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Abstract The effect of the lithium boron oxide glass coating
on the electrochemical performance of LiNi1/3Co1/3Mn1/3O2

has been investigated via solution method. The morphology,
structure, and electrochemical properties of the bare and
coated LiNi1/3Co1/3Mn1/3O2 are characterized by scanning
electron microscopy, X-ray diffraction, electrochemical im-
pedance spectroscopy, and charge–discharge tests. The results
showed that the lattice structure of LiNi1/3Co1/3Mn1/3O2 is not
changed after coating. The coating sample shows good
high-rate discharge performance (148 mAh g−1 at 5.0 C
rate) and cycling stability even at high temperature (with
the capacities retention about 99% and 87% at room and
elevated temperature after 50 cycles). The Li+ diffusion
coefficient is also largely improved, while the charge
transfer resistance, side reactions within cell, and the
erosion of Hydrofluoric Acid all reduced. Consequently,
the good electrochemical performances are obtained.

Keywords Lithium boron oxide glass . Coating . Cathode
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Introduction

Lithium-ion batteries have been widely applied in hybrid
electric vehicle, laptop, mobile phone, and others due to
their long cycle life and high energy density [1, 2]. LiCoO2

is still the most widely used cathode material in commercial
lithium-ion batteries, because of its easy synthesis, high
electronic conductivity, excellent cycling performance, and
reasonable rate capability. However, the disadvantages,
such as the high cost, limited capacity, and toxicity, limit
its further development and application [3, 4]. With the
increasing market demand, it is necessary to search for new
cathode materials of the lower cost, lower toxicity, and,
also, ease in preparation to replace LiCoO2.

LiNixCoyMn(1−x−y)O2, a combination of cations Ni, Co,
and Mn, has been reported as a most promising next
cathode material for rechargeable Li-ion batteries. These
materials belong to α-NaFeO2 type. The valences of nickel,
cobalt, and manganese ions are +2, +3, and +4, respective-
ly. But only nickel ions and cobalt ions are electro-active
[5]. It is reported that a high discharge capacity
200 mAh g−1 can be obtained [6, 7]. Among LiNix-
CoyMn(1−x−y)O2 systems, the LiNi1/3Co1/3Mn1/3O2 (NCM)
is the most investigated one since first synthesized by
Ohzuku and Makimura in 2001 [6]. However, the unrea-
sonable rate and cycling performance are still the main
difficulties in developing a large-scale battery using NCM
as cathode material until now.

It's well known that surface modification on cathode
materials with electrochemically inactive metal oxides such
as Al2O3 [8, 9], ZrO2 [10, 11], TiO2 [12, 13], and ZnO [14]
could prevent dissolution of transition metals, unwanted
reactions between cathode and electrolyte, and also im-
prove their electrochemical performances to some extent.
These results indicated that the surface treatment method is
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an effective way for improving the electrochemical per-
formances of cathode materials.

In addition, according to the report of Amatucci and
coworkers [15], lithium boron oxide (LBO) glass was
particularly suitable for surface treatment. And due to LBO
glass with a good lithium ionic conductivity, it has already
been investigated as solid lithium ionic conductor (or fast-
ion conductor) for a long time [16–18]. The molten LBO
compositions exhibited good wetting properties and rela-
tively low viscosity, which make it easy to homogeneously
coat on the surface with powders. Furthermore, electro-
chemical studies have shown that these materials are stable
against the high oxidation potentials of the 4 V cathode
electrode materials used in Li-ion batteries today [15].
Finally, such a material coating has a relatively low
treatment temperature, which is only about 500 °C.

Chan et al. [19] has reported that spinel lithium
manganese oxide cathode material coated with LBO via
solid-state method exhibited relatively good cycling perfor-
mance; the capacity fade was 2.63% after ten cycles at a
current rate of 0.1 C. Şaban Patatet et al. [20] also
investigated the effect of the LBO glass coating on the
charge–discharge cycling performance of spinel powders
(LiMn2O4) via a solution method. The coated LiMn2O4

exhibited an excellent cycling performance; it retained
about 100% of the original capacity after 30 cycles at a
current rate of 1.0 C with a cut-off voltage of 3.5–4.5 V. J.
Ying et al. [21], by coating LBO glass on the surface of
LiNi0.8Co0.2O2, effectively increased the reversible capac-
ity, decreased the irreversible capacity loss, stabilized the
cycling performance, and reduced the self-discharge of the
LiNi0.8Co0.2O2 powders. The reports indicated that surface
modification with LBO glass on cathode materials can
improve their electrochemical performances effectively, but
only a few reports can be found about LiNi1/3Co1/3Mn1/3O2

coating with LBO glass. Therefore, we attempted to enhance
the electrochemical performances of the LiNi1/3Co1/3Mn1/3O2

by LBO glass coating.
In this study, LiNi1/3Co1/3Mn1/3O2 was successfully

coated with LBO glass layer via solution method, and the
good cycling stability, high rate, and high temperature
performances are obtained. In comparison, the morphology,
structure, and electrochemical performances of the bare and
coated NCM materials are discussed in detail.

Experimental

The layered NCM powder was synthesized via carbonate
co-precipitation from a solution containing nickel, cobalt,
and manganese sulfates by the addition of sodium carbon-
ate solution and ammonia as a chelating agent solution, as
described by S.H. Park et al. [22].

The LBO glass coating was prepared using a solution
method. All the reagents used in experiment were of
analytical purity and used without further purification.
Stoichiometric LiOH·H2O and H3BO3 (1:2 in molar) was
dissolved in deionized water under strong stirring. Then,
the base material powder NCM was added into the solution
and was stirred continually, and gently heated to 80 °C until
the solvent completely evaporated. Then, the mixture was
heated at 500 °C for 10 h. After the mixture cooled to room
temperature, the homogeneous coating with LBO glass
powders was obtained. The weight ratio of the precursor of
LBO glass to the NCMpowders was 3wt.% in this experiment.

The crystalline phase was analyzed usingX-ray diffraction
(XRD, RINT-2500 V, Rigaku Co.) with Cu Kα radiation
(l=1.5418Å) in the range of 10� � 2q � 90� with a
scanning rate of 2° per minute.

The particle morphology of the prepared bare and coated
NCM powders was determined by scanning electron
microscopy (SEM, LEO-1430VP).

Electrochemical performances of the bare and coated NCM
powders were investigated by using CR2025 coin cell. The
cathode was fabricated from a mixture of the prepared
powders, acetylene black, and polyvinylidene fluoride with a
weight ratio 80:15:5, and the electrolyte was 1 M LiPF6 in a
mixture of ethyl carbonate, diethyl carbonate, and dimethyl
carbonate (volume ratio, 1:1:1). The slurry was then casted
on aluminum foil and dried at 120 °C overnight under
vacuum. The cells (CR2025) were assembled in an argon-
filled glove-box using lithium metal foil as the counter
electrode. The cells were charged and discharged between 2.5
and 4.5 Von a charge–discharge apparatus (BTS-51, Neware,
China). Electrochemical impedance spectroscopy (EIS) was
also tested using a CHI650 electrochemical working station.

Results and discussion

Figure 1 showed the XRD patterns of the bare and coated
NCM powders. The strong and narrow diffraction peaks
and the clear peak splits of (006)/(102) and (018)/(110)
indicates the layered Li[Ni1/3Mn1/3Co1/3]O2 cathode mate-
rial are successfully synthesized in the experiment [23]. All
the diffraction peaks can be indexed on the basis of the
hexagonal α-NaFeO2 structure with a space group 166,
R-3 m. In addition, the spectrum of the coated sample is
almost the same as the bare one, and no other peaks such
as H3BO3 and LiOH·H2O diffraction peaks are found,
indicating that the coating layer (LBO glass) did not
destroy the lattice of Li[Ni1/3Mn1/3Co1/3]O2, and the LBO
glass may exists in amorphous state.

The morphology of Li(Ni1/3Co1/3Mn1/3)O2 has great
influence on their electrochemical performance. SEM
analyses of the prepared bare and LBO-coated NCM were
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carried out. The SEM images of the two samples are shown
in Fig. 2. It can be seen that the bare and coated sample
shows a similar surface morphology. However, there exist
some crystal edges on the surface of the bare NCM, while
the LBO-coated NCM become blurry and most of the

angular features have been rounded. Moreover, from Fig. 2,
also find that the particles of the both samples distributed
uniformly, but the particle size of the coated one is lager
than the bare NCM. As we know, a larger size particle always
has a smaller special surface area, which can reduce the
contact area between cathode and electrolyte, and further
reduce the corrosion of active material due to present
Hydrofluoric Acid (HF) in electrolyte. In addition, the fact
that no other phases revealed in the XRD pattern illustrates
that the LBO was homogeneously coated on the surface of
Li(Ni1/3Co1/3Mn1/3)O2 particles as an amorphous glass phase
as we expected.

The charge–discharge curves of the bare and coated
NCM powders at 0.5 C rates (1 C=200 mA g−1) are shown
in Fig. 3. Both samples show a gradually decreased
discharge voltage from 4.5 to 3.6 V, which is the main
characteristic of the Li(Ni1/3Co1/3Mn1/3)O2 cathode materi-
al. However, at the same special capacity, the charge
voltage of the coated NCM is lower than the bare one,
while the discharge voltage is opposite. This phenomenon
indicates that the smaller electrode polarization exists in the
coated one. The rate performances of both samples are also
investigated at 0.2, 0.5, 1.0, 2.0, 3.0, and 5.0 C rates within
2.5–4.5 V, as shown in Fig. 4. It is seen that with the
current density increasing gradually, the discharge capacity
of both samples are rapidly reduced. But the coated one
exhibits a better rate performance. The initial discharge
capacities are 181, 171, 164, 158, 155, and 148 mAh g−1 at
0.2, 0.5, 1.0, 2.0, 3.0, and 5.0 C rates for the coated one and
183, 169, 160, 152, 145, and 132 mAh g−1 are obtained for
the bare one. At the same time, when recovering the former
testing rate (1.0 C rate in the experiment), the discharge
capacities of the coated one show almost no decrease,
which indicates the good cyclic reversibility of the electro-
des [24] due to the LBO glass coating layer. And these are

 a 

 b

Fig. 2 SEM images of the bare (a) and coated (b) NCM powders

Fig. 1 XRD patterns of the bare and coated NCM powders

Fig. 3 The charge–discharge curves of the bare and coated NCM
powders at 0.5 C rate
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directly related to the high Li+ ions' conductivity in the
electrode during charge–discharge progress after coating. It is
confirmed that the LBO coating layer on the surface of Li
(Ni1/3Co1/3Mn1/3)O2 can enhance the conductivity effectively.

The cycling profiles of the bare and coated electrodes
within 2.5–4.5 V at 0.5 C rates and room temperature for 50
cycles are shown in Fig. 5. Due to the presence of the
electrochemical inactive LBO glass layer on surface of the
cathode electrode, the initial discharge capacity of the coated
material is decreased. But the LBO-coated NCM exhibits a
batter cycling stability. The bare sample delivered a capacity
165.92 and 154.91 mAh g−1 of the first and 50th cycles. In
comparison, the coated sample delivers a capacity
162.41 mAh g−1 after 50 cycles with about 99% capacity
retention. In addition, the cycling stability of both samples at
elevated temperature (60 °C in the experiment) is also tested
within 2.5–4.5 V at 0.5 C rate and the cycling profiles are

shown in Fig. 6. The bare and coated samples show 150 and
22 mAh g−1 capacity drops after 50 cycles with the
capacities retention about 10% and 87%, respectively. It is
clearly shown that the high temperature performance of the
NCM is improved significantly after coating.

To understand the coating layer effect on the kinetics
process of the electrode materials, EIS was employed to
analyze the impedance of the electrodes. The fully dis-
charged coin cells (CR2025, 2.5 V) were measured in the
experiment. The Nyquist plots of the bare and coated
samples are given in Fig. 7. The curves are both comprised
of one semicircle in high-to-medium frequency and an
inclined line in low frequency. Generally, the semicircle in
high-to-medium frequency semicircle is attributed to the
charge transfer resistance (Rct), and the inclined line at low
frequencies is attributed to Warburg impedance that is
associated with Li+ diffusion in electrodes [25].

Fig. 6 Cyclic curves of the bare and coated NCM powders at 0.5 C
rate between 2.5 and 4.5 V at elevated temperature

Fig. 5 Cyclic curves of the bare and coated NCM powders at 0.5 C
rate within 2.5–4.5 V at room temperature

Fig. 4 Cycle performance of the bare and coated NCM powders at
various rates within 2.5–4.5 V

Fig. 7 The Nyquist plots of the bare and coated NCM powders tested
at full discharge (CR2025, 2.5 V)
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Generally speaking, the Rct can be measured by the
diameter of the semicircle in the high-to-medium frequency
range [11]. By comparing the diameter of the semicircle,
the charge-transfer resistance for the coated material is
about two times smaller than the bare one, owing to the
LBO glass coating, as shown in Fig. 7. The lower Rct of the
coated one indicates a lower electrochemical polarization,
faster electrode/electrolyte interface reaction, and lithium
diffusion processes.

According to the literature [26], the lithium diffusion
coefficient could be calculated by the following two equations:

DLi ¼ R2T2

2n4F4C2s2
ð1Þ

Z 00 ¼ sw�1
2 ð2Þ

where DLi is the lithium-ion diffusion coefficient (Eq. 1), R
is the gas constant, T is the absolute temperature, n is the
number of electrons per species reaction, F is the Faraday
constant, C is the concentration of lithium ion, and σ is the
Warburg factor which could be obtained by Eq. 2. Thus, the
lithium-ion diffusion coefficient is inversely proportional to
σ2. Figure 8 shows the relationship between Z" and square
root of frequency w-1/2 in the low frequency region, the
value of σ could be obtained from the slope. Form these
dates, we can get DLi, coated≈14.85 DLi, bare, indicating that
the LBO coating layer can improve the Li-ion conductivity
of NCM significantly. The effect on Li+ ion diffusion
conductivity is more pronounced than other coating
material such as Al2O3 and TiO2, etc. [27, 28]. That is
because the LBO glass is a fast-Li+ ion conductor; it could
provide the tunnel for Li+ ion transportation during charge–
discharge processes, while other conventional coating
materials are generally inactive to lithium ion and have
low lithium-ion conductivity [28].

Generally, the irreversible capacity loss (ICL) can be
ascribed to the transition metal ion dissolution or the
side reaction between electrode and electrolyte due to
the present of HF [11]. And Jang et al. [29] also
confirmed that HF will be generated during cycling when
using LiPF6-based electrolyte easily. The generated acid,
HF, could corrode the active material as the cycle goes by,
causing large ICL. At the same time, the low Li+ diffusion
conductivity can probably also induce some ICL [30]. As
mentioned above, the LBO glass has a high stability
against the high oxidation potentials of 4 V [15].
Meantime, as a metallic oxide, LBO also could react with
HF. So, the LBO glass may act as both HF scavenger and
physical protection layer. As HF scavenger, LBO glass
will preferentially react with HF and hence delay the
corrosion of cathode materials in the LiPF6-based electro-

Fig. 8 The relationship between Z’" and w-1/2 for the bare and coated
NCM powders

a b

Fig. 9 The images of the sepa-
rator in the testing coin cell
based on bare (a) and coated (b)
electrodes after 50 cycles
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lyte and then reduced the transition metal ion dissolution,
as demonstrated in Fig. 9. Figure 9a, b shows the images
of the separator in the testing coin cell based on bare and
coated electrodes after 50 cycles. It is clearly shown that
the separator (Fig. 9a) is covering some black substance (it
is the dissolved cathode material), while the separator
(Fig. 9b) remains clean. It can be concluded the LBO
glass coating layer does prevent the corrosion and
dissolution of the NCM cathode material. Furthermore,
the LBO glass also acts as a physical protection layer to
prevent the direct contact between cathode material and
liquid electrolyte. It minimizes the side reactions within
the battery, stabilizes the structure of the charged NCM,
and then reduces the ICL due to the erosion of HF. On
the other hand, from the EIS test, we know that the
LBO layer can weaken the electrode polarization,
enhance the Li+ diffusion coefficient, and then reduces
the ICL due to the low Li+ conductivity, as mentioned in
the article [30].

In summary, the LBO coating layer can improve the Li+

diffusion coefficient, enhance the electrode/electrolyte
interface reaction and lithium diffusion processes, reduce
the Rct, minimize the side reactions within cell,, and reduce
the erosion of HF; these are all in favor for improving the
electrochemical performance of Li(Ni1/3Co1/3Mn1/3)O2.
Therefore, the higher discharge capacity, the better the
high-rate performance and cycling stability even at high
temperatures obtained.

Conclusions

The coated LiNi1/3Co1/3Mn1/3O2 with LBO glass was
successfully prepared using a solution method. And the
effect of coating on the electrochemical performances of
LiNi1/3Co1/3Mn1/3O2 was investigated. XRD and SEM
measurement indicated that the amorphous LBO glass layers
are coated on the surface of the layered LiNi1/3Co1/3Mn1/3O2

particles. The electrochemical performance testing results
showed that the lattice structure of LiNi1/3Co1/3Mn1/3O2 is
not changed after coating. The coating sample shows good
high-rate discharge performance (148 mAh g−1 at 5.0 C rate)
and cycling stability even at high temperature (with the
capacities retention about 99% and 87% at room and
elevated temperature after 50 cycles). The obtained
excellent electrochemical performances of the LBO-
coated LiNi1/3Co1/3Mn1/3O2 should enable the wide accep-

tance and application in long-life lithium ion batteries with
high power and high energy density.
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