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Interface engineering of LiMn2O4 (LMO) is a promising strategy to enhance the lithium storage capability
and cycling stability of cathode materials in Li-ion batteries (LIBs). This is because the strategy prevents
structural degradation; however, Li storage kinetics remains unsatisfactory, resulting in poor ultrafast cy
cling performance. Therefore, we fabricated an Nb-doped TiO2 (NTO) functional layer as a conductive
passivation layer on the LMO surface by horizontal ultrasonic spray pyrolysis deposition. The NTO func
tional layer suppressed the volume expansion of LMO and exhibited high electrical and ionic conductivity,
which resulted in improved structural stability of LMO (related to cycling stability) and increased electron/
ion transfer rate (related to ultrafast cycling performance). In the TiO2 structure, Ti4+ ions were replaced by
Nb5+ ions, which possess high electrical conductivity and a wide c-axis as a Li-ion diffusion route. As a
result, the NTO-coated LMO cathode material showed an outstanding specific capacity of 112.7 mAh/g with
a remarkable capacity retention of 96.2% after 100 cycles at a current density of 1 C and excellent ultrafast
cycling capacity and stability of 70.0 mAh/g after 500 cycles at a current density of 10 C.
© 2021 Elsevier B.V. All rights reserved.
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1. Introduction
In recent years, global issues such as the exhaustion of fossil
fuels, global warming, and environmental pollution have triggered
an interest in the development of eco-friendly energy storage de
vices [1]. Among various energy storage devices, Li-ion batteries
(LIBs) have been used extensively as power source for portable de
vices, such as laptops and smartphones, owing to their good cycling
stability, high energy density, low self-discharge rate, little memory
effect, and environmental friendliness [2–4]. However, LIBs exhibit
slow charging time and short mileage, resulting in poor perfor
mance [5,6].
The cathode material in LIBs is one of the key components that
can improve the electrochemical performance of LIBs, in terms of
energy density, lifetime, and charging speed [7]. Among various
cathode materials, spinel lithium manganese oxide (LiMn2O4, LMO)
has received considerable attention owing to its advantages of high
theoretical capacity (148 mAh/g), high power density, high operating
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voltage (3.5–4.5 V), cost-effectiveness, and non-toxicity [8,9]. How
ever, the applications of LMO are limited because of three main
problems: (1) Mn dissolution by Jahn–Teller distortion, (2) low Liion diffusion rate, and (3) low electrical conductivity [10–12]. To
overcome these problems, strategies such as morphology control,
cation doping, and surface coating have been developed to enhance
the Li-ion storage performance, i.e., increasing the cycling stability of
LMO [13–15]. In particular, interface engineering by fabricating
protecting layers (e.g., CeO2, ZnO, Al2O3, and MoO3) on LMO is a
potential strategy to enhance the structural/electrochemical stability
of LMO by suppressing the volume expansion and preventing Mn
dissolution or promoting Li-ion and electron diffusion of the LMO
during charging/discharging processes [13–17]. Although previously
previous reported surface coatings made of metal oxides material
showed improved cycling stability at a low current density, they
showed low specific capacity and cycling stability under ultrafast
cycling conditions owing to the limited electron and Li-ion diffusion
rate due to the high electrical/ionic resistance of the metal oxide
coating layer. Thus, a novel interfacial layer with having high elec
trical/ionic conductivity that can effectively prevent the Jahn–Teller
distortion and Mn dissolution should be developed to achieve fast Liion storage kinetics.
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Fig. 1. Schematic illustration of formation mechanism for conductive NTO coating layer on surface of LMO using HUSPD.

In this study, we propose a novel structure of a conductive Nbdoped TiO2 (NTO) functional layer coated on the surface of LMO
using horizontal ultrasonic spray pyrolysis deposition (HUSPD) to
boost the electrochemical kinetics of LMO such that it can be used in
ultrafast LIBs. HUSPD is a solution-based deposition process; it is
simpler and more cost-effective compared to other vacuum-based
deposition processes (such as atomic layer deposition, chemical
vapor deposition, and magnetron sputtering). Furthermore, the NTO
functional layer has higher electrical conductivity (10−10–10−5 S/cm)
and Li-ion conductivity than those of the TiO2 interfacial layer
(10−15–10−9 cm2/s), leading to outstanding Li-ion storage ki
netics [18,19].

material, and 20 wt% polyvinylidene fluoride (PVDF, Sigma) as a
binder in N-methyl-2-Pyrrolidinone (NMP, Sigma). The slurries
were coated on an Al foil and dried at 100 °C for 10 h. All coin-type
cells were assembled in a high-purity argon-filled glove box
maintaining the concentration of H2O and O2 less than 5 ppm.
Electrochemical impedance spectroscopy (EIS) was performed in
the frequency range of 105–10−2 Hz. The electrochemical perfor
mance was investigated using a battery cycler (WonATech Corp.,
WMPG 3000S) in from the potential range of 3.3–4.3 V (vs. Li/Li+).
Cycling stability tests were performed for up to 100 cycles at 1 C
(180 mA/g). The rate performance was evaluated at current den
sities of 1, 3, 5, 7, and 10 C. The ultrafast cycling performance was
observed at 10 C for 500 cycles. To confirm the Nb doping effect,
pure TiO2-coated LMO was also fabricated, and rate performance
was evaluated. Also, to confirm the effect of preventing Mn dis
solution of conductive NTO functional layer, the FESEM and EDS
analyses of bare LMO and NTO-LMO40 after 500 cycles at 10 C were
conducted, and cyclic voltammetry of bare LMO and NTO-LMO
electrode was conducted at 1 mV/s during 50 cycles.

2. Experimental
The conductive NTO functional layer on the surface of LMO was
synthesized using HUSPD. First, the 15% titanium diisopropoxide
(C16H28O6Ti, Alfa Aesar) and niobium chloride (NbCl5, Sigma) were
dissolved in ethanol, and whereby the mole ratio of Nb/Ti was fixed
at 5. The precursor solution was sprayed onto the LMO (metal im
purity <25 ppb, POSCO M-TECH) using an ultrasonic atomizer
(1.6 MHz). The temperature and stage rotation speed in the reaction
chamber were maintained at 400 °C and 5 rpm, respectively. The
flow rate of the air carrier gas was fixed at 15 L/min. To optimize the
NTO interfacial layer on the LMO surface, the deposition time was
controlled at 0, 20, 40, and 60 min (herein designated as bare LMO,
NTO-LMO20, NTO-LMO40, and NTO-LMO60, respectively). Also, to
clearly investigate crystal structure of the NTO, the NTO was coated
on cleaned Si wafer without LMO with different deposition times of
40, 80, 120 min, which were named as NTO40, NTO80, and NTO120.
The morphologies were examined using field-emission scanning
electron microscopy (FESEM), transmission electron microscopy
(TEM), and energy-dispersive X-ray spectroscopy (EDS) mapping.
The crystal structures and chemical bonding states were in
vestigated using X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). Electrical conductivities were determined using
Hall effect measurements.
The electrochemical performance was verified using coin-type
cells (CR2032, Hohsen Corporation), which are composed of pre
pared samples as the cathode, a Li foil (Honjo Chemical, 99.99%) as
the anode, a porous polypropylene membrane as the separator, and
a 1.6 M LiPF6 solution dissolved in a mixture of ethylene carbonate
and dimethyl carbonate (1:1) as the electrolyte. To fabricate the
cathode electrode, slurries were prepared by mixing 70 wt% sam
ples as the active material, 10 wt% Ketjen black as the conductive

3. Results and discussion
Fig. 1 shows a schematic of the HUSPD process and the formation
steps of the conductive NTO functional layer on the surface of LMO.
The precursor solution was horizontally supplied on the LMO surface
placed in a reaction chamber by with (O2:N2 = 20:80) as the carrier
gas. First, the droplets of precursors of Nb, Ti, and O were formed by
ultrasonication and horizontally transferred to the LMO surface
(Fig. 1b). Then, the N-doped TiO2 nucleated on the surface of LMO by
following formation steps: (1) adsorption of droplets, (2) solvent
evaporation, (3) solute condensation, and (4) thermal decomposition
[20]. At the initial time of deposition, the nucleus of NTO was formed
on the LMO surface (Fig. 1c). As the deposition time was increased,
NTO nanoparticles were crystallized and formed by the continued
supply of homogeneous droplets (Fig. 1d). Then, the NTO particles
were grown and stacked on the LMO surface, resulting in the for
mation of dense and thin layer structures of NTO on the LMO surface
(Fig. 1e) [21] Therefore, the conductive NTO functional layer coated
on the surface of LMO can perform as a stable protecting layer and
can allow efficient electron/ion transfer, leading to improved ultra
fast Li-ion storage kinetics.
The morphology of the conductive NTO functional layer in all
samples was analyzed by FESEM. The low-magnification FESEM
images (Fig. 2a–d) of bare LMO, NTO-LMO20, NTO-LMO40, and NTOLMO60 indicate the aggregation of secondary particles with
2
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Fig. 2. (a–d) Low-magnification and (e–h) high-magnification FESEM images of Bare LMO, NTO-LMO20, NTO-LMO40, and NTO-LMO60.

diameters of 7.6–8.4 µm, which are composed of primary particles
diameters with diameter of 466.7–752.8 nm. However, as seen in
high-magnification FESEM images (Fig. 2e–h), bare LMO showed a
smooth surface the morphology on primary particles (Fig. 2e), and
NTO-LMO20 and NTO-LMO40 showed a rough surface with the
presence of nanoparticles, which indicates the formation of NTO
nanoparticles with diameters of 15.7–24.0 nm and 20.6–32.1 nm,
respectively (Fig. 2f and g). The droplets adsorbed on the LMO sur
face could formed island-type NTO nanoparticles, and a thin NTO
interfacial layer uniformly formed as the deposition time increased.
However, after a long deposition duration, NTO-LMO60 exhibited a
thick interfacial layer and agglomerated NTO nanoparticles with a
diameter of 34.8–66.0 nm (Fig. 2h). The conductive NTO functional
layer of NTO-LMO40 was a thin and dense interfacial layer and could
act as an efficient protective layer that suppresses the volume ex
pansion and Mn dissolution of the LMO.
To further examine the structures of the conductive NTO func
tional layers coated on the surface of LMO surfaces, TEM analysis

was performed, as shown in Fig. 3a–d. Low-magnification TEM
images show that bare LMO showed a smooth surface (Fig. 3a),
whereas a coated layer structure was observed on NTO-LMO40
(Fig. 3b). The thickness of the uniform NTO coating layer of NTOLMO40 was 18.1–20.3 nm uniformly. In addition, as seen in the highmagnification TEM image of NTO-LMO40 (Fig. 3c), the interlayer
distance of NTO (0.36 nm) is higher than that of TiO2 (0.35 nm) be
cause of the higher ionic radius of Nb5+ ions (6.4 nm) that substitute
Ti4+ ions (6.1 nm) in the TiO2 structure [22,23]. In general, doped Nb
atoms increase the lattice parameter of the c-axis in rutile TiO2 by a
large ionic radius of Nb5+, which can improve the Li-ion diffusion
rate by, as shown in Fig. S1 [18]. Furthermore, the TEM-EDS mapping
result of NTO-LMO40 shows well-dispersed Mn, O, Ti, and Nb in the
NTO functional layer (Fig. 1h). Therefore, this novel conductive NTO
functional layer on the LMO surface can act as a passivation layer to
prevent Mn dissolution and the conductive layer related to the Li-ion
transfer route, effectively improving the cycling stability and ultra
fast cycling performance.

Fig. 3. (a, b) Low-magnification TEM images of Bare LMO and NTO-LMO20, (c) high-magnification TEM image and TEM-EDS mapping data of NTO-LMO40.
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Fig. 4. (a) XRD patterns, (b) XPS full scan spectrum, and XPS spectra obtain from (c) Ti 2p and (d) Nb 3d of bare LMO, NTO-LMO20, NTO-LMO40, and NTO-LMO60.

Fig. 4a shows the XRD patterns of all samples. All samples
showed diffraction peaks at 18.7°, 36.2°, 43.9°, and 63.9°, corre
sponding to the (111), (311), (400), and (440) planes, respectively, of
the spinel LMO phase (JCPDS card No. 035-0782). Due to the thin
NTO interfacial layer of 18.1–20.3 nm compared to the bulk LMO, the
diffraction peaks of the NTO phase are not clearly observed [21,24].
In this connection, to clearly investigate crystal structure of the
conductive NTO functional layer, Fig. S1 displays the XRD patterns of
NTO40, NTO80, and NTO120. All samples showed diffraction peaks at
~27.4° corresponding to the (110) plane of a rutile NTO phase (space
group of P42/mnm [136], JCPDS card no. 21-1276), which is observed
shift toward low angle by larger ionic radius of doped Nb5+ (6.4 nm)
than Ti4+ (6.1 nm). This result implies that the NTO functional layer
exhibits a rutile structure.
To investigate the chemical bonding states of all samples, XPS
analysis was performed (Fig. 2b–d). In the full scan spectrum of the
NTO-LMO samples, Mn 2p, O 1s, Ti 2p, and Nb 3d peaks were clearly
observed without other impurity phases (Fig. 2b). The Ti 2p spec
trum of the NTO-LMO samples showed two major peaks at 458.4 eV
for 2p3/2 and 464.1 eV for 2p1/2, indicating the Ti4+ state was present
in the TiO2 phase (blue area). In addition, two minor peaks at
456.7 eV for 2p3/2 and 462.5 eV for 2p1/2 were observed, indicating
the Ti3+ state (red area), which is formed by Nb5+ ions replacing in
the Ti4+ in NTO phase (Fig. 2c). In addition, for the Nb 3d XPS spectra
of all samples (Fig. 3d), major peaks were observed at 206.6 eV for
Nb 3d5/2 and 210.0 eV for Nb 3d3/2, as well as minor peaks at
205.8 eV for Nb 3d5/2 and 209.1 eV for Nb 3d3/2, corresponding to the
Nb5+ and Nb4+ states, respectively [25–28]. The presence of Nb5+ and
Nb4+ ions confirmed the doping of the doped Nb ions in the TiO2
structure and the binding of oxidized Nb ions to oxygen outside the
NTO lattice [25,27,28].
To confirm the electrochemical kinetics of the conductive NTO
coating layer on the LMO surface, EIS analysis of all samples was
performed. The Nyquist plot is composed of semicircles in the highfrequency region, which indicate the charge transfer resistance (Rct)
at the electrode/electrolyte interface, and an inclined line in the low-

frequency region, indicating Li-ion diffusion resistance (called
Warburg impedance) [29,30]. As expected, the NTO-LMO40 elec
trode showed the smallest lowest Rct and low Warburg impedance,
thus providing a high electrical/ionic transfer rate (Fig. 5a, b). Fur
thermore, the Li-ion diffusion coefficients of all samples were cal
culated using Eqs. (1) and (2) [29,30].
Zreal = Re + Rct + σwω−1/2
2 2

2 4 4 2

D = R T / 2A n F C σw

(1)
(2)

where σw, D, R, T, F, and C are the Warburg impedance coefficient,
Li-ion diffusion coefficient, gas constant, temperature, Faraday’s
constant, and molar concentration, respectively. The Li-ion
diffusion coefficient of the NTO-LMO40 electrode was the
highest, 14.3 × 10−13 cm2 s−1, compared to those of other samples
(9.1 × 10−13 cm2 s−1 for bare LMO, 10.5 × 10−13 cm2 s−1 for NTOLMO20, and 12.1 × 10−13 cm2 s−1 for NTO-LMO60, as shown in
Fig. 5c). The thickness of the conductive NTO interfacial layer in
NTO-LMO40 was optimum, which led to reduced Li-ion diffusion
resistance. Moreover, the electrical conductivities of all
electrodes were investigated using Hall effect measurements, as
shown in Fig. 5d. NTO-LMO40 (1.41 × 102 S cm−1) and NTO-LMO60
(1.45 × 102 S cm−1) exhibited significantly higher electrical con
ductivities compared to those of bare LMO (0.90 × 102 S cm−1) and
NTO-LMO20 (1.07 × 102 S cm−1) owing to the well-formed conductive
NTO interfacial layer on the LMO surface. Therefore, the optimized
NTO functional layer coated on the LMO surface can effectively boost
increase the ultrafast Li storage performance by fast electron/ion
transfer kinetics.
Fig. 6a displays the charge/discharge test of all electrodes at 1 C
for during 100 cycles. The bare LMO electrode exhibited indicated a
low specific capacity of 92.5 mAh/g with a poor capacity retention
of 84.7%, owing to structural degradation caused by volume ex
pansion and Mn dissolution. However, NTO coated on LMO elec
trodes showed improved cycling stability compared to that of the
bare LMO electrode. Among them, NTO-LMO40 showed the highest
4
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Fig. 5. (a) Nyquist plots, (b) relationship between Z real and ω−1/2 in the low frequency region, Li+ diffusion coefficient, and Electrical conductivity of bare LMO, NTO-LMO20,
NTO-LMO40, and NTO-LMO60.

specific capacity of 112.7 mAh/g with a superior capacity retention
of 96.2% after 100 cycles compared to those of NTO-LMO20
(100.1 mAh/g with 89.6% retention) and NTO-LMO60 (112.7 mAh/g
with 90.9% retention) owing to the optimized NTO coating layer.
This result suggests that the cycling stability of LMO is primarily
ascribed to the effective prevention of Mn dissolution and sup
pression of volume expansion. In addition, the C-rate performances
of all samples were investigated at various current densities of 1, 3,

5, 7, and 10 C (Fig. 6b), and the charging/discharging curves are
shown in Fig. S2. While the specific capacity of the bare LMO
electrode rapidly decreased from 107.9 mAh/g to 42.1 mAh/g with
increasing C-rate, the NTO-LMO40 electrode showed a superior
C-rate performance of 119.1–74.7 mAh/g than those of other NTOLMO samples (94.8–57.1 mAh/g for NTO-LMO20 electrode and
101.9–65.4 mAh/g for NTO-LMO60 electrode) owing to the opti
mized NTO functional layer that provided a high electron/ion

Fig. 6. (a) Cycling stability at current density of 1 C during 100 cycles, (b) comparison of rate-performance with formerly reported results of surface coated LMO cathode materials
in the LIBs, (c) rate-performance at various current densities of 1 C, 3 C, 5 C, 7 C, 10 C, and 1 C, and (d) ultrafast cycling stability at 10 C during 500 cycles.
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Fig. 7. (a) Nyquist plots of the bare LMO and NTO-LMO40 electrodes in the frequency range of 102 kHz–10−2 Hz after 500 cycles measured at current density of 10 C, (b, c) the
schematic illustration of electrochemical behavior of bare LMO and NTO-LMO40.

transfer rate. Also, as shown in Fig. S4, the rate performance of pure
TiO2 coated LMO electrode without Nb doping was demonstrated.
The pure TiO2 coated LMO electrode has relatively poor rate per
formance with capacity retention of 51.4% at increased current
density from 1 C to 10 C compared to that of NTO-LMO40 electrode
(62.7%), which can be attributed to low electrical/ionic con
ductivities of TiO2. Thus, the rate performance of NTO-LMO elec
trode at 10 C exhibits 1.35 times higher than that of pure TiO2-LMO
due to Nb doping effect. Furthermore, NTO-LMO40 exhibited su
perior C-rate performance compared with those of other surfacecoated LMO materials reported previously (Fig. 4c) [31–36]. And
detail specific capacity at high C-rate of surface coated LMO ma
terials reported previously is summarized at Table. S1. In addition,
Fig. 4d shows the ultrafast cycling performance of all samples
measured at 10 C for up to 500 cycles. Compared to those of other
electrodes, the NTO-LMO40 electrode exhibited a superior ultrafast
cycling capacity of 69.9 mAh/g with a capacity retention of 93.7%
after 500 cycles. This is mainly attributed to the beneficial elec
trical/ionic conductivity of the NTO functional surface coating layer.
To verify the effect of the conductive NTO functional coating layer
on the LMO surface, the EIS analysis was performed using the cells
in which the ultrafast cycling test was completed, as shown in
Fig. 7a. The bare-LMO electrode showed high Rct and Warburg
impedance owing to structural destruction resulting from Mn dis
solution and volume expansion of LMO, whereas the Rct and War
burg impedance of the NTO-LMO40 electrode remained low even
after the cycling test at a high C-rate of 10 C over 500 cycles, be
cause of the effective suppression of Mn dissolution and prevention
of volume expansion of LMO. Also, the cyclic voltammetry of bare
LMO and NTO-LMO40 during 50 cycles at scan rate of 1 mV/s (as
shown in Fig. S5) was performed, and the NTO-LMO40 electrode
has reduced shift of redox peaks (+0.012 and –0.022 V) compared to
that of bare LMO (+0.013 and –0.048 V), which implies the con
ductive NTO functional layer can effectively prevent Mn dissolution
by Jahn-Teller distortion [21,37,38]. Furthermore, in the FESEM
images of bare-LMO and NTO-LMO40 electrodes after 500 cycles at
10 C (see Fig. S6), NTO-LMO electrode shows maintained structure
of primary LMO particles. Because the molar volume of the LMO is
expanded by the inserted Li ions, the conductive NTO functional
layer can physically buffer the change of molar volume. Therefore,
while the bare-LMO structure were collapsed due to repetitive
volume change, the NTO-LMO particles were maintained by phy
sical buffer layer [39]. For the EDS results (Table. S2) of bare LMO
and NTO-LMO40 after 500 cycles at 10 C, the NTO-LMO40 show
reduced Mn dissolution (1.32 at%) compared to bare LMO (6.46 at%),
which means that the conductive NTO functional layer can effec
tively prevent Mn dissolution after ultrafast cycling.

In general, the bare-LMO electrode undergoes extreme struc
tural stress under ultrafast cycling conditions due to volume
changes and Mn dissolution, leading to poor ultrafast cycling per
formance. In contrast, NTO-LMO40 exhibited remarkable ultrafast
cycling performance because the conductive NTO functional layer
effectively suppressed Mn dissolution and volume expansion of
LMO (Fig. 7b). Thus, in this study, the improved electrochemical
performance can be attributed to two main effects (as shown in
Fig. 8): (1) the optimized interfacial layer of NTO prevented Mn
dissolution and volume expansion during cycling, thus increasing
the cycling stability; (2) the high electrical/ionic conductivity of
NTO provided improved Li storage kinetics, thus enhancing the
ultrafast cycling performance.
4. Conclusions
We fabricated an NTO functional layer on the surface of LMO
using HUSPD. With optimization of the deposition time, NTO-LMO40
showed an outstanding specific capacity of 112.7 mAh/g with a high
capacity retention of 96.2% after 100 cycles at a current density of 1 C
and excellent ultrafast cycling capability of 70.0 mAh/g after 500
cycles at a current density of 10 C. This increased Li storage perfor
mance are attributed to the synergistic effect: (1) the enhanced cy
cling stability is related to the thin and dense NTO functional layer
coated on the LMO surface, which can prevent Mn dissolution by
Jahn–Teller distortion and can suppress volume expansion; (2) the
exceptional ultrafast cycling performance is ascribed to doped Nb
atoms into the TiO2 structure, which can enhance the electrical
conductivity and Li-ion diffusion rate by expanding the lattice dis
tance of c-axis and increasing the electron concentration. Therefore,
the conductive NTO coated LMO has a great potential as a highperformance cathode material for ultrafast LIBs.
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Fig. 8. The schematic illustration of the two main effect of the NTO-LMO40 electrode for enhancing ultrafast Li storage performances.
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