V to 4.6
V at 30 �C in the thermostatic chamber. The current density of 250 mA
g�1 was defined as 1C. Electrochemical impedance spectra (EIS) were
tested on an SP-100 electrochemical workstation (Biologic, U.S.) at fre-
quencies from 105 Hz to 0.01 Hz.

3. Results and discussion

The fundamental characteristics of the as-synthesized LMNOmaterial
are shown in Fig. 1. The General Structure Analysis System (GSAS) þ
EXPGUI suite was employed for the Rietveld refinement, as shown in
Fig. 1(a) [37,38]. The crystal characteristics of both R3m and C2/m were
applied for the calculation. The observed and calculated values are highly
consistent, where χ2 ¼ 1.86. The XRD results (more data can be found in
Table S1) illustrated that the LMNOmaterials own fine layered structure.
Fig. 1(b) illustrates the Raman spectrum of the material, where two
characteristic peaks of LMR between 500 and 600 cm�1 appeared. Also,
the characteristic peak for the spinel structure is missing as the arrow
points out in Fig. 1(b), which also indicates the pure layered structure of
the as-synthesized LMNO [39]. Fig. 1(c) and (d) illustrate the results of
SEM and TEM tests, respectively. It can be found that the material has a
quasi-nanoscale morphology, and the particles are relatively uniform.
The precise layer spacing of 0.475 nm in the high-resolution TEM image
and the standard selected area electron diffraction (SAED) pattern in the
inset imply the fine layered structure [40].

The effects of the NLP content on the electrochemical performances of
Li1.2Mn0.6Ni0.2O2 were investigated carefully, and the optimized adding
content of NLP was determined as 2%wt. as illustrated in Figure S3(a).
Fig. 1(e) illustrates the specific capacity of the baseline and 2%NLP
electrodes within 100 cycles with the corresponding coulombic effi-
ciencies. The specific capacity of 2%NLP is higher than the baseline
sample throughout the long cycling, and the capacity gap distinctly en-
larges after 10 cycles. Another noteworthy point is that the coulombic
efficiency fluctuation of 2%NLP is more stable than that of the baseline
sample, which indicates the stability of the electrode as well. The rate
performance of the two samples is shown in Fig. 1(f): 2%NLP owns better
discharge capacity at higher rates than the baseline electrode. These
differences between the baseline and 2%NLP electrodes lead to intensive
investigations via several techniques in the following part (see more
differences in Figure S3 and S4).

Previous researches proposed that the morphology of the electrode
significantly affects its electrochemical performance [41]. The ideal
electrode consists of the uniformly distributed active materials being
interconnected by the integrated conductive network due to the
conductive agents, and the binder can create a chain or mesh to preserve
the former two [41,42]. The EEI can be analyzed preliminarily from the
surface morphology of the electrode after certain cycles. Thus, SEM was
employed, and the results are illustrated in Figure S5. Both electrodes
show similar surface morphology before cycling. After 10 cycles, a thick
cover was formed on the baseline electrode because of the reactions
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Fig. 1. Basic characterizations of the as-prepared Li1.2Mn0.6Ni0.2O2 (LMNO). (a) XRD figure of LMNO with the Rietveld refinement. (b) Raman spectrum of LMNO. (c)
SEM figure of LMNO. (d) TEM figure with the SAED patterns of LMNO. Discharge specific capacity of the baseline and 2%NLP electrodes at (e) 0.2C and (f)
different rates.
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between the electrolyte and electrode, especially at the high voltage re-
gion [43]. The EEI on 2%NLP was thinner and more uniform than that of
the baseline electrode.When progressed to the 20th cycle, both EEIs were
attenuated, but that of 2%NLP kept smoother. After 100 cycles, the
electrode of baseline sample appeared to have more cracks and more
nonuniform by-products on the surface (the magnified images are shown
in Figure S6), while that of the 2%NLP maintained as the original state.
3

The EDSmappings for the electrode surface corresponding to the selected
cycles are shown as well. The distribution of elements in the baseline
sample electrode changed: the mapping for phosphorus element
enriched, while those for Mn and Ni diminished, and the fluorine and
oxygen contents were presenting a downward trend as well. In contrast,
for 2%NLP, the distribution of elements under different cycle did not
show significant differences. Therefore, it can be inferred that different



Fig. 2. XPS spectra of (a) C 1s, (b) F 1s, (c) P 2p and (d) Mn 2p, with the ATR-FTIR spectra of the (e) baseline and (f) 2%NLP electrodes after different cycles.
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Fig. 3. ToF-SIMs depth profiles of (a) 7Li, (b) 55Mn (with the related 3D distribution refactoring models), (c) 95(PO4) and (d) 98(PO3F) from both the baseline and 2%
NLP electrodes after 10th and 100th cycles. The full field of view is 50 � 50 μm2.
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changes occurred on the surfaces of the baseline and 2%NLP electrodes,
which could be the significant reason for the gap of electrochemical
performances.

X-ray photoelectron spectroscopy (XPS) and attenuated total reflec-
tion Fourier transform infrared spectroscopy (ATR-FTIR) were conducted
to explore the details of the electrode surface, and the results are shown
5

in Fig. 2. According to the XPS results in Fig. 2(a), carbonates in the form
of lithium salts and other oligomers were generated at the surface of both
electrodes, which may result in an increased impedance of the material
[17,44]. The significant carbonyl signal (1687 cm�1, marked by the
yellow triangle) from ATR-FTIR in Fig. 2(e and f) appeared after the
initial cycle, indicating the concentration of the electrolyte component



Fig. 4. Elemental distribution maps of 7Li, 55Mn from the (a) baseline and (b) 2%NLP electrodes from the front view with the full field view of 50 � 50 μm2.
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on the surface of the electrode [45–47]. Also, the red pentagram signal at
~1530 cm�1 represents the lithium carbonate [48], which may be
introduced by the side reactions between LMNO and CO2/H2O during the
preparation or the decomposition of the electrolyte during the char-
ging/discharging. Combining the XPS results from C 1s, it can be spec-
ulated that the amount of lithium carbonate increases while the carbonyl
amount decreases as the cycle progresses in the baseline electrode. As for
2%NLP, the NLP-containing EEI resisted this change, in which the car-
bonate kept in low content, and the carbonyl kept stable. As for the
fluorine, a significant amount of metal fluoride was formed in the EEI
since the enhanced intensity of F 1s at 685 eV in Fig. 2(b) for both kinds
of the electrode [49]. The transition metal ions were only derived from
the active material at the cathode side, and Li-ions from both cathode and
anode sides. The F� ions would only come from the decomposition of
POxFyz� and the PVDF after attacked by oxygenated substances (such as
trace H2O) [44]. This standpoint can also be verified by the peak change
of phosphorus in Fig. 2(c), that the peak represents P–O/P¼O increased
evidently for the baseline sample but not for 2%NLP. Combining the EDS
mapping results in Figure S5, it can be concluded that PFx� in the elec-
trolyte was decomposed during cycles to form POxFyz� (PF6�, PF5, POF3,
PO2F and so on) as components in the EEI, leading to the generation of
F�. The interphase in the baseline electrode contained vast fluorine
element, which should be one of the major reasons for the electro-
chemical performance decay. As for 2%NLP, it was obvious that NLP help
to restrain the decomposition of phosphorus-fluorine composite, due to
the increasing of the signal representing P–O/P¼O from P 2p spectra was
suppressed, as well as the signal at 685 eV from F 1s spectra. Another
important concern is the signal of –CF2- that represents the binder
(PVDF) in Fig. 2(e and f), which has large fluctuations in the late stage of
cycling for the baseline sample while being stable in 2%NLP. The HF2�

signal is related to the surface stability of the interphase [50], and it can
be seen that the HF2� signal of the baseline sample was weakened with the
cycles, but that of the 2%NLP sample kept stable in Fig. 2(e and f). This
could be another proof that NLP assisted in forming stable interphase for
LMNO particles.

Fig. 2(d) provided Mn 2p spectra from the baseline and 2%NLP at
selected cycles. The splitting results of the 2p 3/2 peaks are provided to
illustrate the details better. The peak at 646.8 eV can be remarked as the
satellite feature of Mn2þ in Mn(II)O [51], although it’s inaccurate to
6

quantify the content of Mn2þ in all manganese compound from this
splitting results since the complexness of XPS signal of Mn 2p, changes
from the relative intensity of this characteristic peak can be regarded as
the existence of Mn2þ at the surface. The intensity of this satellite peak of
the baseline electrode decreased as the cycles proceed, which can be
explained by the dissolution of manganese oxides in the EEI caused by
the corrosion of electrolyte. Meanwhile, the signal from 2%NLP kept
well, confirming the robustness of the EEI with NLP. For a better un-
derstanding of all these resultants mentioned above, a typical Mosaic
model [52] was illustrated in Figure S7(a). The diagram in Figure S7(b) is
to better summarize the changes of each element and the related
component during cycles. In short, NLP in the electrode suppressed the
continuous formation of POxFyz�, and thus reducing the generation of
undesirable by-products HF. More information including the fitting po-
sition and Full width at half maximum (FWHMs) using for the XPS fitting
are listed in Table S2 (supplementary information).

The time-of-flight secondary ion mass spectrometry (ToF-SIMs) as the
high-sensitive surface analysis technique was also applied on the surface
of the electrode [34,53]. The total ToF-SIMs spectra of the baseline and
2%NLP electrodes after 10 cycles and 100 cycles are shown in
Figure S8(a), with the verification of evenly distribution Gaþ beam, and
the typical SEM images of the electrode surface after the ToF-SIMs tests
are shown in Figure S8(b and c). The results with different sizes of probe
area are shown in Fig. 3, Fig. 4, and Figure S9. It is worth note that
different matters responses differently when the ion beam focused. Thus
the response signal for the ToF-SIMs could not correspond perfectly to the
element depth distribution of every single etching area. Therefore, we
defined the rapid escalating response signal comes from the outer layer of
the interphase (sputter time was about 50s, and the corresponding
curving depth was about 80 nm), as shown in Fig. 3, and the signal during
~50–150s and ~150–300s were regarded from the medium and inner
layer of the interphase. After ~300s, the signal would come from the bulk
particles with the interphases together. Here we applied 3D distribution
refactoring to get a visualized lithium-ion distributions as Fig. 3(a) and
(b) illustrated. The baseline sample had difference barely from 2%NLP
after 10 cycles in the 50 � 50 μm2 area, but the lithium content became
too dispersive after 100 cycles, which means its uneven distribution.
Moreover, the Mn distribution of 2%NLP owned an excellent corre-
spondence with the Li distribution after 100 cycles, while the baseline



Fig. 5. (a) XRD patterns of the baseline and 2%NLP electrodes during different cycles at different 2θ ¼ 16.5–21�, 42–46� and 62–67�, TEM images of cycled particles
from the baseline (b–d) and 2%NLP (e–g) electrode, (h) the schematic of the electrode with NLP before and after cycling.
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sample had not. Thus, it can be concluded that the Mn element dissolved
from the active particle after long cycles and contributed to the formation
of interphases. As for the POxFyz� species, 95(PO4) and 98(PO3F) was
detected, and the corresponding normalized intensity distributions are
shown in Fig. 3(c) and (d). The distributions of 95(PO4) in both electrodes
were very similar, only the baseline sample had a constant distributed
content from the medium part to the bulk after 100 cycles, while other
7

samples had downward trends. However, the 98(PO3F) distribution of the
baseline sample was enriched on the medium part after 100 cycles, while
the 2% NLP sample remained unchanged, which verified the generation
of these species on the interphases and matched the results of XPS and
ATR-FTIR analyzes.

Meanwhile, Fig. 4 illustrates more details from the front views of Mn
and F in both electrodes. The migration of Mn in the baseline sample was



Fig. 6. Schematic of the electrode with and without NLP.
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evident from the bulk to the medium surface in previous Fig. 3(b), which
fitted the F element distribution from the front view, especially in the
baseline electrode. The manganese element enriched at the outer and
medium layer with the fluorine, and this trend became much more
apparent after 100 cycles. On the contrary, 2%NLP withstood this change
that no distinct enrichment of manganese and fluorine was detected from
ToF-SIMs, as shown in Fig. 4(b). Thus, the dissolution of Mn ions is
directly correlated to the fluorine, and the stability of the interphase is of
great importance.

As mentioned before, the unwilling dissolution of transition metal
ions from LMNO particles leads to the attenuation of electrochemical
performances, which would be proofed by the XRD results as well.
Herein, we exhibited how EEI effect the crystal characteristics of LMNO
after selected cycles on the baseline sample and 2%NLP in Fig. 5 with the
full view in Figure S10. The (003) and (104) peaks of the baseline elec-
trode shifted to higher angles and became very weak after 100 cycles in
Fig. 5(a), indicating the degradation of layered features, which can be
inferred to the partial structure changes from layered to spinel and rock-
salt type. In contrast, the 2%NLP electrode still possessed a distinct peak
8

intensity, representing the well-retained layered features. Furthermore,
the splitting of (108)/(110) peaks is also a manifestation of layered
features, where 2%NLP retained better after cycling. It can be speculated
from the XRD patterns that NLP helps to inhibit the phase transition
process of LMNO. HRTEM results of the cycled materials (100 cycles @
1C) on both electrodes are illustrated as well, where Fig. 5(b–d) is for the
baseline sample, and Fig. 5(e–g) is for 2%NLP sample. Fig. 5(b) and (e)
exhibit the overall view of particles after cycling, where the surface of the
particles in the baseline sample lacking covering, with the evident
agglomeration of amorphous substance. The surface of the 2% NLP
particles possessed a very uniform EEI with a thickness of ~3 nm, which
contributed the protective effect on the active material (magnified view
in Fig. 5(c) and (f). The area in the red dotted frame was selected to carry
out fast Fourier transform (FFT), and the results are illustrated in the
inset, indicating that crystal characteristics of 2%NLP were better pre-
served. Fig. 5(d) and (g) are the enlarged patterns of the white dotted
frame, the surface of the baseline material was severely pitted, it can be
confirmed that metal elements such as Mn and Ni were dissolved in the
electrolyte since severe F� attack when combining the ToF-SIMs results,
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this dissolution directly led to capacity decay [54]. On the contrary, the
surface of the 2%NLP material is relatively smooth, indicating that NLP
can well alleviate the erosion from the electrolyte for the active material
through inducing stable interphase on the surface, as Fig. 5(h) illustrated.

Electrochemical impedance spectroscopy (EIS) and cyclic voltam-
metry (CV) measurements were conducted to gain further insight into the
effects of NLP on the electrochemical behavior of LMNO. Figure S11(a)
and (b) show the Nyquist plots of the baseline sample and 2%NLP,
respectively. All the spectra exhibit two semicircles corresponding to the
charge transfer resistance (Rct) and mass transfer process (Rf) [55]. The
formation of EEI was slow at the beginning, which is positively correlated
with the charge transfer impedance, i.e., the thicker and denser EEI, the
larger Rct. Also, the Rf value is naturally increasing with the cycles; the
growth rate of Rf from 2%NLP is slower, which also indicates that NLP is
beneficial to the stability of the electrode. The CV results are shown in
Figure S11(c) and (d), recorded at 0.1 mV s�1 in the voltage range of
2–4.6V for initial three cycles. Two visible oxidation peaks appear at
3.87V and 4.14V, which can be ascribed to the oxidation of Ni2þ/Ni4þ;
another peak appears at 4.5V, corresponding to the electrochemical
activation of Li2MnO3 phase [56]. It is worth noting that 2%NLP pos-
sesses better overlapping reduction peaks, suggesting the better stability
of the electrode. As a result, the cycle and rate performances of 2%NLP
were enhanced.

According to the above spectral and structural analyses, we summa-
rized the evolution process of the LMNO’s EEI and the mechanism of its
tailoring by NLP, as shown in Fig. 6. It is known that the material itself
with the electrode fabrication process will influence the intercalating/
deintercalating uniformity of lithium-ions. While during high-voltage
cycling, not only the electrolyte is more readily decomposed, but also
the highly oxidized ions such as Ox

y�, which derived from local immod-
erate delithiation at the surface of LMR, will further accelerate the
decomposition of the electrolyte, and produce more carbon dioxide and
trace water, thereby accelerating the decomposition of LiPF6. When a
large amount of free HF and POxFyz� substances are generated, the free F
ions will erode the surface of the cathode material, especially where EEI
is not protected as covers for active particles, resulting in the dissolution
of the transition metal ions. This undesired dissolution leads to porous
defects on the surface, which may adsorb more F� ions to accelerate the
corrosion [54,57]. The resulted metal fluorides will then attach to the
electrode surface such that the interphase impedance increases, which in
turn causes degradation of the EEI. This vicious cycle, as shown in Fig. 6,
can cause rapid degradation of the performance of the LMR electrode.
Therefore, it is more significant for LMRmaterials to own stable EEI since
it is a self-promoting degradation process. The attacks from the decom-
posed electrolyte to the cathode material will become more aggravated
once the decomposition of electrolyte begins. Fortunately, we found that
when a little bit of NLP was added to the electrode, the stability of the EEI
can be improved, thus contributing to the stability of LMR and the entire
electrode. More importantly, the stabilized EEI suppresses the bulk phase
transformations, which suggests a new insight to understand the decay
mechanism of LMR material.

4. Conclusion

The EEI of electrodes based on LMR material has been investigated
through the long electrochemical cycles with its renovating by lithium
phosphate particles. The results indicate that the EEI of the pristine
electrode is highly unstable, and the excessive generation of metal
fluoride/POxFyz� leads to a vicious circle of electrochemical degradation.
To alleviate these shortcomings, we utilized lithium phosphate directly to
the electrode. It was found that lithium phosphate, on the one hand,
facilitated to the uniform transfer of lithium ions because of its natural
solid-state electrolyte property; on the other hand, suppressed the
continuous generation of POxFyz�, in which the by-products are the un-
desirable HF. Therefore, the electrode-electrolyte interphase which
would be generated during the cycling was successfully renovated, and
9

the electrochemical performances of Li1.2Mn0.6Ni0.2O2 have been
improved. In brief, we believe that an in-depth understanding of the EEI
with the valid renovation are both essential for designing high specific
energy cathode based on LMR materials.
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