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To improve their electrochemical performance and structural stability, Na,Li>TigO14 (NLTO) nanoparticles
were synthesized and then coated with a very thin MgF, layer. Microscopy confirmed that the
MgF,-NLTO particles are about 150-250 nm in size, and that the thickness of the MgF, layer for the
MgF,-NLTO-5 sample is ~5 nm. Electrochemical measurements showed that the charge-discharge
specific capacities of the five samples under a current density of 50 mA g™t after 100 cycles are
110.4/110.7, 150.7/151.3, 181.1/182.1, 205.7/206.9 and 238.9/239.2 mA h g7, showing that the
performance of MgF,-NLTO-5 is the best among all the samples. Thanks to the thin coating layer, the
polarization of the anode was reduced significantly, and its reversibility and lithium diffusion dynamics
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DOI: 10.1035/c9ra02392e were also improved obviously. The performance improvement can be attributed to the suppression of
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1. Introduction

Lithium-ion batteries (LIBs) are ubiquitous in our daily lives
and serve not only as a means of large-scale energy storage, but
also in consumer electronics.' In recent years, the increasing
demand for safe and high power LIBs has stimulated great
research interests in advanced electrode materials.>® Na,Li,-
Ti¢O14, which has a lower charge-discharge voltage platform
(~1.25 V) than Li, TisO;, (1.55 V), is a potential anode material
for lithium-ion batteries, and it also exhibits a better ion
conductivity and a higher theoretical capacity.® Therefore,
a whole battery composed of this material is expected to have
a higher output voltage and a higher multiplying capacity,
which will be beneficial for applications in the field of electric
vehicles.

Although Na,Li,TisO;, has many advantages, it still suffers
from poor electronic conductivity and sluggish dynamics,
which can be solved effectively by nanocrystallization. Aside
from the above structural issues, another approach to improve
the electrochemical performance of the electrode is to modify
the surface status of the materials with inert compounds, to
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surface corrosion and the enhancement of structural stability.

protect against corrosion from the electrolyte. According to
previous studies, metal oxides and metal phosphates are
commonly used as coating layers.”** Nevertheless, it has also
been reported that metal oxides and metal phosphates can be
converted into corresponding metal fluorides due to the expo-
sure of their surfaces to trace HF in the electrolyte.””* For
instance, Myung et al. reported that a metal oxide coating layer
on Liy ¢5Nig 4C0p.15Mny 40, can act as an HF scavenger through
the following reaction: Al,O; + 6HF — 2AIF; + 3H,0.'%" Bai
et al. reported that the conversion of YPO, to YF; happens in
a YPO,@LiCoO, system.'> Moreover, Liu et al. indicated that
AlF; is one of the components of the SEI film formed on the
surface of LiCoO, immersed in an electrolyte containing an
Al,O; additive."

Enlightened by previous studies, it can be noted that metal
fluorides are most likely the ultimate products on the material
surfaces which make a substantial contribution to repeated
electrochemical cycling. MgF, with high hardness and good
thermal stability is widely applied in various optical films and
multilayer photonic crystals.”® Cho et al. successfully coated
MgF, on a LiCoO, surface, which improves the electrochemical
performance of the material.’ Moreover, coating MgF, on the
surface of LiCoO, and Li[Liy,Nip,Mnge]O, also effectively
suppressed their capacity fading.*

To suppress corrosion and improve conductivity simulta-
neously, coating the nanoparticles with an ultrathin and stable
layer offers an effective strategy to significantly improve the
electrochemical performance of Na,Li,TigO;,4. Furthermore, for
titanium oxide-based anode materials, their electrochemical
performance is usually evaluated in the potential window of 1.0
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to 3.0 Vvs. Li/Li" to prohibit the formation of an SEI. However,
investigations concerning the low potential performance of
Na,Li,TigO,4 are also very important, because they are not only
related to energy density but also to safety issues, which are
important factors for realistic applications. Our study shows
that the coating strategy is workable and that the coated
material is very stable and exhibits an excellent electrochemical
performance, even discharging down to 0 V. The present study
will provide an example for further applications of relevant
materials.

2. Experimental section

2.1. Preparation of the samples

The preparation procedure for pure NLTO and MgF,-coated
Na,Li,Ti¢0;4 is shown in Fig. 1. First, 7.5 mmol titanium
sulfate (TiOSO,) and 7.5 mmol ammonium fluoride (NH,F)
were mixed with 50 mL of ethanol and 25 mL of distilled water
under vigorous stirring. The mixture was placed into a Teflon-
lined stainless steel autoclave, and a hydrothermal reaction
was carried out at 180 °C for 12 h. After the reaction, the
product was collected by centrifugation and then washed 3-4
times with distilled water to remove ionic impurities. Finally,
the precursors were dried at 60 °C in air. A solid-state reaction
was then applied. The precursors, CH;COOLi-2H,0, and
CH3;COONa, in a molar ratio of 3:1: 1, were pretreated by
planetary high energy ball milling in ethanol for 1.5 h and
dried in an oven at 60 °C for 6 h. The as-obtained powder was
ground and placed in an alumina boat and calcined at 700 °C
for 6 h in an air atmosphere to obtain Na,Li,TigOq4
nanoparticles.

To prepare MgF,-coated Na,Li,TigO;, samples, ammonium
fluoride (Aldrich) and magnesium nitrate nonahydrate (Aldrich)
were separately dissolved in distilled water. After that, Na,Li,-
Tis0;14 powder was added to the solution. The Mg : F molar ratio
was adjusted to 1:2 and the total amounts of MgF, in the

solution were 0 wt%, 1 wt%, 3 wt%, 5 wt%, and 7 wt%. The
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Fig. 2 (a) Standard card for NLTO crystal and XRD patterns for (b)

NLTO, (c) MgF,-NLTO-1, (d) MgF,-NLTO-3, (e) MgF,-NLTO-5 and (f)
MgF,-NLTO-7 samples.

solutions were constantly stirred at 80 °C for 5 h, and the ob-
tained powders were heated at 400 °C for 5 h in nitrogen. For
convenience, the samples with different amount of MgF, were
named as NLTO, MgF,-NLTO-1, MgF,-NLTO-3, MgF,-NLTO-5
and MgF,-NLTO-7.

2.2. Characterization and performance tests

The crystal structure of the samples was studied using
a Bruker D8 powder X-ray diffractometer (XRD) and the
morphology of the samples was recorded using a scanning
electron microscope (SEM, Hitachi $-4800) and a transmission
electron microscope (TEM, JEOL2100). Elemental composi-
tions of the sample were characterized via energy dispersive
spectroscopy (EDS, Oxford INCA Britain). Electrochemical
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Fig. 1 Schematic diagram for the preparation of NLTO and MgF,-coated NLTO samples.
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Fig.3 SEM images of (a) TiO, precursor and (b) pure NLTO, and of NLTO powders coated with different amounts of MgF;: (c) MgF,-NLTO-1, (d)

MgF,-NLTO-3, (e) MgF,-NLTO-5 and (f) MgF,-NLTO-7.

tests were performed using CR 2025-type coin cells with pure
Li foils as counter electrodes. A mixture of the active material,
carbon black, and polyvinylidene fluoride (PVDF) with
a weight ratio of 8 : 1: 1 was homogeneously dissolved in N-
methyl-2-pyrrolidinone (NMP). The slurry was then pasted on
a Cu foil current collector, followed by a vacuum drying
process at 110 °C for 12 h. The dried foil was then cut into
circular wafers 14 mm in diameter, which were used as cath-
odes to assemble the half cells in an argon-filled glove box. The
oxygen and moisture levels in the glove box were both below
0.1 ppm. The electrolyte was a 1 mol L™ " LiPF, solution dis-
solved in a 1: 1 : 1 (v/v/v) mixture of ethylene carbonate (EC),
diethyl carbonate (DEC) and dimethyl carbonate (DMC). Cel-
gard 2400 films were used as separators. Galvanostatic charge-
discharge performance was examined using a LAND CT2001A
system between 0 and 3 V (vs. Li'/Li) at different rates. Elec-
trochemical impedance spectroscopy (EIS) tests were per-
formed using a Princeton P4000 workstation over a frequency
range from 0.01 Hz to 100 kHz at a potentiostatic signal
amplitude of 5 mV. Cyclic voltammetry (CV) tests were carried
out using a CHI 1000C electrochemical workstation within
a voltage window between 0 and 3 V at a scanning rate of
0.1mvs .

3. Results and discussion

Fig. 2 shows the XRD patterns of pristine and MgF,-coated
Na,Li,TigO;, powders. It was confirmed that the diffraction
peaks of NLTO are identical to those of the standard card for
Na,Li,TigO14 (PDF #52-0690), indicating that NLTO is well
crystalline and without impurities. For all MgF,-coated
samples, the characteristic peaks are almost identical, and the
coating of MgF, does not significantly affect the lattice structure
of NLTO. Fig. S1t displays the Rietveld refinements of all
samples. It can be seen that the simulated peaks well match the
experimental ones. The refined lattice parameters and errors
are listed in Table S1.T The cell parameters of NLTO are calcu-
lated to be @ = 5.7370 A, b = 11.2266 A and ¢ = 16.4844 A, and
the error (R,p) is only 5.6%.*" Compared with NLTO, the cell

This journal is © The Royal Society of Chemistry 2019

parameters of the MgF,-coated samples are similar, which
further proves that the basic structures of MgF,-NLTO remain
unchanged after surface modification.

The morphologies of NLTO and MgF,-NLTO samples are
displayed in Fig. 3. It can be observed that NLTO nano-
particles with sizes of 150-250 nm aggregate together severely.
With a coating of MgF,, the samples became dispersed
uniformly, and their size remains almost the same. These
results suggest that the MgF, coating layer is thin and bene-
ficial for the dispersion of the sample. Because of the good
dispersion and the small size, stacking of the materials would
lead to a relative large void space among particles, which is
helpful for the penetration of the electrolyte and for the
accommodation of lithium. It can thus be anticipated that

B
(402) * + (0p4)

<& 10 1/nm

Fig.4 TEM images for (a and b) the MgF,-NLTO-5 sample at different
scales, (c) high resolution TEM and relevant lattice fringe in selected
area, and (d) SAED pattern.
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coating with MgF, will improve the electrochemical perfor-
mance of the materials.

To directly observe the microstructure of the MgF, coating
layer, TEM images were recorded and compared. Fig. 4 shows
the TEM images of the MgF,-NLTO-5 sample, and the figure
clearly shows that the particle size is around 150-250 nm, which
is consistent with the SEM results. Furthermore, the lattice
fringe near the crystal surface is about 2.55 A, which corre-
sponds to the interplanar distance of the (022) facet of NLTO,*
while the light spots in the selection area correlate to the (022),
(002), (004), (402) and (113) facets of NLTO. In addition, an
amorphous layer with a thickness of ~5 nm can be clearly seen
for the MgF,-NLTO-5 sample. This coating layer will separate
the NLTO from the electrolyte, avoiding direct contact between
them two. Thereby, side reactions could be suppressed and the
materials should have better stability against HF corrosion. To
provide a composition analysis, elemental mapping testing was
performed and the results displayed in Fig. 5. The results
demonstrate that sodium, titanium, oxygen, fluorine, and
magnesium elements are distributed evenly in the whole region
of the nanoparticles, and that the MgF, layer was coated
successfully on the surface of NLTO. These structural changes
will be helpful for the enhancement of electrochemical
performance.

The CV curves of different samples are shown in Fig. 6.
Each curve for different cycles only contains a pair of redox
peaks, which corresponds to the insertion/extraction of
lithium ions into/from the host structure. For NLTO, the
redox peaks appear at 1.43 and 1.21 V in the first cycle, which
shifts to 1.42 and 1.17 V and then to 1.44 and 1.15 V in the
subsequent two cycles. The redox peaks are the signature of
the oxidation of Ti** and the reduction of Ti**.?*?* To evaluate
the polarization, the potential differences between the
oxidation and reduction peaks were calculated and are listed
in Table S2.f The results indicate that the polarization of
NLTO sample increases persistently in the first three cycles,
while that of MgF,-NLTO-5 is nearly unchanged. At the same
time, the peak current for MgF,-NLTO-5 remains almost the
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same (~0.08 mA) during cycling. The results suggest that the
MgF,-NLTO-5 sample is quite stable and possesses the lowest
polarization. The highly reversible characteristics and the
improved electrochemical performance is ascribed to the
enhanced structural stability of NLTO caused by the MgF,
coating.

Fig. 7b-f show the charge-discharge curves of different
samples. The charge/discharge capacities of NLTO, MgF,-
NLTO-1, MgF,-NLTO-3, MgF,-NLTO-5, and MgF,-NLTO-7 in
the first cycle were 176.1/292.3, 229.7/384, 216.9/333.4, 267.9/
483.4 and 182.3/421.6 mA h g ', respectively, and their
coulombic efficiencies were 60.2%, 59.8%, 65.1%, 55.4% and
43.2%, respectively. The low coulombic efficiencies for the
first cycles can be attributed to the formation of a solid elec-
trolyte interface (SEI), the adsorption of lithium ions in the
additive, and the irreversible decomposition of the electro-
lyte.>>~*® After 10 cycles, their specific capacities became stable
and stayed at 149.2, 200.2, 196.3, 231.4 and 160.5 mA h g~ .
After 50 cycles, the five samples still possessed high reversible
specific capacities of about 120, 160.1, 180.7, 206.4 and
147 mA h g~'. The cyclic performance and coulombic effi-
ciency of the different samples is displayed in Fig. 7a. It can be
seen that the specific capacity of NLTO was 110.7 mA h g™’
after 100 cycles. With an increasing MgF, coating amount, the
specific capacity of the samples increases obviously at first
and then decreases when the mass ratio of MgF, exceeds 7%.
This result demonstrates that the introduction of MgF, as
a protection layer will suppress side reactions at the elec-
trode-electrolyte interface and increase the stability of the
material. However, an excessive amount of MgF, coated onto
the NLTO surface would hinder the exchange of lithium
inbetween the electrolyte and NLTO, also leading to poor
electrochemical performance. As a result, MgF,-NLTO-5 has
the best performance, and its specific capacity after 100 cycles
is 2069 mAh g™,

The rate performances of the samples and the corre-
sponding charge-discharge curves are depicted in Fig. 8. It
can be seen from the figure that there is an obvious voltage

Fig. 5 Elemental mapping for Na, Ti, O, Mg, and F species in the MgF,-NLTO-5 sample.
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Fig. 6 Cyclic voltammograms (CVs) for the (a) NLTO, (b) MgF,-NLTO-1, (c) MgF,-NLTO-3, (d) MgF,-NLTO-5 and (e) MgF,-NLTO-7 samples.

platform at about 1.25 V, which is typical electrochemical
behavior of NLTO. The MgF,-NLTO samples also show this
characteristic platform, indicating that the MgF, coating does
not change the intrinsic structure of NLTO during cycling.
Furthermore, it can be identified that the discharge capacity
of the pure NLTO decreases sharply with increasing current
density. However, MgF,-NLTO samples exhibit much
improved performance. In particular, the charge and

This journal is © The Royal Society of Chemistry 2019

discharge capacities of MgF,-NLTO-5 (Fig. 8e) both approach
120 mA h g~ " at a current density of 2800 mA g~'. Because of
the MgF, coating, the specific capacities of the MgF,-NLTO
samples at each rate (Fig. 8a) increase to different extents, and
the performance of MgF,-NLTO-5 is the best among all the
samples. Oppositely, continuously increasing the MgF,
coating amount results in capacity degradation. This result
demonstrates that a suitable coating amount of MgF, is

RSC Aadv., 2019, 9, 15763-15771 | 15767
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Fig. 7 (a) Cycling performance and coulombic efficiency (at 50 mA g~?) for different samples, and charge—discharge curves for the (b) pure
NLTO, (c) MgF,-NLTO-1, (d) MgF,-NLTO-3, (e) MgF,-NLTO-5 and (f) MgF,-NLTO-7 samples at the 1%, 10™", 30" and 50" cycles.

crucial for optimizing the performance of NLTO, and that
a thick MgF, coating layer would impede the transport of
lithium between NLTO and the electrolyte. In addition, when
the current density is reset to 50 mA g !, the discharge
capacity of each sample can be recovered almost to its initial
value, which means that the electrochemical reversibility and
structural stability of the NLTO host are very good.

To further study the diffusion dynamics of lithium, EIS
measurements of the five samples were obtained and the
results are displayed in Fig. 9a. The Nyquist curve consists of
a concave semicircle in a high frequency region and a straight
line in a low frequency region. The former correlates to the

15768 | RSC Adv., 2019, 9, 15763-15771

charge transfer resistance (R.) at the particle-electrolyte
interface, while the latter corresponds to the Warburg diffu-
sion process.?* It is found that the R.; of MgF,-NLTO-5 is much
smaller than that of the NLTO, MgF,-NLTO-1, MgF,-NLTO-3
and MgF,-NLTO-7 samples, showing that the structure of
MgF,-NLTO-5 is favorable for charge transfer at the electrode-
electrolyte interface.”

Based on Fig. 9a, the diffusion coefficient of lithium ions
(Dy;) can also be calculated by,

1
Zie =Ry + R, +ow2 (1)

This journal is © The Royal Society of Chemistry 2019
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MgF,-NLTO-5 and (f) MgF,-NLTO-7 samples under different current densities.

RT?

D= —-
Y 2R e e

2)
where R, T, A, n, F and Cy; are the gas constant, the absolute
temperature, the surface area of the positive-electrode, the
number of electrons transferred in the half-reaction for the
redox couple, the Faraday constant, and the concentration of
lithium ions in the solid, respectively, while ¢ denotes the
Warburg factor. As reported previously, the relationship
between the real part of impedance (Z..) and oy, is governed by
eqn (1).** Z.. dependence of w™~°” is displayed in Fig. 9b. Our
calculations indicate that the impedance of NLTO is much

This journal is © The Royal Society of Chemistry 2019

higher than that of the MgF,-NLTO samples, and that the
charge transfer resistance of the MgF,-NLTO-5 sample is the
smallest among all the samples. This result again suggests
that the MgF, layer has the ability to maintain the surface
stability of NLTO and to suppress corrosion by HF, which
exists in the electrolyte. According to the above equations, Dy;
was calculated for all samples, and the values are summarized
in Table S3.1 MgF,-NLTO-5 has the highest diffusion coeffi-
cient (2.49 x 107'® em® s™"), implying that the very thin pro-
tecting layer is also helpful for improving the diffusion
dynamics of lithium.
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Fig. 9 (a) EIS patterns in a frequency range of 107° to 1072 Hz with an amplitude of 5 mV and (b) Z,e dependence of w25 in the low frequency

region for different samples.

4. Conclusions

MgF, was successfully coated on the surface of NLTO nano-
particles via a simple chemical deposition method. Experi-
mental results show that MgF,-NLTO-5 exhibits the optimal
electrochemical performance. Homogeneous coating of MgF,
on NLTO surface is favorable for the dispersion of the nano-
particles, and it also improves the structural stability of NLTO
against corrosion by the electrolyte. As a result, the specific
capacity, rate capability, and long-term cycling stability are all
improved obviously. Our experiments demonstrate that the
combination of nanocrystallization and surface coating tech-
niques is an effective strategy to improve the electrochemical
performance of NLTO, which may be helpful for the design and
optimization of relevant electrode materials.
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