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Abstract: Lithium-rich layered oxides are promising cathode
materials for lithium-ion batteries and exhibit a high reversible
capacity exceeding 250 mAh g¢1. However, voltage fade is the
major problem that needs to be overcome before they can find
practical applications. Here, Li1.2Mn0.54Ni0.13Co0.13O2 (LLMO)
oxides are subjected to nanoscale LiFePO4 (LFP) surface
modification. The resulting materials combine the advantages
of both bulk doping and surface coating as the LLMO crystal
structure is stabilized through cationic doping, and the LLMO
cathode materials are protected from corrosion induced by
organic electrolytes. An LLMO cathode modified with 5 wt%
LFP (LLMO–LFP5) demonstrated suppressed voltage fade
and a discharge capacity of 282.8 mAhg¢1 at 0.1 C with
a capacity retention of 98.1 % after 120 cycles. Moreover, the
nanoscale LFP layers incorporated into the LLMO surfaces
can effectively maintain the lithium-ion and charge transport
channels, and the LLMO–LFP5 cathode demonstrated an
excellent rate capacity.

Lithium-ion batteries (LIBs) are considered to be a promis-
ing energy-storage technology and are widely used in purely
electric vehicles (PEVs) and hybrid electric vehicles
(HEVs).[1, 2] However, the energy density of state-of-the-art
LIBs is limited, which directly affects the driving range of the
vehicle between charges and is one of the main problems
keeping them from practical applications. Generally, the
cathode has been regarded as the capacity-determining
component of a LIB.[3] Among the developed cathode
materials, Li-rich layered oxides, xLi2MnO3·(1¢x)LiMO2

(M = Ni, Co, and Mn; 0.2� x� 0.7) have attracted significant

interest owing to their high reversible capacity, which exceeds
250 mAhg¢1 in the 2.0–4.8 V voltage range.[4, 5]

Typically, Li-rich layered oxides are composed of mono-
clinic Li2MnO3 (C2m) and hexagonal a-NaFeO2-structured
LiMO2 (R3̄m), and can also be written as Li1+xM1¢xO2. The
crystal structure of lithium-rich layered Li2MO3 can be related
to that of layered LiMO2, with the excess lithium ions
occupying transition metal (TM) ion sites in the TM layer
(Supporting Information, Figure S1B). Therefore, the Li2MO3

component plays a vital role in storing the excess lithium and
securing the high voltage and specific capacity. However,
a gradual decrease of the average charge–discharge voltage
has been observed for lithium-rich layered oxides when they
were cycled above 4.5 V, which is referred to as “voltage
fade”.[6–9] The continuous voltage fade results in a dramatic
decrease of the cathode energy density. The migration of TM
ions from the TM layer to the lithium layer, which is
accompanied by local phase transformations from hexagonal
layered to cubic spinel structures (Figure S2) caused by
frequent (de)intercalation processes, during cycling above
4.5 V is thought to be the main reason for the voltage fade.[10,11]

Meanwhile, lithium-rich layered oxides have been found to be
unstable in highly lithiated/delithiated states with charge/
discharge voltages above 4.5 V, leading to exothermic reac-
tions with electrolytes and accelerated voltage/capacity fade.[9]

The cationic doping of Li1+xM1¢xO2 with Al,[12] Ti,[13] Zn,[14]

Cr,[15] Y,[16] or Mg[17] is an effective approach that has been
extensively studied for stabilizing the crystal structure and
minimizing the voltage fade. Meanwhile, coating the surfaces
of lithium-rich layered oxides with metal fluorides (AlF3),[18]

metal oxides (Al2O3, MgO, ZrO2, and ZnO),[19–22] or metal
phosphates (AlPO4 and CoPO4),[23, 24] is widely used to
prevent them from etching by the electrolytes. Both surface
coating and doping are novel methods for modifying the
structure and improving the cycling stability of lithium-rich
layered oxides. However, as most of the cationic dopants and
surface-coating layers are electrochemically inactive during
the charge/discharge processes, the advanced structural and
cycling stability comes at the cost of reducing the specific
capacity and energy density of the cathode. Moreover, as
most of the surface-coating layers have low electronic or
lithium-ion conductivity, they will block the ion and charge
transport channels on the surface of lithium-rich layered
oxides and reduce their rate capacities. Recently, Nanda et al.
reported the use of a nanometer-thick lithium-conducting
solid electrolyte (lithium phosphorus oxynitride, LiPON) as
a coating for lithium-rich layered oxides,
Li1.2Mn0.525Ni0.175Co0.1O2 ; the resulting cathode exhibited
excellent rate performance and capacity retention.[7, 25]
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Herein, we describe the incorporation of a nanoscale
electrochemically active LiFePO4 (LFP) into the surface of
lithium-rich layered oxides, Li1.2Mn0.54Ni0.13Co0.13O2 (LLMO),
by a facile sol–gel method. As illustrated in Figure S3, a thin
layer of LFP was homogenously coated on the LLMO surface,
and can serve to protect the LLMO cathodes from the
corrosion induced by organic electrolytes. Various amounts of
LFP were doped into LLMO surface, which led to the
formation of a thin layer of a LLMO–LFP solid solution
(transition layer), which can effectively stabilize the LLMO
crystal structure. The morphology and structure of pristine
and surface-modified LLMO were then studied to understand
their effects on the LLMO cycling stability.

Cyclic voltammetry (CV) measurements from 2.0 to 4.8 V
at a scan rate of 0.1 mVs¢1 were performed to investigate the
kinetic behavior of pristine LLMO and two LFP-surface-
modified LLMO samples (3 or 5 wt % LFP: LLMO–LFP3
and LLMO–LFP5, respectively). In the first CV cycle of
LLMO (Figure S5 A), two pairs of anodic peaks were
observed at 4.08 and 4.62 V in the charge process. The
anodic peak at 4.08 V corresponds to lithium de-intercalation
from the LLMO accompanied by the oxidation of Ni2+ to Ni4+

and Co3+ to Co4+, while the anodic peak at 4.7 V corresponds
to the Mn4+ activation process and further lithium de-
intercalation from LLMO.[26,27] However, the anodic peak at
4.7 V, which is associated with the irreversible removal of
Li2O from the Li2MnO3 component during the charge process,
disappeared in following cycles. Owing to the activation of the
Li2MnO3 component by its decomposition to Li2O and MnO2,
an anodic peak at 3.4 V became apparent, which was ascribed
to the oxidation/reduction of Mn3+/Mn4+. Moreover, a gradual
increase in the intensity of the intercalation peak below 3.0 V,
which corresponds to the reduction of Mn4+ in the spinel
phase, was clearly detected, suggesting the increased forma-
tion of a spinel phase within LLMO.[9, 28] However, the
intercalation peak below 3.0 V was not observed during
cycling with LLMO–LFP3 and LLMO–LFP5 (Fig-
ure S5B,C), and transformations of the local phase from
a layered into a spinel structure were greatly mitigated in
surface-modified LLMOs. Furthermore, LLMO–LFP3 and
LLMO–LFP5 have specific capacities of 296.5 and
288.4 mAhg¢1 with irreversible capacities (ICs) of 19.1%
and 19.0%, respectively; these values are much higher than
those for pristine LLMO (257.3 mAh g¢1, 25.5% IC; Fig-
ure S5D).

SEM/TEM images of pristine LLMO show that as-
prepared LLMO is well-crystallized with a particle size of
approximately 300 nm (Figure 1A,C). A HRTEM image of
LLMO (Figure 1E) reveals the distance between lattice
fringes to be 0.47 nm, which corresponds to the (003) plane
of hexagonal layered LLMO. Surface-modified LLMO–LFP5
particles have a morphology similar to that of LLMO, but
with a contrast between the core and shell regions indicating
the formation of LLMO–LFP core–shell structures (Fig-
ure 1B, D). The core–shell structures have an average core
diameter of approximately 300 nm and a shell thickness of
about 7 nm. HRTEM analysis demonstrates that the inner
core and the external shell have lattice spacings of 0.47 and
0.35 nm, which can be indexed to the (003) plane of LLMO

and the (201) plane of LFP, respectively (Figure 2F,G). An
atomic-resolution image of an LLMO–LFP5 sample together
with an atomic model of the hexagonal R3̄m unit cell viewed
along the< 100> direction is shown in Figure 1G. The crystal
structure of LLMO–LFP5 corresponds to an a-NaFeO2-type
structured LLMO, with a stacking order of Li/O/TM(Li)/O.
However, a TEM image of LLMO–LFP5 (Figure 1F) reveals
that a thin layer with lattice distortions coexists between the
crystalline lattices of LLMO and LFP, suggesting a slight
altering of the local environment by surface modification.

Cross-sectional SEM images and the corresponding EDX
results are shown in Figure 2 and Figure S6. Fe was mainly
located in the shell and in the transition layers. The shell and
transition layers were rich in P, but a certain amount (ca.

Figure 1. SEM, TEM, and HRTEM images of LLMO (A, C, and E) and
LLMO–LFP3 (B, D, and F). The inset in (B) shows the LLMO–LFP
core–shell structure. G) Atomic-resolution image of LLMO–LFP5 and
schematic illustration of a-NaFeO2-type structured LLMO with the
same scale.
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1 atom %) of P was also detected in the bulk LLMO core.
EDX elemental mapping (Figure 2B) shows a Fe- and P-rich
shell and a core rich in Mn, Ni, and Co, further confirming the
formation of core–shell-structured LLMO–LFP particles. The
relatively weak contrast between the LFP shell and the
LLMO core indicates the diffusion of Fe/P and Mn/Ni/Co
between the core and shell phases and the formation of
transition layers, which is due to the concentration gradient
during high-temperature calcination. As described in the
Supporting Information, citric acid was used as a chelating
agent, and the mixture was heated to 80 88C for five hours to
obtain a transparent gel to prepare the LFP-surface-modified
precursors. This process can also be considered as an acid
treatment; the H+/L+ exchange reaction and de-intercalation
of Li2O from the layered structure are the two main processes
that would happen on LLMO surface.[29,30] After high-
temperature calcination, Fe ions would occupy the Li+ sites
in the transition layer of the layered structure on citric acid
treated LLMO surfaces, which can effectively restrain the
migration of TM ions during cycling. Correspondingly, PO4

3¢

polyanions would occupy the cubic close-packed oxygen sites
(Figure S7). The replacement of the strongly electronegative,
cubic O2¢ anions by large tetrahedral PO4

3¢ polyanions can
alter the local environment in the layered structure and has
a great effect on the TM cation ordering.[31] As the migration
of TM ions can trigger the transformation of the local phase
from a layered into a spinel structure and as voltage fade is
sensitive to phase transformations, the incorporation of LFP
into LLMO surfaces can effectively suppress Mn dissolution
(Table S2), stabilize the layered structure, and mitigate the
voltage fade. Moreover, the nanometer-thick electrochemi-
cally active LFP layers that were homogenously coated onto
LLMO surfaces have high electronic and lithium-ion con-

ductivities, and benefit from lithium-ion and charge transport
on the LLMO surface.

The cycling performance and selected charge–discharge
profiles of LLMO, LLMO–LFP3, and LLMO–LFP5 are
shown in Figure 3. LLMO shows a stable capacity at 0.1 C, but
the specific capacity degraded substantially when the material
was cycled below 0.5 C (Figure 3A). Meanwhile, the corre-
sponding discharge profile of LLMO below 0.5 C showed
obvious voltage fade with increased cycling numbers (Fig-
ure 3B), and the average discharge potential decreased from
3.49 V for the 11th cycle to 2.74 V for the 110th cycle upon
cycling below 0.5 C. On the contrary, the LLMO–LFP3 and
LLMO–LFP5 cathodes exhibited excellent rate capabilities
and cycling performances after 120 cycles, and the voltage
fade was observed to be negligible during the cycling (Fig-
ure 3C,D). In particular, LLMO–LFP5 demonstrated an
excellent cycling stability, with a first discharge capacity of
282.8 mAhg¢1 at 0.1 C and a high specific capacity of
249.8 mAhg¢1 at 0.5 C after 110 cycles, and it even main-
tained a specific capacity of 277.4 mAh g¢1 when the sample
was returned back to the 0.1 C rate. This value is comparable
to that reported for LiPON-coated Li1.2Mn0.525Ni0.175Co0.1O2

(with a specific capacity of 275 mAh g¢1 after 300 cycles) by
Nanda and co-workers.[25]

Moreover, compared to LLMO, LFP-surface-modified
LLMO samples exhibit an enhanced rate capacity. As
indicated in Figure S8, LLMO–LFP5 has specific discharge
capacities of 282.8, 269.1, 201.3, and 125.3 mAh g¢1 at 0.1, 0.5,
1, and 5 C, respectively. After 120 cycles, LLMO–LFP5 still
displayed high specific discharge capacities of 277.4, 249.8,
177.6, and 90.8 mAhg¢1 at 0.1, 0.5, 1, and 5 C, respectively.
The rate capacities of LFP-surface-modified LLMO cathode
materials are much higher than those of LLMO materials
doped with electrochemically inactive cations or coated with
other materials,[12–24] which is ascribed to the thin LFP shell
promoting lithium-ion and charge transfer on the LLMO
surface. However, the specific capacities of LLMO–LFP5 at

Figure 2. A) Cross-sectional SEM image of LLMO–LFP5. B) Corre-
sponding EDS elemental mapping of O, P, Mn, Fe, Co, and Ni.
C–F) EDX microanalysis of selected areas in (A).

Figure 3. A) Cycling performance and B–D) charge–discharge curves of
batteries based on LLMO, LLMO–LFP3, and LLMO–LFP5 cathode
materials at 0.5 C between 2.0 and 4.8 V (vs. Li/Li+) at room temper-
ature.
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1 and 5 C are lower than those of Li1.2Mn0.525Ni0.175Co0.1O2

coated with a thin layer of LiPON reported by Nanda et al.,[25]

indicating that the rate performance of LLMO–LFP5 can be
further improved by optimizing its microstructure, for exam-
ple, by reducing the LFP shell thickness or coating the LFP
shell with a thin layer of carbon.[32]

SEM and TEM images of LLMO and LLMO–LFP5
samples after extensive cycling are shown in Figure 4. The
surface of pristine LLMO was found to be severely corroded
(Figure 4A, C), and local amorphous domains have formed
and coexist with the layered structure (Figure 4E). The
selected-area electron diffraction (SEAD) pattern of LLMO
after cycling is shown in Figure 4G, clearly showing the
diffraction patterns from the (0006) and (101̄0) planes of
LLMO, and the (220) and (440) planes of the spinel phase. In
contrast, the morphology and microstructure of LLMO–LFP5
after cycling were similar to those of as-prepared LLMP–
LFP5 (Figure 4 B, D, F). The SAED pattern of LLMO–LFP5

after cycling along the zone axis is shown in Figure 4G;
a parallelogram reflection composed of four neighboring
bright spots can be clearly observed; meanwhile, an orthog-
onal reflection consisting of three dark spots can also be seen
in the parallelogram. The existence of these three dark spots
indicates the presence of Li2MnO3-like domains and corre-
sponds to the ordering of lithium ions with TM ions in the TM
layers as interpreted in Figure S5G.[10] However, these three
dark spots nearly disappeared after cycling, demonstrating
that the Li2MnO3 had almost been consumed and trans-
formed into hexagonal a-NaFeO2-structured layered oxides.

In conclusion, nanoscale lithium-rich layered oxides,
Li1.2Mn0.54Ni0.13Co0.13O2 (LLMO), were modified with
a LiFePO4 (LFP) surface by a sol–gel method. The nanoscale
LFP surface-coating layer effectively prevented side reactions
between the LLMO cathode and organic electrolytes, and
promotes ion and charge transfer on the LLMO surface.
Meanwhile, the incorporation of LFP into the LLMO surface
layer can effectively restrain the migration of TM ions and
stabilize the crystal structure of local phases during high-
voltage cycling. These results suggest that the functional
surface modification of lithium-rich layered oxides, for
example, with LFP, is an effective approach to protect the
electrode from being etched by organic electrolytes, suppress
voltage fade, and improve the long-term cycling stability.
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