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A B S T R A C T

A stable and conductive interface is one of the decisive factors in manipulating the performance of high voltage
LiNi0.5Mn1.5O4 (LNMO) cathode for Li-ion batteries. Herein, a hybrid Li3PO4–TiO2 coating layer is designed as an
interfacial material via controllable atomic layer deposition (ALD) on LNMO. The coating acts not just as a
physical barrier to prevent the side-reactions between cathode and electrolyte at high voltage, more importantly,
the hybrid coating material improves both interfacial ionic and electronic conductivities to build facile Li-ion
and electron diffusion pathways for LNMO. The optimized LNMO demonstrates improved rate capability and
long-life stability. The capacity retention is 81.2% comparing with 47.4% of bare LNMO at 0.5C after 300 cycles.
Detailed surface structural evolution is studied via X-ray absorption near edge spectroscopy and transmission
electron microscopy. This work provides new insights of hybrid interfacial design via ALD and promotes novel
electrode architectures for batteries.

1. Introduction

The growing demand for high-performance Li-ion batteries has sti-
mulated the exploration of novel electrode materials [1–3]. The de-
velopment of cathode materials is crucial to Li-ion batteries moving
forward, which is currently the major limiting factor of the energy
density of full batteries [4–8]. Among the developed cathode materials,
spinel structure LiNi0.5Mn1.5O4 (LNMO) is one of the promising candi-
dates due to its high operating voltage, high specific capacity, and
natural elemental abundance [9]. However, it should be noted such
high voltage operation also brings significant challenges to this cathode
material in batteries, such as the irreversible surface phase transition,
transition metal dissolution, Jahn-Teller distortion of Mn3+, electrolyte
oxidation, etc. [10–12] All of these challenges lead to rapid capacity
decay and voltage plateau drop during cycling, resulting in unsatisfy

cycling and rate performance [13,14].
Considerable efforts have been devoted to overcome these chal-

lenges, including surface coating or doping of LNMO, synthesis of novel
nanostructure cathode materials, and the investigation of stable high
voltage Li-ion electrolyte [9,10,15]. Among these developed strategies,
coating is an effective method to avoid direct exposure of cathode
materials to the electrolyte and therefore prevent the occurrence of
side-reactions and the dissolution of transition metals [16–19]. On the
other hand, it should be noted that for many developed coating mate-
rials, such as metal oxides, phosphates, and fluorides, to ensure the
chemical and electrochemical stability at high voltage, they have lim-
ited Li+ ionic and electron conductivity [20–22]. Therefore, introdu-
cing these inert coating materials for cathodes as a physical barrier may
increase the interfacial resistance of cathodes and therefore reduce the
efficiency of transformation from chemical energy to electrical energy
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of batteries in the electrochemical reaction [23–25]. As a result, despite
the improvement of cycling stability of cathode LNMO, inert coating
materials will sacrifice capacity, especially at high current densities.

In our previous studies, atomic layer deposited (ALD) FePO4 and
AlPO4 were adopted as the coating layer on the modification of LNMO
cathodes [26,27]. Although cycling stability were improved sig-
nificantly due to the highly stability of phosphates, the sacrificial initial
discharge capacity still hinders the application of these metal phos-
phates in high voltage LNMO cathodes because of the insufficient in-
terfacial ionic/electronic conductivity. Employing solid-state electro-
lyte as coating layer by ALD, such as LiTaO3, able to overcome the
limited Li-ion conductivity, improving the cycling stability without loss
of initial capacity [28]. However, the rate capability still has space to
improve by combining with enhanced electronic conductivity [29].
Therefore, the desired interface control strategies for high voltage
cathodes are urgent to be developed by designing hybrid coating ma-
terials by ALD.

In this work, we propose a novel Li3PO4–TiO2 (LPO-TiO) hybrid
coating material via atomic layer deposition (ALD) for LNMO. For the
developed hybrid LPO-TiO coating, Li3PO4 is considered as a Li-ion
solid-state electrolyte with promising ionic conductivity while due to
the semi-conductor properties, anatase TiO2 in the hybrid coating layer
has demonstrated an enhanced electronic conductivity compared with
single Li3PO4 [30]. Therefore, the unique hybrid LPO-TiO coating ma-
terial could not only act as a physical barrier to protect the surface
structure of LNMO from side-reactions, but also provide sufficient ionic
and electronic conductivity for the cathode material to improve the
cycling and rate performance of the batteries. Detailed physical and
electrochemical characterizations of the coated LNMO are conducted.
Controllable coating strategy, including optimizing coating materials
and structure, with the underlying mechanism of coating effect is in-
vestigated. Synchrotron-based X-ray absorption near-edge spectroscopy
(XANES) and scanning transmission electron microscopy (STEM) are
employed to reveal the surface structure revolution of LNMO with the
coating layer.

2. Experimental section

2.1. Preparation of LNMO electrodes

Commercial LNMO powder was purchased from Daejung Energy
Materials Co., Ltd., South Korea. Electrodes were prepared by slurry
casting of commercial LNMO, acetylene black (AB) and polyvinylidene
fluoride (PVDF) in N-methyl-pyrrolidione (NMP) on aluminium foil and
dried at 80 °C under vacuum over 12 h. The weight ratio of active
materials: AB: PVDF was 80: 10: 10. The areal mass loading of active
materials is 2.29–2.54mg cm−2.

2.2. Preparation of ALD LPO-TiO coated LNMO electrodes

Li3PO4, TiO2, and Li3PO4–TiO2 were deposited in a Savannah 100
ALD system (Ultratech/Cambridge Nanotech., USA) by using TTIP (Ti
(OCH(CH3)2)4) and water for TiO2 cycle and LiOtBu [(CH3)3COLi] and
TMPO [(MeO)3PO] for LPO cycle. The deposition of the nanocomposite
was carried out at 250 °C. The chosen temperature was in the over-
lapped temperature range of the ALD windows of TiO2 and Li3PO4 to
achieve ALD growth and prevented precursors from decomposing.
Various ALD materials are coating on both LNMO powders and elec-
trodes.

2.3. Characterization

The morphologies and structures of LPO-TiO coated LNMO were
observed using a field emission scanning electron microscopy (FESEM,
Hitachi S4800). STEM characterization was performed using an aber-
ration-corrected JEOL JEM-ARM 200CF STEM equipped with a 200 keV

cold-field emission gun, a HAADF detector and an Oxford X-max
100TLE windowless SDD X-ray detector. All synchrotron X-ray studies
were carried out at the Canadian Light Source (CLS). X-ray absorption
near edge structure (XANES) measurements were conducted on variable
line spacing plane grating monochromator and spherical grating
monochromator beamlines, respectively. The X-ray photoelectron
spectroscopy (XPS) were measured with a monochromatic Al Kα source
(1486.6 eV) in a Kratos AXIS Nova Spectrometer.

2.4. Electrochemical characterization

CR2032 coin cells were assembled in an argon-filled glove-box using
lithium metal as the counter electrode and Celgard K2045 as the se-
parator. The electrolyte was composed of 1M LiPF6 dissolved in ethy-
lene carbonate (EC)-dimethyl carbonate (DMC) with a volume ratio of
1: 1. Cyclic voltammetry (CV) experiments were studied using a Bio-
logic multichannel potentiostat 3/Z (VMP3) with a scanning rate of
0.1 mV s−1 and at a potential range of 3.5–5.0 V (vs Li+/Li).
Electrochemical impedance spectroscopy (EIS) tests were measured
between the frequency range of 0.01 Hz–100 kHz by versatile multi-
channel potentiostat 3/Z (VMP3). Charge/discharge tests were carried
out on the Arbin BT2000 system with a voltage range of 3.5–5.0 V. For
GITT measurements, the batteries were charged with 0.2C for 15min
and rest for 1 h.

3. Results and discussion

Fig. 1a describes the proposed schematic figure of ALD LPO-TiO
coating on the LNMO cathode particle. As reported in our previous
study, the ALD LPO coating layer is in an amorphous state with the
ionic conductivity of 1.73×10−7 S cm−1 at 323 K [31,32]. ALD crys-
talline anatase phase TiO2 nano-particles are dispersed in the LPO layer
[32]. The LPO solid-state electrolyte allows for facile Li-ion diffusion,
while the semi-conductive TiO2 nanoparticles form a beneficial electron
pathway. STEM and synchrotron XANES are conducted to further de-
monstrate the proposed ALD LPO-TiO structure. To clearly show the
LPO-TiO structure through TEM, 50 cycles of LPO-TiO ALD were ap-
plied resulting in a 5 nm coating, while the following electrochemical
characterizations were performed using a thinner, more suitable
coating thickness. As shown in Fig. 1b, the ALD LPO-TiO coating pre-
sents a clear amorphous layer with a thickness of 5 nm covered on the
surface of LNMO particle. Some nanocrystalline particles of TiO2 are
dispersed in the amorphous LPO matrix layer. The lattice spacing of the
plane obtained from the pixel intensity profile of the selected regions is
0.36 nm, which matches the crystal plane (101) of anatase TiO2 [32]. It
is clearly seen that the presence of Ti and P signals in EDX line-scanned
spectrum (Fig. 1c), further confirming hybrid LPO-TiO coating on the
surface of LNMO particle with a thickness of 5 nm. Ti L-edge and P K-
edge XANES spectra are shown in Fig. 1d and e, which indicate the
presence of TiO2 and PO4

3− composites in the ALD coating layer
[33–35]. The feature peaks from A to D in the Ti L-edge spectrum in-
dicate the transition of Ti 2p electrons to unoccupied 3 d electronic
states. Peak A and B located at 458.2 eV and 460.2 eV, respectively,
reflect the L3-edge transition from 2p3/2 to 3d5/2 state, in which the
energy gap of 2.0 eV demonstrates the characteristic of anatase struc-
ture. Features C and D, located at 463.6 eV and 465.7 eV, belong to L2-
edge transitions from 2p1/2 to 3d3/2 states [36,37]. The presence of both
pre-edge and predominant peaks in P K-edge XANES spectrum corre-
spond to phosphates [38]. Other physical characterizations, such as
SEM images of bare and coated LNMO, TEM EDX elemental mapping
results also demonstrate the presence of Ti and P, further confirming
the successful deposition of LPO-TiO coating on LNMO particles via
ALD (Supporting Figs. S1–S2). Based on the results of physical char-
acterizations, hybrid LPO-TiO ALD coating layer is expected to improve
both ionic and electronic conductivity of LNMO cathode.

Electrochemical characterizations of various coated LNMO cathodes
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Fig. 1. Structure scheme and physical characterizations of ALD LPO-TiO coating. (a) Schematic illustration of the detailed structure of hybrid LPO-TiO coated LNMO,
(b) STEM image, (c) EDX line-scanned spectrum, (d) Ti L-edge XANES and (e) P K-edge XANES of LPO-TiO coated LNMO. Scale bars, 2 nm (b).

Fig. 2. Investigation the effect of various ALD coating materials on LNMO cathodes. (a) Schematic figure of various ALD coating on LNMO cathodes. (b–i)
Electrochemical characterization of as-prepared LNMO cathodes: (b) Charge/discharge curves at the first cycle, (c) Cyclic performance at 0.5C, (d) EIS plots after 100
cycles, (e) Rate capability test, (f) CV curves at 0.1mV s−1, (g) Transient charge voltage profiles, (h) The corresponding polarization plots and (i) Li+ diffusion
coefficient obtained by GITT.
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are illustrated in Fig. 2 and Supporting Figs. S4–S6 in order to in-
vestigate the effect of coating materials. The thickness effect of hybrid
LPO-TiO coating for the performance of LNMO cathodes is firstly op-
timized (Fig. S4) and the 10-ALD cycle coating (around 1 nm) present
the best cycling performance. Therefore, LPO-TiO coating layer of 1 nm
is chosen for all of the following electrochemical characterizations. In
order to investigate synergistic effect of the LPO-TiO coating for LNMO,
comparisons are made between bare LNMO, hybrid LPO-TiO coated,
LPO coated, and TiO2 coated cathodes with the same coating thickness
(1 nm), as shown in Fig. 2a. The first charge-discharge profiles at 0.5C
are shown in Fig. 2b. Compared to bare LNMO, the LPO-TiO coated
cathode shows the maximum discharge capacity with obvious reduced
polarization, indicating hybrid LPO-TiO coating layer effectively im-
proves lithium ion diffusion as well as suppressing side-reactions with
the electrolyte at high voltage during charge/discharge process. Inter-
estingly, cycling performance at 0.5C of the four cathodes shows con-
siderable differences between the coatings (Fig. 2c). Hybrid LPO-TiO
coated LNMO presents the best cycling performance where the initial
discharge capacity is 121.9 mAh g−1 and the retention is over 89.3%
(108.9 mAh g−1) after 100 cycles. On the other hand, the initial ca-
pacity of bare LNMO is 115 mAh g−1 and the retention after 100 cycles
is only 68.9%, illustrating the low cycling stability. The single LPO or
TiO2 coated LNMO cathodes demonstrate similar cycling stability that
the capacity retention is about 79% after 100 cycles. In our previous
study, inert ALD coating materials, such as metal oxides and metal
phosphors, were widely used as the buffer layer, which improved the
cycling stability of cathodes [26,27]. Nevertheless, the initial discharge
capacity was lower than the bare electrode due to the reduced ionic and
electronic conductivity of these ALD coatings. However, for the LPO-
TiO coated LNMO, both the initial discharge capacity and cycling sta-
bility are improved comparing with bare LNMO. It indicates this unique
coating does not act only as physical buffer layer. More importantly, it
provides enhanced ionic and electronic conductivity for the cathode to
improve the electrochemical reaction kinetics. Corresponding cou-
lombic efficiency is also shown in Fig. 2c. The initial coulombic effi-
ciency is around 90% for all four cathodes. After the 1st cycle, the
coulombic efficiency of both LPO-TiO and LPO coated LNMO cathodes
rises quickly to 98.5% within 10 cycles. However, the TiO2 coated and
bare LNMO cathodes demonstrate a lower coulombic efficiency at the
first 40 cycles and then gradually increase to 96–97% in the following
cycles. The differences of coulombic efficiency demonstrate the ex-
cellent ionic conductivity and electrochemical stability of the LPO
coating layer for LNMO cathodes. On the other hand, TiO2 coating layer
with low ionic conductivity needs longer cycling time to stabilize and
re-construct the surface structure to facile Li-ion penetration. For bare
LNMO, severe side-reactions with electrolyte lead to the low coulombic
efficiency and rapidly decaying cycling capacity [39,40]. EIS plots of
the above four LNMO cathodes after 1, 50, and 100 cycles are shown in
Figs. S7, S8, and 2d, the smallest interfacial resistance of the battery
with LPO-TiO coated LNMO cathode further demonstrates the stable
and conductive surface of the cathode with the support of hybrid LPO-
TiO coating layer during the continued charge/discharge cycling.

Rate performance of the four cathodes is illustrated in Fig. 2e. The
rate capability of cathode material is directly related to the ionic and
electronic conductivity at the interface between electrode and electro-
lyte. Impressively, the LPO-TiO coated LNMO demonstrates sig-
nificantly improved rate performance than the bare or single LPO/TiO
coated cathodes. Even at 2C and 5C, the LPO-TiO coated LNMO still
delivers the capacity over 90 and 60 mAh g−1, which is over 60% of
bare LNMO. The significant improvement of rate performance is con-
tributed by the synergistic effect of Li3PO4 and TiO2, enhancing elec-
tronic and ionic conductivity at the same time to build a smooth ion and
electron diffusion way between LNMO and electrolyte. CV profiles of
the four cathodes are shown in Fig. 2f. Interestingly, LPO-TiO coated
LNMO demonstrates the lowest anodic peak potential (4.80 V) and
highest cathodic peak potential (4.64 V) compared to other cathodes,

indicating the highest electrochemical reaction activity of battery with
lower resistance. Furthermore, as shown in the insert figure, LPO-TiO
coated LNMO also demonstrates the lowest current at the cut-off vol-
tage (5 V), which indicates a smaller potential polarization at a high
operating voltage of the battery.

Finally, the galvanostatic intermittent titration technique (GITT) is
employed to further investigate the origin of improved electrochemical
properties of hybrid LPO-TiO coating layer. Transient voltage curves
and the corresponding polarization and Li+ diffusion coefficient are
plotted in Fig. 2g–i. Two charging plateaus can be clear seen in the
transient voltage curves of four cathodes, originating from two redox
couples of Ni2+/Ni3+ and Ni3+/Ni4+, respectively. Hybrid LPO-TO
coated LNMO demonstrates the highest capacity and the lowest char-
ging potential. Two selected points at the different charging plateaus
are used to evaluate the polarization and capability of Li+ diffusion of
various LNMO cathodes at different charging stage. Compared to bare
LNMO, the increasing of polarization potential is significantly retard in
hybrid LPO-TiO coated LNMO, which indicates the side-reactions
during charging process can be effectively suppressed by coating layer.
Interestingly, bare LNMO exhibits the highest Li+ diffusion coefficient
at the first point, but decrease significantly during the continued
charging process. However, the Li+ diffusion coefficient in hybrid LPO-
TiO increase with the deeper of charging, which is opposite comparing
with bare and single LPO/TiO2 coated LNMO. These results demon-
strate hybrid LPO-TiO coating layer does not impede the Li+ transfor-
mation within the LNMO particles. More important, it facilitates ionic
migration during the charging process because of its capability to
construct a stable interface to suppress side-reactions and also improve
the ionic and electronic conductivity for the cathode electrode. Based
on the obtained electrochemical results, LPO-TiO coating promotes
higher cycling capacity and improved stability of LNMO compared to
the bare or single LPO/TiO coated LNMO. LPO-TiO coating also de-
monstrates promising rate performance for LNMO with smaller poten-
tial polarization and battery resistance during cycling.

Controllable ALD synthetic process with various LPO/TiO growth
sequences is further investigated to demonstrate the unique structural
properties of the developed hybrid LPO-TiO coating for LNMO cath-
odes. As presented in Fig. 3a, different ALD growth sequences result in
alternative coating structures. No matter what ALD sequence is em-
ployed, the fundamental design of layer-by-layer LPO + TiO (or
TiO + LPO) coating is different from the synchronous growth of hybrid
LPO-TiO coating layer. Although depositing with the same thickness of
1 nm, the layer-by-layer structure, which is composed by 0.5 nm LPO
coating layer and 0.5 nm TiO coating layer, blocks the Li-ion or electron
path-way that cannot provide continuous ionic or electronic con-
ductivity for cathode at the same time. Especially for high-rate cycling
performance, the LPO-TiO hybrid structure is proposed to have the edge
over the layer-by-layer structure to build an ionic and electronic con-
ductive interface for LNMO. Fig. 3b describes the cycling performance
of LNMO cathodes with as-prepared ALD coatings at 0.5C. All of the
coated cathodes demonstrate improved cycling stability compared to
the bare LNMO because the ionic and electronic conductivity are not
the determining factor for the discharge capacity and cycling stability at
such low current density. EIS plots of the above four LNMO cathodes
after 100 cycles are shown in Fig. S9, all modified LNMO cathodes
demonstrate reduced interfacial resistance comparing with the bare
LNMO cathode, indicating both hybrid and layer-by-layer coating layer
are able to suppress the side-reactions with electrolyte. Impressively,
the four cathodes demonstrate significant different rate capability as
shown in Fig. 3c. The hybrid LPO-TiO coated LNMO presents the best
rate performance that the capacity at 2C (91.4 mAh g−1) and 5C (60
mAh g−1) is much higher than the other three cathodes. The perfor-
mance differences are from the distinct structural mechanisms of the
ALD coatings. As aforementioned, the hybrid LPO-TiO coating enables
to improve the electronic and ionic conductivity at the same time for
LNMO, facilitating the electrochemical reaction transformation at high
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current density. For layer-by-layer structured LPO + TiO (or
TiO + LPO) coating, there is not a continuous Li-ion or electron path-
way for LNMO cathode and therefore presenting limited high-rate ca-
pacities. Long-cycling performance at different current densities of
hybrid LPO-TiO coated LNMO is present in Fig. 3d. The coated cathode
demonstrates a stable and prolonged cycle life at 0.5C over 300 cycles
with the capacity retention of 81.2%. The capacity decay is only 0.075
mAh g−1 per cycle. On the contrary, the capacity retention of bare
LNMO is only 47.4% after 300 cycles at 0.5C with capacity decay of
0.204 mAh g−1 per cycle, which is 2.72 times worse than the hybrid
LPO-TiO coated LNMO. Even at 1C, the battery with coated LNMO still
demonstrates very stable and high cycling capacity, where the capacity
retention is 84.7% even higher than that of at 0.5C. EIS plots of the
batteries after 300 cycles are investigated in Fig. 3e. Interestingly, the
hybrid LPO-TiO coated LNMO present a much smaller interfacial re-
sistance than the bare one, confirming the design concept of hybrid
LPO-TiO that protect LNMO to minimize unwanted side-reactions on
the surface during cycling.

In order to further unveil the phase transformation mechanism and
the change of surface chemical states upon charging/discharging, Mn L-
edge XANES of the LNMO cathodes is collected before and after cycling
using total electron yield mode (TEY) shown in Fig. 4. The TEY mode

manifests information from the surface region with a depth of around
5 nm [41,42]. Before cycling, the four as-prepared LNMO cathodes
present nearly identical spectra. The spectra consist of well-separated L2
and L3 absorption features, resulting from the 2p core-hole spin-orbital
splitting [43,44]. The predominant peaks at 645.9 eV and 648.6 eV
attributing to L3-edge and the broader peak belonging to L2-edge in the
spectra can be assigned to Mn4+. The unchanged spectra of the four
LNMO cathodes indicate that the Mn species existed in similar chemical
environment in the close surface region before and after ALD coating.
However, the spectra of cycled cathodes demonstrate significant dif-
ferences, as shown in Fig. 4b. The spectrum of the bare LNMO cathode
shows two new peaks at 647.2 eV and 645.4 eV that can be assigned to
Mn3+ and Mn2+, respectively, while the previous predominant Mn4+

peaks are nearly disappeared. The formation of Mn3+ derives from the
Jahn-Teller distortion and oxidation of electrolyte during charge/dis-
charge processes [44]. The following disproportionation reaction trig-
gers the reduction of Mn from trivalence to bivalence, which takes place
at the interface of cathode and electrolyte [45]. Mn2+ is easy to dis-
solve into the electrolyte, and further migrate through the separator
then depositing on the surface of anode [46–48]. Meanwhile, transition
metals (TMs) can facilitate the decomposition of electrolyte, which
accelerate side-reactions during cycling [26,49]. All of these phase

Fig. 3. Investigation of ALD coating structure effect on LNMO cathodes. (a) Schematic figure of different coating sequences of LPO and TiO during the ALD process.
(b–e) Electrochemical characterization of as-prepared LNMO cathodes: (b) Cyclic performance at 0.5C, (c) Rate capability performance, (d) Long cycling stability of
bare and hybrid LPO-TiO coated LNMO, and (e) EIS plots after 300 cycles of bare and hybrid LPO-TiO coated LNMO.

Fig. 4. Understanding the surface chemical struc-
ture evolution of LNMO cathodes before and after
the electrochemical reaction. Mn L-edge XANES
spectra of bare, TiO2, Li3PO4, and LPO-TiO coated
LNMO. (a) Before charge/discharge cycling col-
lected at TEY mode, (b–c) After 100 charge/dis-
charge cycles collected at TEY and FLY mode, re-
spectively.

S. Deng, et al. Nano Energy 65 (2019) 103988

5



evolution results in the structural degradation of LNMO at the surface
and cycling capacity decay of batteries. On the contrary, all three
coated LNMO cathodes still maintain the predominant peaks of Mn4+

after cycling, although Mn3+ peaks still could be found in the spectra of
the coated LNMO cathodes after cycling, which indicates that the sur-
face side-reaction of LNMO can be suppressed to some extent but still
cannot totally avoid even with the ALD coating materials. Interestingly,
the intensity of Mn3+ peak in Li3PO4 coated LNMO is lower than that of
TiO2 coated LNMO, which demonstrates the electrochemical stability of
PO4

3− at high voltage. The intensity ratio of Mn2+ to Mn4+ is much
reduced compared to the bare LNMO, when coating materials are im-
plemented on the surface of LNMO particles. Only a shoulder peak of
Mn3+ can be found in LPO-TiO coated LNMO cathode, indicating that
the hybrid LPO-TiO coating can effectively suppress continued side-
reactions with the electrolyte and help to avoid the Mn2+ dissolution
during cycling. The XPS spectra of Li metals from both bare and LPO-
TiO samples are shown in Fig. S12. The Mn peak can be detected from
the surface of Li metal in bare sample, while no signal of Mn from LPO-
TiO sample can be observed after cycling. This result further indicates
Mn dissolution and deposition on the surface of Li metal due to lack of
the protection of coating layer on the surface of cathodes. The bulk
sensitive XANES spectra of LNMO cathodes collecting by fluorescence
yield mode (FLY) are shown in Fig. 4c. The bulk Mn of bare LNMO after
cycling also presents the weak Mn3+ peak in the spectrum, indicating
electrolyte persistently destroying the inner structure of LNMO particles
without any coating protection. On the contrary, all of the FLY spectra

of coated cathodes are similar to the spectra before cycling (Fig. 4a),
indicating the good protection of the LNMO bulk structure by ALD
coating.

XANES and STEM characterizations are conducted to further in-
vestigate the structure and chemical state stability of hybrid LPO-TiO
coating layer during cycling. Fig. 5a and b shows the Ti L-edge and P K-
edge XANES in TEY mode of hybrid LPO-TiO coated LNMO cathode
before and after cycling. Impressively, the spectra are nearly identical
before and after battery operation, indicating the chemical stability of
the coating layer during cycling. (S)TEM and corresponding EDS
mapping are shown in Fig. 5c and d. It should be noted that the sample
for TEM characterization is using the ALD LPO-TiO coating of 5 nm in
thickness, which is the same sample employed in Fig. 1b. The ALD LPO-
TiO hybrid coating layer after battery operation is still conformally
coated on the surface of LNMO particle with an approximate thickness
of 5 nm, which is consistent with the TEM result of ALD coating layer
before cycling (Fig. 1b). EDX elemental mapping also demonstrates the
presence of Ti and P elements on the surface of LNMO particle, further
confirming the chemical stability of hybrid LPO-TiO coating layer in
high voltage battery operation.

4. Conclusions

In conclusion, we demonstrate a controllable LPO-TiO hybrid
coating material via ALD for the high voltage LNMO cathode in Li-ion
batteries. The novel coating is not only as a simple physical barrier to

Fig. 5. Post-characterizations of hybrid LPO-TiO coated LNMO cathode after battery cycling. (a) Ti L-edge and (b) P K-edge XANES spectra of hybrid LPO-TiO coated
LNMO before and after charge/discharge cycling, (c) STEM image (scale-bar 40 nm) with selected enlarged region (scale-bar 5 nm) and (d) STEM-HAADF image and
the corresponding EDS mapping (scale-bar 25 nm) of hybrid LPO-TiO coated LNMO after charge/discharge cycling.
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avoid the side-reactions between cathode and electrolyte at high op-
erating voltage. More importantly, the hybrid LPO-TiO coating layer
enables enhanced ionic and electronic conductivity for the cathode that
builds a stable solid-state interface between cathode and electrolyte to
allow smooth Li-ions and electrons transportation. The initial capacity
of the coated LNMO cathode increased from 110 mAh g−1 to 122 mAh
g−1 comparing with bare LNMO, and the cycling capacity retention is
over 89.3% after 100 cycles at 0.5C. Furthermore, the long cycling
performance of LNMO cathode for 300 cycles at high current density
also presents the significant improvement with the support of LPO-TiO
coating. The capacity decay of 0.075 mAh g−1 per cycle with 81.2%
capacity retention is obtained at 0.5C, which is only 0.37 times com-
pared to bare LNMO. Even at 1C, hybrid LPO-TiO coated sample still
demonstrates the capacity retention of 84.7%, which is 1.79 times
higher than that of bare LNMO at 0.5C. The excellent electrochemical
performance indicates the prolonged cycle life of LNMO cathode with
the advanced coating material. TEM and synchrotron XANES char-
acterizations further investigate the evolution of LNMO surficial phase
and LPO-TiO coating structure during cycling, which demonstrate that
hybrid LPO-TiO coating has sufficient chemical stability to effectively
suppress the cathode surface structure degradation and dissolution of
transition metals. Compared with traditional inert coating materials, it
is believed that our design of the conductive LPO-TiO hybrid coating by
ALD will open up new opportunities for next-generation high energy Li
batteries. We hope the revelation of hybrid interfacial design via ALD
and other techniques will trigger increased research interests in high-
energy batteries and promote novel electrode architectures for energy
storage systems.
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