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Construction of a hetero-epitaxial nanostructure
at the interface of Li-rich cathode materials to
boost their rate capability and cycling
performances†
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Lithium-rich cathode materials are considered to be promising candidate cathode materials for next-

generation Li-ion batteries owing to their high specific capacities and low cost. Nevertheless, they still

suffer from undesirable capacity loss and voltage decay during cycling. In this work, we propose a facile

strategy to coat lithiated transition metal phosphates on the surface of Li-rich cathode materials.

Strikingly, the coated material shows a hetero-epitaxial nanostructure at the interface between the

coating layer and the cathode material. Such a coating layer with a unique interfacial structure could

effectively boost the Li+ solid-state diffusion kinetics, protect the cathode material from the corrosion of

the electrolyte, and suppress the oxygen loss during the charge–discharge processes. Moreover, the

lithiated phosphate coating layer can inhibit the formation of residual Li compounds upon long-term

storage under an ambient atmosphere. Based on the above favorable properties, the lithiated phosphate

coated Li-rich cathode material shows a high rate capability with a discharge capacity of 156 mA h g−1

obtained at 5 C and decent cyclic stability with a capacity retention of 93.4% achieved at 0.5 C after 140

cycles. This study investigates the interfacial engineering of Li-rich cathode materials via the construction

of a Li+-conductive lithiated phosphate coating layer with a hetero-epitaxial interfacial nanostructure,

which may offer an effective way to further improve the electrochemical performances of Li-rich cathode

materials.

1. Introduction

Over the past 30 decades, the rapid development of the Li-ion
battery (LIB) technology has created exuberance in the market
of portable electronics. However, with the reach of the bat-
teries’ applications expanding to large-scale energy storage
such as electric vehicles and grid energy storage, the energy
density of the current commercial LIBs is still far from satisfac-
tory for customers.1–3 In this context, the exploration of high-
capacity LIB cathode materials is a timely and highly relevant
endeavor to strengthen the position of LIB technology in the
energy storage market.4 Compared with commercial LIB

cathode materials, Li-rich Mn-based oxide (LRMO) cathode
materials [xLi2MnO3·(1 − x)LiTMO2 (0 < x < 1), TM = Ni, Co,
Mn, etc.] feature the advantages of prominent specific
capacity, low cost, and environmental friendliness, which
make LRMO promising alternative cathode materials in next-
generation LIBs.5,6 For instance, the theoretical capacity of
Li1.2Mn0.54Co0.13Ni0.13O2 (when x = 0.5 in LRMO) can reach
almost 380 mA h g−1 for 1.2 Li+ extraction.7 The high charge
storage capability of such LRMO cathode materials may pre-
sumably originate from both cation redox reactions and anion
redox reactions.8 On the one hand, due to the high O/TM (tran-
sition metal) ratio in LRMO, one of the O 2p orbitals will be
loosely bonded with TM. As a result, such an O-based anion
will behave as peroxo-like On− and is thus liable to be engaged
in reversible redox reactions.9 As evidence, the transition
between divalent O2− and higher-valency O (e.g., O−) has been
reported in previous studies.9–13 On the other hand, at high
voltages, Mn4+ ions occupying the octahedral site will be oxi-
dized and transformed into Mn7+ ions and migrated to the
tetrahedral sites, further contributing to the high specific
capacity of LRMO.14

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1nr06746j

aSchool of Chemistry and Chemical Engineering, Hefei University of Technology and

Anhui Key Laboratory of Controllable Chemical Reaction & Material Chemical

Engineering, 230009 Hefei, Anhui, PR China. E-mail: wxzhang@hfut.edu.cn,

haijian.huang@hfut.edu.cn, zehengyang@hfut.edu.cn
bInstitute of Energy, Hefei Comprehensive National Science Center, Hefei, Anhui

230071, P. R. China

20488 | Nanoscale, 2021, 13, 20488–20497 This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 1
7 

N
ov

em
be

r 
20

21
. D

ow
nl

oa
de

d 
on

 5
/1

1/
20

26
 2

:3
2:

54
 A

M
. 

View Article Online
View Journal  | View Issue

www.rsc.li/nanoscale
http://orcid.org/0000-0002-0115-8745
http://orcid.org/0000-0002-1319-0515
http://orcid.org/0000-0001-6979-8901
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr06746j&domain=pdf&date_stamp=2021-12-13
https://doi.org/10.1039/d1nr06746j
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR013048


Nonetheless, despite the above appealing properties, LMR
cathode materials still suffer from poor cyclic performance
and insufficient rate capability. Specifically, during the first
charge, Li2O will be irreversibly removed from the monoclinic
Li2MnO3 phase (one of the two primary phases of LRMO)8,15

based on the reaction Li2MnO3 → MnO2 + Li2O, which will
result in the structural instability of LRMO during cycling.
Besides, though the involvement of oxygen in the redox reac-
tions can bring about decent charge storage capability for
LRMO, the extraction of oxygen based on the above reaction
will, however, trigger the dissolution of TM. Such a process
will be followed by the phase transformations of LRMO,
thereby speeding up its structural degradation during
operation.15,16 Moreover, when charging at high voltages, the
extensive side reactions at the interface of the LRMO cathode
and the electrolyte will lead to the formation of a thick, non-
conductive, and inactive cathode/electrolyte interface (CEI),
which will significantly hinder Li-ion diffusion, thus lowering
the rate capability of the cathode.8,17 Accordingly, considering
the above critical issues, the realization of high performance
for LRMO remains a great challenge.

Note that the structural degradation of LRMO always starts
at the surface of the cathode prior to its expansion to the inner
structure.8 Meanwhile, the CEI formation is highly related to
the surface properties of the cathode material.8 Hence, surface
and/or interface engineering of LRMO plays a vital role in tack-
ling the above-mentioned problems of LRMO. Reflecting its
importance, massive efforts have been devoted to coating
LRMO with various types of materials, including metal oxides,
metal fluorides, metal phosphates, etc.18 The coating layers
can effectively reduce the side reactions between the cathode

and electrolyte, and in the meantime suppress the oxygen
release and structural degradation during cycling. Among the
many investigated coating materials for optimizing the Li-ion
storage performances of LIB cathode materials, metal phos-
phates have been considered to be feasible candidate coating
species because of their stable structure and high Li-ion con-
ducting nature.19–21 However, the coating strategy does have its
drawbacks. In particular, due to the blocking effects of the
coating layer on Li-ion diffusion across the interface, the
coating species would introduce additional resistance for Li-
ion transport, which remains to be appropriately
addressed.6,22,23

In this study, a facile etching-induced coating strategy is
combined with a subsequent co-lithiation step to construct the
LRMO@LiMPO4 (M = Ni, Co, Mn) composite material. The
coating layer of the lithiated phosphate with high Li-ion con-
ductivity significantly improves the electrochemical perform-
ances of Li-rich cathode materials via restraining the corrosion
of the electrode surface by the electrolyte. More intriguingly, a
hetero-epitaxial nanostructure is observed at the interface
between LRMO and LiMPO4, which significantly facilitates fast
Li-ion diffusion across the interface. Furthermore, the coating
of LiMPO4 on LRMO can efficiently suppress the oxygen
release during charge/discharge, favoring the structural stabi-
lity during cycling. On the basis of the above favorable pro-
perties, the LRMO@LiMPO4 composite achieves an outstand-
ing Li-ion storage performance with a high capacity of
238.8 mA h g−1 and a decent capacity retention of 93.4% deli-
vered at 0.5 C after 140 cycles, implying the great potential of
such a coating strategy for boosting the Li-ion storage perform-
ances of Li-rich cathode materials.

2. Results and discussion

The coating process of LiMPO4 on LRMO is illustrated in
Fig. 1. In the first step, NaH2PO4 was employed to etch the
MCO3 (M = Ni, Co, and Mn) precursors, which were prepared
based on the method previously reported by us.24 The etching
step results in the interfacial phase conversion, resulting in
the oriented coating of M3(PO4)2 on MCO3 (denoted as
MCO3@M3(PO4)2). Next, the MCO3@M3(PO4)2 composite was
mixed with Li2CO3 and calcined at 800 °C under an ambient
atmosphere. During this step, co-lithiation of M3(PO4)2 and
MCO3 is triggered, which finally leads to the formation of
LRMO coated with LiMPO4 (denoted as LRMO@LiMPO4).
Besides, to study how the content of the coating species affects
the electrochemical performance of LRMO, different feeding
ratios of NaH2PO4 were applied during synthesis. The obtained
LRMO samples coated with varied contents of the coating
LiMPO4 layer are labelled as LRMO@LiMPO4-1,
LRMO@LiMPO4-2, and LRMO@LiMPO4-3, respectively (see
details in the Experimental section).

To achieve uniform coating, NaH2PO4 etching was per-
formed in a mixed solvent comprising ethylene glycol (EG) and
water (volume ratio of 5 : 1, see the Experimental section) first.
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At this stage, NaH2PO4 was ionized in the solvent, during
which a certain amount of H+ ions and PO4

3− would be gener-
ated. The H+ ions would then etch the surface of the MCO3

precursor, resulting in the release of TM ions (M2+). The reac-
tion of the surface-adsorbed M2+ with PO4

3− dissolved in the
solution would eventually produce the M3(PO4)2 coating layer
on the surface of MCO3. The reaction mechanism of the above
etching and coating steps can be described as below:

H2PO4
� ! Hþ þHPO4

2� ð1Þ

HPO4
2� ! Hþ þ PO4

3� ð2Þ

2Hþ þMCO3 ! M2þ þH2Oþ CO2 " ð3Þ

3M2þ þ 2PO4
3� ! M3ðPO4Þ2 # ð4Þ

In the following annealing step, M3(PO4)2 and MCO3 both
underwent a lithiation step in the presence of Li2CO3, which
resulted in the generation of the final LiMPO4@LRMO. The
reactions can be expressed as:

5MCO3 þ 3Li2CO3 þ O2 ! 5Li1:2MO2 þ 8CO2 " ð5Þ
M3ðPO4Þ2 þ Li2CO3 ! LiMPO4 þ CO2 " ð6Þ

The mixed solvent (H2O–EG), acting as the reaction
medium, plays a crucial role in realizing the uniform coating
of LiMPO4. To demonstrate this, 1 mmol NaH2PO4 was gradu-
ally added to 50 mL of the mixed H2O–EG solvent (solution A)
and pure water (solution B), respectively, and the ionic conduc-
tivities of the two solutions were measured. As shown in
Fig. S1,† the ionic conductivity of solution A is found to scale
up much slower than that of the control solution B. The
results suggest that the mixed solvent can retard the ionization
of NaH2PO4 to a large extent. In addition, a certain amount of
the carbonate precursors was added into the above two solu-
tions, while the pH evolution of the two dispersions with time

was recorded (see the Experimental section). Due to the gene-
ration of H+ during the ionization of NaH2PO4, the pH values
of both dispersions are observed to decrease during the initial
step (step I). However, for the carbonate precursors dissolved
in solution B, the pH value drops much more sharply from
7.781 to 5.612 within a very short time (Fig. S2a†). For compari-
son, the pH of the carbonate precursor dispersion in solution
A decreases from 7.723 to 6.659 at a relatively much more mod-
erate rate (Fig. S2b†). According to the above results, NaH2PO4

is more liable to be ionized and to release H+ in water than in
the H2O–EG system. Consequently, the more acidic solution in
the pure water system will provoke fast etching of the carbon-
ate precursor MCO3, as reflected by the fast increase of the pH
value in the following procedure (step II, see Fig. S2a†). In
such a case, the nucleation speed of the transition metal phos-
phates is not easy to control, based on which the homo-
geneous coating of NaH2PO4 on LRMO becomes difficult. As
evidence, separate coating particles, instead of a uniform
coating layer, were observed when using pure water as the
solvent (Fig. S3†). In contrast, for the H2O–EG system, the
more moderate pH evolution offers a mild environment for the
etching reaction to take place, which leads to the homo-
geneous growth of the metal phosphate on LRMO at a slow
rate during step II (Fig. S2b†).

The main XRD reflections of the pristine sample (LRMO)
and the coated samples (LRMO@LiMPO4-1, LRMO@LiMPO4-
2, and LRMO@LiMPO4-3) can be well indexed to LiMO2 (M =
Ni, Co, and Mn) that possesses the layered α-NaFeO2-type
structure with a R3̄m space group (Fig. 2a).25 Meanwhile, the
weak diffraction peaks between 20° and 25° found for the four
samples (Fig. 2b) correspond to the LiMn6 superstructures and
are induced by the ordered arrangement of Li ions and TM
ions in the TM layer of the monoclinic Li2MnO3 phase (C2/m
space group).26 For the Li-rich layered structure, the TM ions
are located at the 3b octahedral sites, while the Li+ ions occupy

Fig. 1 Schematic diagram of the fabrication of LRMO@ LiMPO4 with a hetero-epitaxial structure at the interface.
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the 3a tetrahedron sites. Meanwhile, there is a small portion
of Li+ ions that are located at the 3b octahedral sites in the TM
layer, as shown in Fig. S4.† The missing of the XRD peaks
corresponding to the coating layer of LiMPO4 can likely be
attributed to its low content. To verify that the intermediate
product M3(PO4)2 in the coating layer is also transferred into
lithiated LiMPO4 during the Li-implanting process, we
designed a control experiment by mixing M3(PO4)2 with Li2CO3

and conducted the same lithiation procedure as that for the
synthesis of LRMO@LiMPO4. Here, M3(PO4)2 was synthesized
based on the reaction of NaH2PO4 with MSO4 in the mixed
solvent of H2O–EG (see the Experimental section). As shown in
Fig. S5,† the XRD patterns of the annealed samples obtained
via the control experiment are well in line with the character-
istics of LiMnPO4, LiCoPO4 and LiNiPO4, respectively, which
indicates the lithiation of transition metal phosphates during
the Li-implanting procedure.

The analysis of the lattice parameters for the four samples
(Table S1†) uncovers that the crystal structure of the as-
obtained LRMO samples is influenced, to some extent, by the
feeding ratio of NaH2PO4 during synthesis. Specifically, with
more NaH2PO4 being added during synthesis, a larger c-lattice
parameter is found, which is also reflected by the left shift of
the (003) reflections as illustrated in Fig. 2c. The results impli-
cate the slight increase of the Li-layer distance in the structure,
which can likely be ascribed to the possible occurrence of
PO4

3− doping in LRMO when a larger amount of NaH2PO4 is
introduced during synthesis. Such doping of PO4

3− in LRMO
was also previously reported in the literature.27,28 Note that the
doping process involves the replacement of O2− in the struc-
ture by tetrahedral PO4

3− that possesses a much larger ionic

radius than the O2− anions, which leads to the expansion of
the Li layer. The expanded Li layer will benefit the fast Li-ion
extraction/intercalation processes, thus boosting the rate capa-
bility of the cathode material as discussed later. The peak
intensity ratios of (003)/(104) for the four samples are investi-
gated based on the XRD results, which offer information on
the ion mixing degree of Li/Ni in the structures.29 As summar-
ized in Table S1,† the values of LRMO, LRMO@ LiMPO4-1,
LRMO@ LiMPO4-2 and LRMO@ LiMPO4-3 samples are all
larger than the criterion value of 1.2.29 The results clarify the
small degree of Li/Ni mixing in the four samples, which has
been proved to be beneficial for the structural stability of the
cathode materials during cycling.29

Fig. 2d presents the Raman spectra of the original and the
coated Li-rich cathode materials. For the pristine sample, the
two main Raman bands at 485 and 598 cm−1 are indexed to
the Eg bending vibration and A1g stretching vibration of LiMO2

with the layered R3̄m structure, respectively.30 Relative to the
original sample, the blue shifts of the Raman peaks for the
coated samples are observed. The phenomenon can be likely
related to the shortened bond in the structure, which may orig-
inate from the internal stress imposed by the coating layer.22

Except for the above two strong signals, the deconvolution of
these two peaks results in additional fitted peaks located at
around 415 and 560 cm−1 (Fig. 2e), which are assigned to the
phonon vibrations of Li2MnO3.

22 Moreover, the shoulder peak
at around 650 cm−1 can be ascribed to the Mn–O stretching
vibrations in cubic spinel phases.31 Intriguingly, a stronger
intensity of this shoulder peak is observed for the coated
sample of LRMO@LiMPO4-2 when compared with the primary
LRMO, which indicates that the coating process gives rise to

Fig. 2 (a–c) XRD patterns and (d) Raman spectra of the pristine LRMO and the three coated samples (LRMO@LiMPO4-1, LRMO@LiMPO4-2, and
LRMO@LiMPO4-3). (e) Peak-differentiated Raman spectra of LRMO and LRMO@LiMPO4-2 in the range of 300–900 cm−1.
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more substantial spinel phases on the surface of LRMO.
Considering that the spinel phase can effectively prevent the
release of oxygen upon deep charging,22 the larger content of
the spinel phase coating layer in the LRMO@LiMPO4-2 compo-
site can facilitate the structural stability of the sample during
cycling, as discussed later.

The SEM images of the pristine LRMO sample and the
coated samples demonstrate that all the four samples exhibit a
porous spherical morphology with a diameter of around 2 μm
(Fig. S6†). The porous structures can be due to the CO2 emis-
sion during the decomposition of the carbonate precursors.
The high-resolution transmission electron microscopy
(HRTEM) images of LRMO@LiMPO4-2 (Fig. 3a and b) show its
core–shell structure, with the thickness of the coating layer
determined to be about 7 nm. The selected area within the
core of the sample (area A, marked in Fig. 3b) shows well-
defined lattice fringes with a d-spacing of 0.47 nm (Fig. 3c),
which corresponds to the (003) plane of the typical layered
LRMO phase. The HRTEM image of the selected area B
(Fig. 3d, marked in Fig. 3b) displays the interface between the
core and the shell of the composite, which evidences the well
compatible combination of the core and shell sample. Besides,
Fig. S7a† shows the existence of the LiMn2O4 spinel phase in
the core area, which is in accord with the Raman results as dis-
cussed above. Moreover, FFT analysis of the selected area in
the HRTEM image of Fig. S7b† points to the (400) reflection of
spinel-type LiMn2O4 (PDF #88-1030) and the (003) reflection of
LRMO (PDF #85-1980) (Fig. S7c†), further confirming the exist-
ence of the spinel phase in the structure. Within the shell of
the particle, the lattice fringes with a d-spacing of 0.25 nm
correspond to the (311) planes of LiMnPO4, verifying the suc-

cessful coating of the lithiated manganese phosphate on the
surface of LRMO. Interestingly, the crystallographic orientation
of the coating species is found to be parallel to that of the
LRMO core, which can be due to the epitaxial growth during
preparation. Such a hetero-epitaxial nanostructure effectively
avoids the blocking effects of the coating layer on Li+ diffusion
across the interface, thus significantly facilitating fast Li+

storage kinetics. The selected area electron diffraction (SAED)
patterns of area A show well-resolved diffraction spots, which
are ascribed to the (003) and (101) planes of LRMO (Fig. 3e). In
the SAED patterns of area B, two sets of electron diffractions
are observed, which can be indexed to the (009) plane for
LRMO and the (200) and (111) planes for the LiMPO4 coating
layer, respectively (Fig. 3f). Similar morphological features are
also found for the LRMO@LiMPO4-1 sample, except that its
coating layer is much thinner than that of the
LRMO@LiMPO4-2 sample (Fig. S8†). However, for the
LRMO@LiMPO4-3 sample, an obvious transition area is
observed at the interface, with the hetero-epitaxial structure
nearly disappearing (Fig. S8†). The absence of the hetero-
epitaxial structure in LRMO@LiMPO4-3 can be likely due to
the larger content of the coating species in LRMO@LiMPO4-3,
which gives rise to a higher degree of PO4

3− doping in LRMO
that damages the interfacial structure. To further clarify the
structure of the coating area (area C in Fig. 3b), the SAED
pattern of area C is given in Fig. 3g. The indexing of the diffr-
action spots points to the (022) and (041) planes of LiMnPO4

(PDF 77-0178), further evidencing the successful coating of
LiMnPO4 on the surface of LRMO. The energy dispersive spec-
troscopy (EDS) results reveal the uniform distribution of O,
Mn, Ni, Co, and P within the composite particles, attesting to

Fig. 3 (a–d) HRTEM images of LRMO@LiMPO4-2. SAED patterns of (e) area A, (f ) area B, and (g) area C in (b). (h) EDS spectrum of LRMO@LiMPO4-
2. (i) SEM image of a typical LRMO@LiMPO4-2 particle and the corresponding element distribution maps of O, Mn, Ni, Co, and P.
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the homogeneous coating of LiMPO4 on LRMO (Fig. 3h, i and
Fig. S9†).

Based on the above analysis, the construction of the
LRMO@LiMPO4 composite with a hetero-epitaxial interfacial
structure is proposed as below: upon annealing during prepa-
ration, the carbonate precursor is decomposed into metal
oxides, which are subsequently lithiated. Due to the different
lithiation temperatures for the carbonate precursor in the core
and M3(PO4)2 in the coating layer, the Li+ ion will migrate from
the lithiated metal oxides to the coating layer, leading to the
formation of Li vacancies in the core structure. The TM ions
will then migrate to the lithium layer and occupy the Li
vacancies to form a structure with a lower energy. As a struc-
ture with sufficient free space typically tends to rotate during
the crystal growth until a lower energy of the structure is
achieved, the epitaxial heterostructure at the interface can be
eventually formed.

The envelope of the Mn 2p2/3 XPS spectra for both LRMO
and LRMO@LiMPO4-2 can be deconvoluted into two com-
ponents that are assigned to Mn3+ (641.8 eV) and Mn4+ (642.9
eV), respectively. Moreover, the quantitative analysis of Mn 2p
reveals the Mn3+/Mn4+ ratios in the samples. For the pristine
LRMO, Mn3+/Mn4+ is determined to be 0.257, which is lower
than those of the coated LRMO@LiMPO4-1 (0.290),
LRMO@LiMPO4-2 (0.328), and LRMO@LiMPO4-3 (0.344)
samples (Fig. 4b). Hence, the average valence state of Mn in
the coated samples is relatively lower than that in LRMO,
which can be due to the doping of PO4

3− into the surface of
LRMO. Such a doping process will induce the decomposition
of Li2MnO3 (Mn4+) into Li2O and LiMnO2 (Mn3+) accompanied
by the release of oxygen upon annealing, thus reducing the
average valence state of Mn and meanwhile, giving rise to the
formation of oxygen vacancies. The O 1s spectra provide

further proof. The fitted peaks of O 1s at 529.2, 531.3, and
533.4 eV can be indexed to the lattice oxygen, the oxygen
vacancies (OV) and the chemisorbed oxygen, respectively.
Compared with 28.6% of OV in the primary LRMO, the coated
LRMO@LiMPO4-1, LRMO@LiMPO4-2, and LRMO@LiMPO4-3
samples demonstrate higher OV contents of 33.9%, 36.5%, and
38.0%, respectively, which is consistent with the above ana-
lysis.32 Note that the oxygen vacancies on the surface of LRMO
can efficiently inhibit the oxygen loss from the structure upon
deep charging, thus contributing to enhancing the structural
stability during cycling.31 The Ni 2p spectra of LRMO and
LRMO@LiMPO4-2 reveal that the intensity ratios of Ni3+/Ni2+

are higher in the coated samples relative to those of the pris-
tine one (Fig. 4d and Fig. S8†). The results can be ascribed to
the doping of PO4

3−, which inevitably increases the average
valence state of Ni on the basis of charge balance. For Co, the
absence of the satellite peaks in both samples, together with
the same peak position difference between the split spin–orbit
components of Co 2p3/2 and Co 2p1/2, points to the fact that
the chemical state of Co in LRMO is not significantly influ-
enced by the coating process (Fig. 4e). Moreover, the appear-
ance of the P XPS signal in the coated samples further corro-
borates the successful coating of LiMPO4 on the surface of
LRMO (Fig. 4f and Fig. S10†).

To investigate the effectiveness of the LiMPO4 coating, the
electrochemical performances of the pristine and coated
cathode materials were evaluated and compared as shown in
Fig. 5 and Table S2.† Fig. 5a, b and Fig. S11† present the
charge–discharge profiles of LRMO and the coated samples.
According to the results, the initial coulombic efficiencies of
LRMO@LiMPO4-1, LRMO@LiMPO4-2, and LRMO@LiMPO4-3
are determined to be about 82.1%, 82.6%, and 78.8%, respect-
ively, which are all higher than 76.8% achieved for the primary

Fig. 4 (a) High-resolution XPS spectra of Mn 2p3/2 and (b) peak areas of Mn3+ and Mn4+ for the pristine LRMO and the three coated samples
(LRMO@LiMPO4-1, LRMO@LiMPO4-2, and LRMO@LiMPO4-3). High-resolution XPS spectra of (c) O 1s, (d) Ni 2p, (e) Co 2p, and (f ) P 2p for LRMO and
the coated samples.
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LRMO. Besides, a small discharge plateau at around 2.7 V (as
marked by the small circle in Fig. 5b and Fig. S11†) is observed
for the coated samples, and it is nearly absent in the case of
the pristine LRMO sample. Such a discharge plateau can be
related to the redox reaction of the spinel phase, of which the
coated sample possesses a higher content as discussed above.
The cycling performances of the original and the coated
samples were evaluated at 0.5 C within the voltage range of
2.0–4.8 V (Fig. 5c). The results demonstrate that the coated
LRMO@LiMPO4-2 sample shows the best cycling performance
among the investigated samples. Specifically, after 140 cycles,
the LRMO@LiMPO4-2 sample achieves a high discharge
capacity of 238.8 mA h g−1 with a capacity retention of 93.4%,
while the pristine LRMO cathode delivers a discharge capacity
of only 181.0 mA h g−1 with a capacity retention of 78.0%.
During cycling, severe voltage decay is found for the pristine
LRMO sample. To be specific, the average discharge voltages
are shown in Fig. 5d. After 200 cycles, the voltage decay
reaches almost 0.64 V. In comparison, after the same number
of cycles, the coated LRMO@LiMPO4-2 shows the smallest
voltage decay of 0.46 V, confirming its decent cyclic stability.
When evaluated at a higher rate of 1 C after 100 cycles, LRMO
could deliver a discharge capacity of 142.8 mA h g−1, corres-
ponding to 76.8% of the initial capacity (Fig. S12†). For com-

parison, LRMO@LiMPO4-2 shows a much higher discharge
capacity of 210.8 mA h g−1 that represents 94.2% of the initial
capacity, further evidencing the outstanding cycling perform-
ance of the coated LRMO@LiMPO4-2 sample. The rate per-
formances of the samples are compared in Fig. 5e. When
tested at 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C, and 5 C, LRMO@LiMPO4-
2 can show high specific capacities of 277.2, 271.0, 252.4,
235.6, 210.7, and 159.3 mA h g−1, respectively, which are
superior to those of the other three samples. Even at a current
density of 10 C, LRMO@LiMPO4-2 can still achieve a high dis-
charge capacity of 91.1 mA h g−1, shedding light on its out-
standing rate performance. The improved rate performances of
the coated LRMO@LiMPO4-2 could be attributed to the
improvement of the Li-ion solid-state diffusion kinetics result-
ing from the high Li+ conductivity of LiMPO4-2 and the hetero-
epitaxial nanostructure. Besides, it should be noted that the
LRMO@LiMPO4-3 sample, with a higher content of the
coating layer, shows an inferior rate performance relative to
that of the LRMO@LiMPO4-2 sample. The results can be
ascribed to the damaged interfacial hetero-epitaxial structure
in LRMO@LiMPO4-3 as discussed above, which impedes the
fast Li+ diffusion across the interface. Fig. 5f and g display the
charge–discharge profiles of LRMO and LRMO@LiMPO4-2 at
different rates, respectively. Interestingly, at high current den-

Fig. 5 Charge–discharge profiles of (a) LRMO and (b) LRMO@LiMPO4-2 at different cycles. (c) Cycling performances at 0.5 C, (d) changes of the
average potential during cycling, and (e) rate performances for the pristine LRMO and the three coated samples (LRMO@LiMPO4-1, LRMO@LiMPO4-
2 and LRMO@LiMPO4-3). Charge–discharge profiles of (f ) LRMO and (g) LRMO@LiMPO4-2 at different current rates. (h) pH evolution of the
aqueous dispersions of LRMO and the coated samples upon long-term storage under an ambient atmosphere.
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sities, more serious polarization is observed for LRMO relative
to LRMO@LiMPO4-2, further evidencing the enhanced Li-ion
diffusion kinetics in the LRMO@LiMPO4-2 electrode.

For Li-rich cathode materials, there are usually residual Li
species left on the surface during synthesis. The residual Li
components could form LiOH and Li2CO3 upon exposure to
the atmospheric moisture and CO2 during storage. LiOH
would react with the electrolyte and generate HF,33 which
could further lead to the dissolution of the TM ions.
Meanwhile, the Li2CO3 layer possesses a rather low Li+ conduc-
tivity, which contributes to a high interfacial impedance.34,35

The above factors could cause severe capacity attenuation and
voltage decay, thus impeding the practical applications of Li-
rich cathode materials.36 To probe into the influence of the
LiMPO4 coating layer on reducing the residual alkali, the pris-
tine sample and the coated sample were both stored under an
ambient atmosphere for a week prior to the performance
evaluation. As shown in Fig. S13,† LRMO@LiMPO4-2 shows a
similar cycling performance to the fresh sample, with a
capacity retention of 88.5% achieved after 100 cycles. However,
for the pristine sample, the capacity retention drops signifi-

cantly to 37.9% after 100 cycles at 0.5 C. In addition, the
investigations of the pH values of the aqueous suspensions
that contain 1 g of the samples and 50 mL of deionized water
(kept for 30 min) were performed (Fig. 5h). With the storage
time lasting for 3 weeks, a significant increase of the pH value
of the LRMO aqueous suspension is observed, which could be
due to the formation of LiOH and Li2CO3 on the surface.
However, the pH change in the LRMO@LiMPO4-1 aqueous
suspension is much smaller. For the LRMO@LiMPO4-2 and
LRMO@LiMPO4-3 suspensions, the pH evolution is even more
negligible, indicating that the coating layer can effectively
reduce the content of the residual Li compounds on the
surface of the material.

The cyclic voltammetry (CV) curves of LRMO and
LRMO@LiMPO4-2 are displayed in Fig. 6a and b. The CV curve
during the initial cycle for LRMO shows two distinct oxidation
peaks at about 4.0 and 4.6 V, which can be attributed to the
oxidation reaction of Ni2+ and Co3+ and the loss of lattice
oxygen, respectively.37 Because of the irreversibility of the
oxygen loss process, the oxidation peak assigned to such a
process emerges only in the initial charging process. For

Fig. 6 CV curves of (a) LRMO (a) and (b) LRMO@LiMPO4-2 at 0.1 mV s−1. Electrochemical impedance spectra (EIS) of the samples collected after (c)
1 cycle and (e) 100 cycles. The relationship between Z’ and ω−1/2 derived from the electrochemical impedance spectra collected after (d) 1 cycle and
(f ) 100 cycles, respectively.
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LRMO@LiMPO4-2, the intensity of this peak is much weaker,
pointing to the suppressed oxygen loss in the coated sample.
The two reduction peaks appearing at about 3.75 and 3.3 V
correspond to the reduction of Ni4+ and Co4+ and the
reduction of Mn4+, respectively.16 Compared with the LRMO
sample, the degree of coincidence of the CV curves of
LRMO@LiMPO4-2 is much higher, indicating that the coating
layer could effectively suppress the phase transitions, thus
leading to a better structural stability during the cycling
process. However, relatively larger polarization is observed for
the coated sample as revealed by the higher voltage difference
between the cathodic and anodic peaks, which could be poss-
ibly attributed to the undesirable electronic conductivity of the
LiMPO4 coating layer.38–40 Nevertheless, as the Li-ion storage
performance of the coated sample has been verified to be
superior to that of the pristine sample, the positive role of the
LiMPO4 coating layer, including the inhibition of the electro-
lyte corrosion and oxygen release as well as facilitation of Li-
ion diffusion kinetics, should still dominate in affecting the
electrochemical performance of LRMO. Fig. 6c and e show the
EIS spectra of the pristine LRMO and the coated samples
obtained after 1 cycle and 100 cycles, respectively. All the
spectra are composed of a semicircle and an uplifted straight
line, which reflect the charge transfer resistance (Rct) and the
Warburg impedance (Zw) of the Li+ ion diffusion, respectively.
Through simulation, an equivalent circuit is obtained as dis-
played in Fig. S14.† The results suggest that the
LRMO@LiMPO4-2 sample possesses the smallest Rct value
among the four samples. Moreover, the Li+ diffusion coeffi-
cient (DLi+) of the samples could be calculated based on the
equation DLi+ = R2T2/(2A2F4n4C2σω

2). Accordingly, the DLi+ value
of the LRMO@LiMPO4-2 material is determined to be 1.21 ×
10−15 cm2 s−1, which is much higher than 3.99 × 10−16 cm2 s−1

obtained for the pristine LRMO. Even after 100 cycles,
LRMO@LiMPO4-2 still shows the smallest Rct and the highest
DLi+, as shown in Fig. 6f, corroborating that the high Li+ con-
ductivity of the coating LiMPO4 layer and the hetero-epitaxial
structure at the interface together lead to a much reduced Li+

diffusion barrier.

3. Conclusions

In summary, a facile coating strategy is proposed to construct
the LRMO@LiMPO4 composite with a hetero-epitaxial nano-
structure at the interface. The LiMPO4 coating layer remarkably
improves the cycling performance and rate capability of Li-rich
cathode materials. Collectively, the performance enhancement
of the coated sample can be ascribed to the following reasons:
firstly, the coating layer prevents the corrosion of the electro-
lyte towards the cathode material, thus promoting the cycling
stability. Secondly, the coating of LiMPO4 leads to the for-
mation of more oxygen vacancies and the LiMn2O4 spinel
phase, both of which could effectively reduce the irreversible
capacity loss via inhibiting the oxygen release during cycling.
Thirdly, the high Li+ conductivity nature of the LiMPO4

coating layer reduces the charge-transfer resistance between
the electrode and the electrolyte, thus boosting the Li+

diffusion kinetics. More importantly, the hetero-epitaxial
nanostructure effectively facilitates fast Li+ transportation
across the interface between the coating layer and the cathode
material. Furthermore, the coating process can reduce the
residual Li species on the surface of the cathode material upon
long-term storage, which further underscores the practical
application value of this LiMPO4 coating strategy. Accordingly,
this facile approach for constructing the LiMPO4 coating layer
with a hetero-epitaxial interface provides a promising avenue
to further improve the electrochemical performances of Li-rich
cathode materials.
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