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GRAPHICAL ABSTRACT
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Abstract

Building stable interfacial structure is highly desirable for high-voltage lithium
rich cathode materials for lithium ion batteries. Heterostructure interface should play a
crucial role in controlling electrochemical performances of Li-rich oxides. Herein,
Li; ,Ni 13C0 13Mng 540, nanoparticles are massively prepared via a facile ultrasonic
spraying method, followed by surface-modification with TiO, ultrathin layer using
low-temperature hydrolysis technique. Comparing to pristine
Li; 5Nip.13C00.13Mng 5405, TiO,-coated composites exhibit better electrochemical
performances in terms of rate capability, cycling stability and thermal stability.
Li; ,Ni 13C00.13Mng 540,@TiO, composites deliver a reversible discharge capacity of
194.9 mAh=g ! at 25°C and 257.8 mAh=g! at 55°C after 100 cycles, while the pristine
Li; ;Mn 5,Nij 13C00130, only has a discharge capacity of 208.4mAhg! and
253.9mAhg! respectively. The TiO,-coating could reduce the work function of the
hybrid composites and efficiently suppress the evolution of a solid electrolyte
interface film at the electrode/electrolyte as well as improve thermal stability.
Moreover, the built-in electric field originating from the difference in work function at
the hetero-junction interface, would also facilitate electron-transfer and Li-ion
migration across the hetero-junction interface and consequently robust

electrochemical performances.

Keywords: lithium-ion batteries; lithium-rich cathode; work function; thermal

stability; built-in electric field.
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1. Introduction

Rechargeable lithium-ion batteries (LIBs) have attracted increasing attention as
the most promising predominant energy-storage technology for portable electronics,
electrical vehicles and stationary energy storage owing to their high-energy density,
reasonably long-cycle life and environmentally benign [1-3]. The increasing demand
for high-energy density LIBs has made the cathode material with high specific
capacities to be the primary determinant of the breakthrough for high energy delivery
[4,5]. As far, numerous advanced materials are mushrooming and lithium-rich
manganese oxides are considered as promising candidates owing to their superior
specific capacity (>250 mAhg!), high operation voltage and environmental benignity
[6,7]. However, several critical issues including the low initial coulombic efficiency
(ICE), severe voltage decay and dissatisfied cyclic stability, should be solved before
the commercial application of lithium-rich layered oxides [8, 9]. Up to now,
tremendous efforts have been made to relieve these problems including designing
hierarchically structure [10,11], doping with isovalent ions [12,13], surface
modification [14,15] and so on. Among the available strategies, surface modification
is proved to be effective strategy to enhance the electrochemical performances
[16-21]. For instance, Liu ef al. [16] reported Li-rich LNCM@Ce §Sng,0,_, exhibited
an enhanced initial discharge capacity of 315.1 mA h g! (0.05C) with an excellent initial
coulombic efficiency of 92.77% comparing to 79.71% for the pristine one. Hu et al. [17]
found that Li;;Nigo,MngsO,@LiAlF, delivered a high reversible capacity of
246mAhg!at 0.1C and excellent rate capability of 133mAhg!at 5C. It is well
established that the improved performances should result from the suppression of side
reactions occurring at the interphase between electrodes and electrolyte. The side

reactions are strongly dependent on the interfacial properties, which is worth
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investigating in terms of enhanced performances. On the other hand, nanosized active
materials active materials and uniform-coating of thin layer are highly desirable for
surface-modified cathode materials for Li-ion batteries, which could shorten Li-ion
diffusion pathway, suppress the side reactions at the electrode/electrolyte interface
and facilitate charge migration across electrode/coating-layer interface.

In this work, Lij,Nij3C0013Mngs40, (LLNCMO) nanoparticles have been
successfully prepared by low-cost ultrasonic spraying under the help of vacuum
pump, followed by surface modification with TiO, using low-temperature hydrolysis.
Vacuum-assisted ultrasonic spraying massively produces well-dispersed hollow
spherical precursors and is good for fabricating nanosized materials dependent of
sphere wall thickness. Low-temperature hydrolysis is a promising coating technique,
which could achieve a well controllable thickness of coating-layer and the uniformity
of the coating layer. Titanium butoxide(TBT) is used as Ti precursor for hydrolysis
and slow hydrolysis proceeds in alcoholic solution at low ambient temperature, which
is beneficial for uniform coating of thin TiO,-layer on LLNCMO surface. It is found
that the TiO,-coated cathode material exhibits improved electrochemical
performances and thermal stability. The potential mechanism behind the improve
performances are systematically investigated by electrochemical measurements, work
function and well explained based on phenomenological energy-band model.

2. Experimental
2.1 Synthesis of Li; ;Nig 13C0¢.13:Mng 540, nanoparticles.

Li;5Nij 13C00.13Mng 540, powders are prepared by a facile ultrasonic spraying
followed by high-temperature calcination. Typically, 25.2 mmol LiCH;COO«2H,0
(5% Li excess), 2.6 mmol Ni(CH;COO),¢4H,0, 2.6 mmol Co(CH3;C0O0),+4H,0 and

10.8 mmol Mn(CH3COO),¢4H,0 are thoroughly dissolved in 100 mL deionized
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water. After continuous stirring for 12 h, the resulted solution is ultrasonically
atomized and the droplets go through a reactor of 600 °C under the help of vacuum
pump. Hollow Li-Ni-Co-Mn-O precursors readily form in the reactor under vacuum.
The Li-Ni-Co-Mn-O precursors are collected and subsequently calcinated at 900°C
for 12 h in air to obtain a homogeneous Li;;Nig;3C0013Mngs40, nanoparticles
(denoted as LLNCMO in the text).

2.2 Synthesis of Li; ;Nig 13C0¢.13:Mng 540,@TiO, nanoparticles.

Li;5Ni.13C00.13Mng 540,@Ti0, (LLNCMO@Ti0,) nanoparticles are synthesized
by a hydrolysis process at low temperature using tetrabutyl titanate (TBT) as Ti
sources. In detail, 0.2g as-prepared LLNCMO nanoparticles are dispersed in the
mixing solution (40 ml of absolute ethanol and 1 ml of deionized water) at 4 °C under
vigorous stirring. Afterwards, 0.04 mL TBT solution is added dropwise into above
solution. After continuous stirring for 24 h, the obtained precipitates are collected by
centrifugation, dried at 80°C for 6 h and subsequently sintered at 500 °C for 3 h to
obtain finally product. The synthesis processes of LLNCMO and LLNCMO@TiO,
nanoparticles are schematically illustrated in Figurel.

2.3. Materials characterization

The crystal structure of the as-prepared composites is studied by powder X-ray
diffraction (XRD) using a Rigaku MinFlex II diffractometer with Cu-Ka radiation
(A=1.5406A). The morphologies of LLNCMO and LLNCMO@TiO, powders are
analyzed using field-emission scanning electron microscopy (FESEM; HITACHI,
SU-8010) equipped with X-ray energy dispersive spectroscopy (EDS). The
microstructure of the as-prepared materials is characterized using a transmission
electron microscope (TEM, FEI Tecnai G2 F20 S-TWIN). The chemical states of the
samples are analyzed by X-ray photoelectron spectroscopy (Thermo Scientific
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ESCALAB 250Xi). The TiO, content in LLNCMO@TiO, composite is determined
by inductively coupled plasma (ICP, ICAP700). The surface potentials of LLNCMO
and LLNCMO@TiO, electrodes are measured by Kelvin probe atomic force
microscopy (KPAFM) (Bruker dimension ICON, Germany). Thermogravimetric and
differential scanning calorimetric analysis of highly-delithiated LLNCMO and
LLNCMO@TiO, electrodes, are on a TG-DSC simultaneous thermal analyzer
(Netzsch STA449F3). Prior to DSC measurements, the cells are charged to 4.8 V at a
current of 0.1 C and then disassembled in an argon-filled glove box. The cathode
materials including acetylene black and PVDF are scraped from the Al current
collector, and subsequently sealed in a stainless-steel pan.
2.4 Cell fabrication and characterization

The electrochemical experiments are performed using CR2025 half-cells which
are assembled in an Ar-filled glove box with lithium foil as a counter electrode. The
cathode slurry is prepared by mixing 80 wt.% active material (LLNCMO or
LLNCMO@TiO,) with 10 wt.% polyvinylidene fluoride (PVDF) and 10 wt.%
super-P in N-methy1-2-pyrrolidone (NMP). The formed homogeneous slurry is then
cast onto an aluminum foil and subsequently dried at 120 °C in vacuum for 12 h. The
loading density of the active materials is approximately of 2 mgecm2. The cathode
and anode electrodes are separated by a microporous Celgard 2400 membrane. The
electrolyte is 1 M LiPF¢ in dimethyl carbonate (DMC)-ethylene carbonate (EC) (1:1
in volume). Galvanostatic charge-discharge measurements are carried out in the
voltage range of 2.0 -4.8 V on a LAND test system (CT2001A, China). Cyclic
voltammetry (CV) are recorded with BT2000 Arbin instrument at a scan rate of 0.1
mVs!. Electrochemical impedance spectra of the cells are recorded in the frequency

range of 100 kHz to 10 mHz with AC amplitude of 5 mV on a Zahner Zennium
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IM6 electrochemical workstation.
3. Results and discussion

The morphologies of LLNCMO and LLNCMO@TiO, particles are characterized
by SEM. As shown in Fig 2(a,b), both the pristine and TiO,-coated composites are
consisted with well-crystallized nanoparticles with an average diameter of ~200 nm.
However, the crystal faces and boundaries of LLNCMO particles become slight
blurry due to the deposition of TiO, nanoparticles on the cathode material. Figure 2(c)
shows XRD patterns of the LLNCMO and LLNCMO@TiO, composites. All

diffraction peaks are assigned to hexagonal a -NaFeQO, structure with the R-3m space

group except for the weak peaks around 20°-23°, which correspond to the LiMng
superstructures of monoclinic Li,MnOj; unit cell with space group C2/m (JCPDS No.
21-1272) [22]. The distinct splitting of the pair reflections (006)/(102) and (108)/(110)
suggests the highly ordered hexagonal structure of LLNCMO powder [23]. A weak
peak at 20=25.3° LLNCMO@TiO, composites is indexed to the (101)
crystal plane of anatase TiO, [24, 25]. To further confirm the presence of TiO, on
LLNCMO surface, the high-magnification TEM images of LLNCMO@TiO, samples
are presented in Fig. 2(d-f). As can be found, a distinguishable coating-layer with a
thickness of ~6 nm is deposited on LLNCMO surface. The pristine LLNCMO
demonstrates clear lattice fringes (003) with a d-spacing of 0.47 nm [26]. The distance
between the lattice fringes is ~0.35 nm, corresponding to the (101) planes of anatase
TiO,; crystallite [27]. The chemical composition of coating-layer is further examined
by the EDS elemental mapping. Analysis from the mapping in Fig. 2 (g-1) reveals the
uniform distribution of Ti element on the LLNCMO surface. Precise amounts of Ni,
Co, Mn and Ti elements are tested by the inductively coupled plasma (ICP) technique

and the corresponding TiO, content in composite is evaluated as 4.6%, which reveals
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a good consistency between the reality and calculation of Ti element.

The initial charge/discharge curves of LLNCMO and LLNCMO@TiO, are
plotted in Fig. 3(a) in the voltage range of 2.0-4.8 V at 0.2C (1C=300 mAhg~"). As
depicted in Fig. 3(a), the initial charge curves of both samples demonstrate an oblique
platform of 3.7-4.5V related to the oxidation of Ni*" and Co’*, followed by a typical
plateau of 4.5-4.8V due to the simultaneous removal of oxygen from Li,MnO; [28,29].

LLNCMO electrode delivers an initial discharge capacity of 259.4mAhg™' with initial

coulombic efficiency (ICE) of 76.1% while LLNCMO@TiO, exhibits a discharge

capacity of 254.6 mAhg~! with higher ICE of 82.4%. The oxidation of electrolyte at

the high cutoff voltage should be responsible for the low initial coulomb efficiency
[30]. The TiO,-coating effectively suppresses such decomposition reaction and
promotes Li-ion delivery in lithium-rich oxide materials.

Figure 3 (b) shows the rate capability of the pristine and TiO2-coated LLNCMO
cathode. All the samples are performed an activated procedure at 0.1 C for 2 cycles
before the testing. It can be observed that LLNCMO@Ti0, electrode demonstrates
better rate capability especially at high rates. The LLNCMO@TiO, delivers a
discharge capacity of 130.3mAhg! while the pristine is only 76.2mAhg!. When the
discharge rate is returned from 5 C to 0.5C, LLNCMO@TiO, electrodes could also
recover to higher capacity. The enhanced rate performance of LLNCMO@TiO; is
largely attributed to a faster Li-ion diffusion across the interface [31]. Fig. 3 (c,d)
shows the discharge curves of the LLNCMO and LLNCMO@TiO, electrodes at 0.2,
0.5, 1, 2, 3 and 5C respectively. The discharge capacities of both electrodes decrease
with the increasing of the current density, which is mainly attributed to increased
polarization and electrode overpotential [32]. In comparison with the pristine
electrode, LLNCMO@Ti0O, electrode delivers a slower pace in discharging voltage
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plateau because of weaker polarization. The obtained results suggest that the coating
strategies would effectively suppress the interfacial reaction between the electrolyte
and cathode materials, reducing the interfacial resistance. On the other hand, the
improved rate capability of might be beneficial from the enhanced electronic
conductivity of composites by introducing defects into TiO, semiconductor such as
oxygen vacancies during the calcination process.

A comprehensive investigation of the benefits of TiO, coating also involved
cycling test at 25 °C and 55°C. As can be found in Fig. 4(a), stable capacities of 208.4
and 194.9 mAhg™! with retentions of 62.6% and 79.6% are obtained after 100 cycles
at 25°C at 1C for LLNCMO and LLNCMO@TiO, electrodes, respectively. In the case
of 55°C(Fig. 4(b)), LLNCMO electrode dropped dramatically to 253.9 mAhg! with
capacity retention of 53.2% after 100 cycles while LLNCMO@TiO, electrode
delivers discharge capacity of 265.5 mAhg! with capacity retention of 72.1 %. The
capacity maintenance improvement should benefit from the suppressed side reaction
between cathode material and acidic liquid electrolyte at high voltage due to the
protective effect of the TiO,-coating layer [33,34]. Fig. 4(c,d) depicts the cyclic
voltammetry (CV) curves of the LLNCMO and LLNCMO@TiO, electrodes at a scan

rate of 0.1 mV s~ !. LLNCMO@TiO, electrode has smaller difference ( A V=0.66V)
between the reduction peak and the oxidation peak than that ( A V=0.70V) of

LLNCMO electrode, indicating that TiO,-coating reduce electrode polarization and
enhance reversibility of the Li-ion extraction/insertion process [35,36]. From the
second cycle onward, the CV curves overlap of LLNCMO@TiO, electrode is better
than that of LLNCMO electrode, indicating that the TiO,-coating is helpful to
improve lithiation/delithiation reversibility and cycle stability.

To further investigate the potential mechanism behind the improved performance
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of LLNCMO@TiO, samples, electrochemical independence spectra (EIS) of
LLNCMO and LLNCMO@TiO; at full charged state are carried out after 100 cycles.
As shown in Fig. 5(a), both EIS curves display a straight line at the low frequency
region and a depressed semicircle at the high frequency region, reflecting the
charge-transfer process and the Li-ion diffusion in active material, respectively.
According to the equivalent circuit presented in the inset, the charge-transfer
resistances (Ry) of LLNCMO and LLNCMO@TiO, electrodes are calculated to be
121.5 and 33.8 Q respectively. A higher R generally indicates slower kinetics of the
faradic reaction [37], suggesting that TiO,-coating would effectively suppress the side
reactions of the cathode material with electrolyte upon cycling. To quantitatively
identify the effect of TiO,-coating on Li-ion kinetic diffusion in cathode material, the
Li-ion diffusion coefficient (Dy;+) is determined by the galvanostatic intermittent
titration technique (GITT). The GITT data is coliected with a repeated pulse current
of 0.2 C and a long relaxation time interval of 40 min in order to obtain a quasi-steady
state. Figure 5(b, c¢) shows the GITT curve of LLNCMO and LLNCMO@TiO,
samples in the initial charge process. The Li-ion diffusion coefficient is calculated as

follows [38,39]

=) (&) 0
where 7 is the pulse duration, mg and Mg are the mass and molar weight of active
cathode material, respectively, S is the surface area of the electrode, Vy is the
electrode molar volume of LLNCMO (cm?®), AEg and AE; can be read directly from
the GITT profiles. As can be seen from the calculated Di;+ shown in Fig. 5(d),
LLNCMO@TiO, electrode exhibits larger Li-ions diffusion coefficient than that of
LLNCMO electrode, further indicating TiO,-coating indeed facilitate Li-ion diffusion

in the composite by enhancing the structure stability of the interface.
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To study the potential mechanism of the improved Li-ion diffusion kinetics by
Ti0,-coating, EIS measurements of LLNCMO and LLNCMO@TiO, electrodes are
performed at the full charge state from 0°C to -30°C (Figs. 6(a,b)). The EIS profiles
are fitted according to the equivalent circuit shown in Fig.5(a). The fitted results
reveal that LLNCMO demonstrates a more pronounced effect on charge-transfer
behavior at the electrode-electrolyte interface with the increasing temperature. The
activation energy ( A G) of lithium-ion insertion/extraction in LLNCMO and

LLNCMO@Ti0; is calculated as follows[40]

AG—R
logR.: =10gA + 5553z7 (2)

where AG means the activation energy, R is the gas constant, and A is a
temperature-independent constant. Based on the temperature dependence of log Rct
from 0°C to -30°C depicted in Fig. 6(c), the activation energy AG for LLNCMO and
LLNCMO@TiO, are evaluated as 32.82 KJmol-!' and 19.98 KJmol-!, respectively.
Lower activation energy reflects faster Li-ion diffusion [40], which is good agreement
with the analysis of electrochemical measurements.

To get insight into the potential mechanism behind the improved performances
from the viewpoint of the interfacial effect, the physical properties of the composites
are investigated using Kelvin probe atomic force microscopy. The working electrodes
including LLNCMO and LLNCMO@TiO, powders (Fig.7(a)), are galvanostatic
charged to 4.1, 4.3, 4.5, 4.8V at 0.1 C and subsequently disassembled in an
argon-filled glove box. The surface potentials of LLNCMO and LLNCMO@TiO,
powders at different charged state are measured and the corresponding work function
is calculated (Figs. 7(b,c). Work function defined with respected to the Fermi energy
of the electrons, reflects the kinetic energy of the electrons to overcome the barrier
and thus escape the composite [41]. As compared in Fig.7(d),
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Li; 5.,Nig13C00.13Mn 54,0,@TiO, has smaller work function than that of
Li;5.,Nig 13C00.13Mng 540, at 4.1, 4.3, 4.5 and 4.8 V respectively during the charging
process. Smaller work function indicates high-conductivity of composites,
confirming the better rate capability induced by surface-modification with TiO,.

The reduction of work function for LLNCMO by TiO,-coating is
phenomenologically explained based on energy-band model [42]. As shown in Fig.
8(a), LLNCMO and TiO, share a common vacuum level, but their Fermi levels are
not aligned due to the different work functions. Once the two composites are brought
into electrical contact in Fig.8(b), electrons tend to transfer from TiO, with smaller
work function to LLNCMO with larger work function until the Fermi levels are
aligned [43]. As a result, LLNCMO@TiO, has smaller work function than that of the
LLNCMO composite. Although Fermi-level of the clectrode is not constant because
the chemical potential of LLNCMO is changing during the charging process,
LLNCMO@TiO, exhibits smaller work function than that of LLNCMO on a whole.
As Goodenough reported [44], the electrolyte would be oxidized when Fermi level of
cathode is below the highest occupied molecular orbital of carbonate electrolyte (5.6
eV). Therefore, the oxidation of the electrolyte could be effectively suppressed
by reducing the difference in work function between cathode material and the
electrolyte. Deduction from the energy level shown in Fig.8(c) indicates TiO,-coating
could reduce the difference in work function and the cycling capability of
LLNCMO@Ti0, is correspondingly improved. Fig. 8(d) shows DSC profiles of the
LLNCMO and LLNCMO@Ti0O; electrodes at the full charged state of 4.8 V without
removal of the electrolyte. A distinct exothermic peak around 210°C is observed,
corresponding to the decomposition of electrolyte and electrolyte oxidation caused by

oxygen released from Li-excess layered oxides. In comparison, LLNCMO@TiO, has
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thermal decomposition temperature of ~216.1°C, which is higher than that of bare
LLNCMO nanoparticles (~209.9°C). Meanwhile, LLNCMO@TiO, electrode has
relatively lower heat generation of 1.03mWmg! comparing to the pristine one. The
thermal safety of the full-charged Li-excess layered oxides is strongly related to the
side reactions between highly oxidative cathode and electrolyte, resulting in a large
amount of thermal and gas release [45]. Therefore, TiO,-coating layer separates the
active material from vigorous side reactions and consequently enhance the structural
stability at active material/electrolyte interface. Novelty, a built-in electric field (E) is
expected to be set up between positively-charged TiO, and negatively-charge
LLNCMO because of electron transfer, shown in Fig.8(b). Such built-in electric field
could facilitate Li-ion diffusion and electron transfer across the LLNCMO/TiO,
hetero-junction interface, consequently improving the Li-ion diffusion kinetics and
rate capability.

In order to identify the positive effects of TiO,-coating on the enhanced
interfacial stability of the cathode materials, XPS analyses are carried out for the
LLNCMO and LLNCMO@Ti0; electrodes after the 100th cycle. As displayed in Fig.
9 (a, b), the Ols could be fitted with four separate peaks around at 529.7, 531.3, 532
and 529.7 eV, which are assigned to C=0, oxygenated deposited species, Li,CO; and
electrolyte oxidation products, respectively [46,47]. As a negative product of side
reaction, Li,CO3; with poor electronic/ionic conductivity increase the electrode
polarization and deteriorate the Li-ion diffusion kinetics [48,49]. Comparing to
LLNCMO electrodes, LLNCMO@TiO, has relatively lower Li,CO; and higher
oxygenated deposited species, indicating that TiO,-coating could efficiently suppress
side reaction between the electrolyte and LLNCMO. The obtained results are

consistent with the analysis of the EIS and GITT measurements. The C 1s spectra
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(Fig. 9(c, d)) of the samples further certify the reduction of Li,CO; species by
TiO,-coating during the charging/discharging process. On the other hand, the side
reaction between the electrolyte and LLNCMO also induces the surface-structure
disorder of LLNCMO particles, leading to the change in the valence state of metal
ions [50]. The fitting of the Mn2p spectrum is shown in Fig. 7(a, b), and the chemical
states of Mn in Li; ;Nig 13C0013Mng 540, and Li; ;Nig 13C00,13Mng 540,@TiO, can be
assigned to Mn*" (2p3/2 641.1 eV), Mn’" (2p3/2 641.9 eV), Mn* in
Li; 5Nig 13C00.13Mng 540, (2p3/2 642.7 €V) and Mn*" in Li;MnO; (2p3/2 643.8 V)
respectively [46, 51-53]. It is found that LLNCMO electrode has relatively higher
Mn?* content and lower Mn valence than those in LLNCMO@TiO, electrode. The
higher Mn*"/Mn?" ratio further confirms that TiO,-coating could not only alleviate the
reduction of Mn valence but also suppress the layered-spinel transition induced by
oxygen release during cycling [46, 54, 55].

Fig.10 (a-d) shows F 1s, (c, d) P 2p XPS spectra of LLNCMO and
LLNCMO@TiO, electrodes after 100 charge/discharge cycles, confirming the
existence of LiF, C-F and Li,PO,F, species in CEI film on the electrodes. LiF and
Li,POyF, species could be readily generated by the decomposition of LiPFs [56, 57].
The relative content of elements in LLNCMO and LLNCMO@TiO, electrodes is
shown in Fig.10 (e, f), revealing the decreasing contents of C and F associated with
CEI layer. The obtained results and the decreasing contents of Li,POF, species
indicate that TiO,-coating could effectively suppress the decomposition of LiPFg upon
cycling. On the other hand, some poor-conductivity species including LiF and Li,CO;
also result in the inferior electrochemical performances [58, 59]. Thereby, the
electrochemical performances are correspondingly enhanced by surface-modification

with TiO,.
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4. Conclusions

Li; ,Mng 54Nig 13C00130, nanoparticles have been successfully prepared are
prepared by ultrasonic spraying technique under partial vacuum condition, and
subsequently surface modification with TiO, using low-temperature hydrolysis.
Comparing to Lij;,Mngs54Nig13C00130,, Lij;Mngs4Nig13C00.130,@TiO, exhibits
excellent electrochemical performance in terms of rate capability, cycling stability and
cycling stability. TiO, on the surface of Li; ;Mng 54Nig 13C00 130, could segregate the
electrolyte and active materials, and also prevent active materials against
HF-attacking. Furthermore, the built-in electric field existed in hetero-junction
interfaces would be beneficial for facilitate electron-transfer and Li-ion migration,
resulting in improved electrochemical performance.
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Figure Captions

Schematic illustration of the synthesis of TiO,-modified LLCNMO samples.
SEM images of the (a) LLNCMO and (b) LLNCMO@TiO, powders; (c)
XRD patterns of LLNCMO and LLNCMO@TiO, powders; (d-f) HR-TEM
images and (g-1) EDS mappings of LLNCMO@TiO, powders.

(a) The initial charge and discharge curves of LLNCMO and
LLNCMO@TiO, electrodes; (b) Rate capability of LLNCMO and
LLNCMO@Ti0; electrodes from 0.2 C to 5 C; (c,d) Discharge curves of the
LLNCMO and LLNCMO@TiO, electrodes at 0.2, 0.5, 1, 2, 3 and 5C
respectively.

Cyclic performances of LLNCMO and LLNCMO@TiO, electrodes at 1C at
(@ 25 °C and (b) 55 °C; CV curves of (a) LLNCMO and
(b)LLNCMO@TiO; electrodes at a scanning rate of 0.1 mVs.

(a) EIS of LLNCMO and LLNCMO@TiO, at full charged state after 100
cycles, Inset: the equivalent circuit for fitting; GITT potential profiles of (b)
LLNCMO and (¢) LLNCMO@TiO, electrodes for lithiation process during
the 100th charge process; (d) Li-ion diffusion coefficients calculated from
the GITT potential profiles.

EIS for (a) LLNCMO and (b) LLNCMO@TiO, at the full-charged state at
different operation temperatures; (c) Profile of log (Rct) vs. temperature for
LLNCMO and LLNCMO@TiO, electrodes; (d) image figure of
improvement of activation energy by TiO,-coating.

(a) The work electrode consisting of LLNCMO and LLNCMO@TiO, for
testing surface potential; Work function of (b) LLNCMO and (c)

LLNCMO@TiO, at different charged state; (d) Comparison of Work
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function for LLNCMO and LLNCMO@TiO, particles.

Fig. 8 (a) Potential energy diagram for LLNCMO and LLNCMO@TiO, with
different work functions, which are initially not connected and share thus a
common vacuum level; (b) If LLNCMO and LLNCMO@TiO, are connected,
the Fermi levels of the two composites align. A build-up of surface charge
leads to a potential gradient compensating the difference between the work
functions of the two composites; (c) the relative energies of the electrolyte
window and HOMO of cathode material; (d) DSC profiles of LLNCMO and
LLNCMO@Ti0, at full charged state.

Fig.9 (a,b) O 1s, (c,d) C 1s and (e,f) Mn 2p XPS spectra of LLNCMO and
LLNCMO@Ti0, extracted from coin cells after 100 charge/discharge cycles,
respectively.

Fig. 10 (a, b) F 1s, (c, d) P 2p XPS spectra and (e, f) of the relative content of
elements in LLNCMO and LLNCMO@TiO, electrodes after 100

charge/discharge cycles respectively.
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Figure 2
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Figure 3
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Figure 4
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Figure 6
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Figure 7
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Figure 9
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Research highlights

Heterostructural Li; ;Nig13C0¢13Mng 540,@Ti0, composites are prepared via
low-temperature hydrolysis.

The electrochemical performances are improved by TiO,-coating in terms of rate
capability, cycling stability and thermal stability.

The different in work function of composite facilitates charges across the

heterojunction interface and relieves electrolyte decomposition.



