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Abstract To improve the high-rate capacity and cycle ability,
Li,ZrO5 was successfully coated on LiNiy ¢Cog»,Mng ,0, ma-
terials via wet chemical method. The crystal structure and
electrochemical properties of the bare and coated material
are studied by X-ray diffractometry (XRD), scanning electron
microscope (SEM), transmission electron microscopy (TEM),
cyclic voltammetry, and electrochemical impedance spectros-
copy (EIS). The XRD and SEM results indicated that the
lattice structure of Li,ZrO5-coated materials was the same as
the pristine one. Transmission electron microscopy showed
that there was a thin Li,ZrO; coating layer on the surface.
Li,ZrO5-coating improves the rate performance and cycling
stability. Within the cutoff voltage of 2.6-4.8 V, the 1 wt%
Li,ZrO5-coated samples exhibited an initial discharge capac-
ity of 190 mAh g™ and with a capacity retention about 85 %
after 50 cycles at 0.1 C. Minor Li,ZrO; modification plays an
important role to enhance the high-rate capability and cycle
ablhty of LiNio_6C00'2Mno_202.
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Introduction

Lithium-ion batteries have the highest energy density among
all available rechargeable batteries, and they have been widely
used in portable electric devices. Research on the electrode
materials which act as the most important part of batteries
has been investigated greatly [1-6]. LiCoO, was one of the
earliest cathode materials generally used, and it remains a
primary component for cathodes in rechargeable lithium-ion
batteries because of its high voltage and good cycle properties.
However, the relatively high cost and toxicity of cobalt, the
poor thermal stability of charged Li,CoO, and the lure of
larger specific capacity have led to the study of other possible
cathode materials for lithium-ion batteries. Recently, a series
of layer-structured Li(Ni;_.,CoxMn,)O, have attracted a great
deal of interest because it combines higher specific capacity,
lower cost, and considerable cycling performance. Among
them, LiNij ¢Coy,Mng,0, electrode material as one of the
most attractive cathode materials has been studied extensively
due to its enhanced safety, reduced cost, and increased energy
density [7-10]. However, there are still several drawbacks
limiting its application in high power lithium-ion batteries
for EV and HEV such as its poor rate capability due to its
lower electronic conductivity compared to LiCoO, [11-13]
and thermal stability.

In order to further improve the electrochemical properties,
many strategies were proposed such as metal doping and sur-
face coating. However, doping with electrochemically inac-
tive elements could stabilize the structure but causes a de-
crease in capacity because the substituents are usually electro-
chemically inactive ingredients, such as Al, Mg, and Zn
[14—-16]. Surface coating of the cathode material by coating
a small amount of inert metal oxides, such as ZnO [17], ZrO,
[18], Lay,O5 [19], and V,0s5 [20], can significantly improve the
cyclic performance by avoiding the unwanted reactions on the
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surface. However, the inert metal oxides are often poor elec-
tronic and ionic conductors, which usually leads to a large
irreversible capacity and poor rate performance. Recently,
some Li-contained oxides, such as Li,COs3, LiAlO,, LiCoO,,
and LiyTisOq, [21-24], were introduced as coating materials
for Li(Ni;_x.,Co,Mny)O, electrode, since it availably enhance
the electrochemical performance because of their good con-
ductivity and also provide the tunnel for Li" transportation
during charge/discharge process [18, 25-27].

In this work, Li,ZrO5; was introduced as a coating material
for LiNij ¢Coy»Mny ,O, cathode. The coated sample was pre-
pared via a wet chemical method followed by heat treatment.
X-ray diffractometry, scanning, and transmission electron mi-
croscopy have been conducted to confirm the structure and
surface morphology. The effect of Li,ZrO; coating on the
electrochemical performance and cyclic stability was investi-
gated at a high cutoff voltage, and the reason of the improved
performance was discussed.

Experimental

Synthesis of LiNigy Cog,Mn(,0, and Li,ZrO;-coated
cathode materials

The sample of LiNij Cog,Mng,0, (LNCMO) was prepared
by sol-gel method using glycine as the cheating reagent. Stoi-
chiometric amounts of Ni(CH;COO),-4H,0, Co(CH5COO),
4H,0, Mn(CH3C0OO),-4H,0, and LiCH;COO-2H,0 (5 %
excess to compensate for the lithium evaporation during
high-temperature calcination) were dissolved in a certain
amount of deionized water. The dissolved solution was
dropped to a continuously stirred water solution of glycine.
After adjusting the pH value to 7-8 with ammonium hydrox-
ide, the solution was stirred at 50 °C for 4 h to ensure the fully
mixing. The mixing solution was evaporated at 80 °C until a
gel was obtained. The prepared gel was dried at 120 °C in the
vacuum drying oven for 12 h and then preheated at 450 °C for
5 h in air. The precursor was grinded and then annealed in air
at 900 °C for 20 h with a heating rate of 3 °C min ' to obtain
the final power. The powder was grinded and marked as
LNCM.

To coat the LiNiy ¢Cog>Mng,0, material with Li,ZrOs,
stoichiometric amounts of Zr(NO3)4-5H,0 and LiCH5;COO-
2H>0 were dissolved in a certain amount of ethanol under
stirring at room temperature by a magnetic stirrer until a clear
solution was obtained. And then, the prepared
LiNiy ¢Cog ,Mng ,O, powers were dispersed into the solution
with constant stirrer and evaporated at 80 °C until the ethanol
was evaporated sufficiently. The mixture was heated at
500 °C for 5 h in air to obtain the Li,ZrO3-coated
LiNig ¢Cog,Mng»,0,. The expected amounts of Li,ZrO; were
about 1, 3, 5 wt% of the LiNiy ¢Cog»Mnq ,O, powers, and the
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coated samples were marked as 0.01 LZO-LNCMO, 0.03
LZO-LNCMO, 0.05 LZO-LNCMO, respectively.

Characterization of the pristine and Li,ZrO3-coated
LiNig ¢Cog2Mng,0,

Power X-ray diffraction (Rint-2000, Rigaku, Japan) measure-
ments using Cu K« radiation were used to characterize the
structure of the powers. The X-ray diffraction patterns were
collected at a scan rate of 3° min ' from 5 to 75°. The particle
shape and morphology images of LiNij 4Coy,Mny,0, were
obtained with a scanning electron microscope (SEM, Hitachi
S-3500N). The surface morphologies of the coated samples
were analyzed using a transmission electron microscope
(TEM, JEOL-JEM 2100F) operated at 200 kV.

Electrochemical measurements

The electrochemical performances of the samples were ob-
tained by using a coin-type cell (CR2032). Cells were
consisted of the positive electrode and the lithium-metal neg-
ative electrode separated by a porous polypropylene film. The
positive electrodes were fabricated from a 80:10:10 (wt.%)
mixture of the prepared power/Super P/polyvinylidenefluoride
(PVDF). The mixture was dissolved in N-methylpyrrolidinone
(NMP) homogeneously under stirring. The slurry was casted
on a thin aluminum foil by using a doctor blade, then dried at
120 °C for 12 h in a vacuum oven. The material loading of the
cathode electrode is 2.5-2.7 mg cm 2. Lithium coin cell was
assembled in a glove box by using the electrolyte 1 M LiPFg
dissolved in ethylene carbonate, dimethyl carbonate, and ethyl-
methyl carbonate with a 1:1:1 volume ratio and a separator
(Celgard 2300). The O, and H,O contents for the glove box
were maintained below 2 ppm.

The galvanostatic charge and discharge tests were carried
out at room temperature on battery test system (Land CT
2001A, Wuhan, China) at various C rates within the cutoff
voltage of 2.6-4.8 V. Impedance measurements of the pristine
and the Li,ZrO3-coated samples after 10th cycle were con-
ducted on the electrochemical workstation (Gamry PC14—
750) in the frequency range of 100 kHz to 0.01 Hz using a
voltage vibration of 5 mV. The EIS results were simulated
using ZVIEW software. Cyclic voltammetry measurements
were recorded between 2.6 and 4.8 V at a sweep rate of
0.1 mV s " in lithium cells on an electrochemical workstation
(CHI1040B, ChenHua, China) at ambient temperature.

Results and discussion
The crystal structure of the bare and Li,ZrO;-coated

LiNig ¢Cog ,Mng ,O, materials with different weight amounts
of Li,ZrO5 was investigated in Fig. 1. The powers were well-
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Fig. 1 X-ray diffraction patterns (a) and Rietveld refinement results (b, ¢, d, e) of bare and Li,ZrO5 (LZO)-coated LiNig ¢Cog>Mng >0, (LNCMO)

defined hexagonal «-NaFeO, structure with a space group of
R-3m. No impurity peaks corresponding to Li,ZrO;-coated

materials were observed from the XRD patterns shown in
Fig. 1. The structural analyses were conducted on the recorded

Table 1  Lattice parameters from the Rietveld refinement of LiNiy ¢Coy,Mng,0, (LNCMO) and Li,ZrOs-coated LiNiysCog>,Mng,0,

Sample Lattice parameter a A) Lattice parameter ¢ A) Lattice parameter (c/a) Intensity ratio Iozyl104)
Pure-LNCMO 2.871466 14.220705 4.952420 1.26
1 wt% LZO-LNCMO 2.871993 14.222669 4.952195 1.45
3 wt% LZO-LNCMO 2.872098 14.228609 4.954082 1.36
5 wt% LZO-LNCMO 2.873259 14.231836 4.953203 1.35
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Fig. 2 SEM images of LNCMO
(a, a°), 1 wt% LZO-LNCMO (b,
b’), 3 wt% LZO-LNCMO (¢, ¢’),
5 wt% LZO- LNCMO (d, d°)
with two magnifications

XRD data based on Rietveld refinement. The lattice parame-
ters of the pristine power were a=2.871466 A and c=
14.220705 A. The results match well with the values observed
by Ohzuku and Makimure (¢=2.867 A and c=14.246 A) [9].
These values of the coated samples are close to the pristine
material with 2.871466 and 14.220705 A, indicating that the
Li,ZrO5 coating does not influence the LiNig ¢Cog,Mng >0,
host structure. As shown in Table 1, the value of ¢/a is almost
the same among these samples, which further indicate that the
lattice structure of LiNig ¢Cog,Mng,0, still remains before
and after Li,ZrO; coating.

The integrated intensity ratio of Ipo3y/I(104) has been con-
sidered as a measurement of cation disorder and had a direct
impact on the electrochemical properties of the system [28].

@ Springer
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Generally, when 1(003)/1(104)>1.2, the positive-electrode
material has a good layered structure due to the small cation
mixing. The oxygen sublattice in the x-NaFeO, type structure
is distorted from the fcc array in the direction of hexagonal c-
axis. This distortion gives rise to a splitting of the lines
assigned to the Miller indices (006)/(102) and (108)/(110) in
the XRD patterns, which is the characteristic of the layered
structure. The hexagonal lattice parameters, a and c, as well as
the c/a and Igo3y/1(104) are presented in Table 1. These param-
eters were obtained by Rietveld refinement with the GSAS
software. As shown in Table 1, lattice parameters of all sam-
ples vary obviously with Li,ZrO; content. Lattice parameters
a and c increase with increasing of Li,ZrO; content, which
should be some Zr*" has diffused into the parent oxide after



Ionics (2015) 21:2091-2100

2095

Fig. 3 The elemental mappings
of 1 wt% LZO-LNCMO

the high-temperature treatment [18]. Besides, 1 % Li,ZrO;
coating material with the largest value of ratio I go3y/I(104) 1S
expected to show the best electrochemical performance. In
addition, all the XRD patterns show a clear splitting between
the (006)/(102) and (108)/(110) peaks which confirms that
these samples have good layered characteristics.

Fig. 4 TEM images of the
LNCMO (a, a’) and the 1 wt% (a)
LZO-LNCMO (b, b’)

0.2 pm
—

(b)

The surface morphology of the bare and Li,ZrO;-coated
powers is shown in Fig. 2. It can be seen that all the samples
have good bulk shape with particle size range from 5 to
15 um. There are no significant differences between those
images. However, the surface morphologies of the coated
sample become rough. As seen in Fig. 2b, b’, the Li,ZrO;
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Fig. 5 The initial charge—discharge curves of the bare and Li,ZrOs-
coated LiNij sCoy,Mng,0,

particle was distributed uniformly on the surface of the LNCM
particle even though it is hard to distinguish the thickness of
the coating layer from the SEM picture. The thin layer on the
surface was expected to result in better cycling performance
and enhanced thermal stability. The composition and distribu-
tion of elements on the surface of 1 wt.% Li,ZrOs-modified
LiNig 4Cog,Mng ,0, were examined by EDS, as shown in
Fig. 3. EDS can corroborate that 1 wt.% LZO-LNCM sample
includes the elements of Ni, Co, Mn, and Zr. The EDS dot
mappings (Fig. 3a—d) show that the elements of Ni, Co, Mn,
and Zr in 1 wt.% LZO-LNCM sample are homogeneously
distributed.

In order to further clarify the nanoscale microstructure of
the sample, TEM investigation was conducted. As shown in
Fig. 4, the pristine sample exhibited a smooth surface. On the
other hand, the coated samples have a rough and porous coat-
ing layer with a thickness of 5 nm. The homogeneous Li,ZrO;
coating layer not only improve the diffusion ability between
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Fig. 6 The cycle performance curves of the bare and 1 wt% Li,ZrOs-
coated LiNio_GCOO_zMno_zoz
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Fig. 7 Rate performance of the bare and 1 wt% Li,ZrO5-coated
LiNig 6C02Mng ,0,

the bulk of LiNij ¢Cop,Mng,0, and the electrolyte but also
protect active material from the side reactions with the sulfide
electrolyte [18, 29].

In order to study the electrochemical performance of the
Li,ZrO5-coated samples with different amounts of Li,ZrOs3,
coin cells were operated at 0.1 C (1 C=274 mAh g ') over the
voltage range of 2.6 to 4.8 V at room temperature. The initial
charge/discharge performance of the pristine and the coated
samples are shown in Fig. 5. These results indicate that the
charging and discharging curves of all cells are quite smooth.
Comparing with the curves of the pristine and Li,ZrO3-coated
samples, the charge curve of the later is higher than the former,
which indicates that a resistive coating layer exists in the sur-
face of the Li,ZrOs-coated samples. The initial charge and
discharge capacities of the pristine LiNigy ¢Cog,Mng,0, are
233 and 189 mAh g, respectively. However, the charge and
discharge capacity first increases then decreases with the in-
creasing of Li,ZrO5 content. The charge and discharge capac-
ity are 234 mAh g ' and 190 mAh g !, 227 mAh g ' and
183 mAh g ', 215 mAh g ' and 177 mAh g ! for 1, 3,
5 wt% Li,ZrOs-coated samples, respectively. Thus, 1.0 wt.%
Li,ZrO3-coated samples have the highest electrochemical
performancs, which is well consistent with the XRD tests. A
small amount of Li,ZrOj5 that exists on the surface can sup-
press the oxygen activity and decrease polarization by intro-
ducing strong metal-oxygen bonds which act as the conduc-
tive for Li" [30]. However, Li,ZrO; is an electrochemical
inactive material; so, too much Li,ZrOs on the surface of the
material will lead to capacity loss due to a decrease in active
material [29]. Due to a lower capacity of the 3 and 5 wt%
Li,ZrO5-coated sample, further studies on cycling perfor-
mance and rate capability are carried out only for bare and
1 wt% Li,ZrOs-coated sample.

The cycling stability for the two materials using a half cell
at 0.1 C was studied, and the results are shown in Fig. 6. It can
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Fig. 8 Cyclic voltammetric
curves of the first three cycles of
1 wt% LZO-NCM (a) and the
second cycle of the bare and
Li,ZrO3-coated

LiNig 6C09.2Mng 20, (b)

200

L (a)

150 |-
100

50 -

Current(mA g-')
o
T

—— First cycle
,,,,,,,, Second cycle
- Third cycle

3.0 3.5 4.0

Voltage/V(vs. Li/Li’")

4.5 5.0

Current(mA g')

—— NCM

1% LZO-NCM
3% LZO-NCM
5% LZO-NCM

| " 1 " |

50 }
-100
-150 |
-200
25
200
| (b)
150
100 +
- F
"o
50
<«
g L
E 0
= L
)
2 L
et
= -50 |
o 3
-100
-150
-200
25
14000 4 (a) - = Bare LNCM
® 1 wt% LZO-LNCM
12000 120
n
10000 1 -
~ u L]
80
% 8000 ° a o« .
] = ? 60
g d £ ° .
o N . L]
6000 LI L :
" NIRRT
40004 mg 204 o Ty W
L)
» o
2000 4
i 0 2‘0 40 60 80 1‘00 120
0 Zreal(Q)
T T T T T T T T
0 2000 4000 6000 8000 10000 12000 14000
Zreal(Q)

3.0 319 4.0

4.5

Voltage/V(vs. Li/Li")

(b) CPE

Rs

[]

Rct

5.0
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Table 2 Impedance parameters

derived from the equivalent Samples R, o CP];;T 5 CPE-P 5 R 5 Chi-

circuit for LiNip §Cog -Mng ,0, (€ cm ™) (107 Sem ™) (Sem ™) (2 em ™) squared

(LNCMO) and 1 wt.% Li,ZrO5-

coated LiNig 4Cog2Mng .0, LNCMO 3.838 4.2005 0.69286 105.6 0.0004368
1 wt% LZO-LNCMO 4.011 3.3685 0.73007 86.59 0.0003583

be observed that the capacity of LiNij ¢Cog>Mng 0, drop to
147 mAh g " after 50 cycles at 0.1 C, with a capacity retention
of 78 %. However, the Li,ZrOs-coated sample demonstrated
remarkably improved cycling stability with a capacity reten-
tion of 85 % after 50 cycles. The capacity loss for the bare
sample should be ascribed to several factors, such as cation
mixing, side reaction between electrode and electrolyte, and
transition metal ion dissolution. The Li,ZrO; coating layer can
prevent the direct contact of the electrode materials from elec-
trolyte, and thus suppress the undesirable side reaction be-
tween them and the dissolution of the transition metal ele-
ments [31, 32].

The rate capability behaviors of the pristine and the 1 wt%
Li,ZrOs-coated LiNij ¢Cog,Mng,0, were investigated upon
progressive cycling as a function of different current densities.
Each cell was charged at the same rate of 0.1 C between 2.6
and 4.8 V under room temperature, and then discharged at
different rate of 0.1, 0.5, 1, and 0.1 C, respectively. As can
be seen in Fig. 7, the discharge capacities of both samples are
nearly the same at 0.1 C rate. As the C rate increased, the
discharge capacities of the pristine and the coated samples
decrease, this was due to the increased polarization at high
charge—discharge rates. However, the capacity loss of bare
LiNiy ¢Cog »Mng ,0, is slightly larger than that of the
Li,ZrOs-coated LiNig¢Cog,Mng,0, at higher rates. Thus,
minor Li,ZrO; coating can improve the rate performances
and cycle stability, which is in accordance with the above
results.

Cyclic voltammetry (CV) analysis is taken to further un-
derstand the effect of Li,ZrO; coating in improving the elec-
trochemical property of LiNig sCop,Mng,0,. The cells were
tested at a scan rate of 0.1 mV s ' after being discharged to
2.6 V for three cycles. Figure 8 shows the CV curves for the
first three cycles of the 1 wt% Li,ZrOs-coated
LiNiy ¢Cog ,Mng ,0, sample. A pair of sharp redox peaks lo-
cated at 3.76 V/3.62 V was observed from the initial CV
curve. During the subsequent cycles, the oxidation peaks
shifted to 3.7 V while the reduction peaks remained un-
changed. The stable small gap of the redox reaction peaks
from the second cycle indicates the cycle stability of the coat-
ed sample. Figure 8b shows the second cycle of CV curves for
different amounts of Li,ZrOs-coated cathode materials. Based
on the CV results, all the samples have two couples of redox
peaks (one obvious redox peaks and one less discernable) in
the voltage range between 2.6 and 4.8 V. The Ni*"/Ni*" ac-
count for the obvious oxidation peak around 3.7 V and the
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reduction peak around 3.6 V, the other less discernable oxida-
tion peaks around 4.35 V indicated the multiphase transitions
of hexagonal (H2) to another hexagonal (H3) [33, 34]. The
corresponding reduction peaks were present at 4.28 V. It has
been reported that the rapid volume contraction during the
structural transformation from H2 to H3 mostly affects the
capacity fading of the Li[Ni,Co,Mn,]O, [35, 36].

The thin layer of Li,ZrO; coating suppresses the multi-
phase transitions and improve the cycle performances, which
is consistent with previous report [37].

Furthermore, electrochemical impedance spectroscopy
(EIS) is used to analyze the electrochemical properties of the
pristine and 1 wt% Li,ZrO;-coated sample after 10th cycles at
0.1 C rate between 2.6 and 4.8 V vs Li/Li". All the cells were
measured at fully discharge state at room temperature. As
shown in Fig. 9a, the Nyquist plots of the cells consist a semi-
circles in appearance of a half ellipse (in the high and inter-
mediate frequency ranges) and a straight line with changing
slope to the real axes (in the lower frequency range). The study
of the EIS results has been performed by using the approach
outlined in Ref. [38, 39] and an equivalent circuit model
shown in Fig. 9b. The fitting results derived from the equiva-
lent circuit are presented in Table 2. Generally, an intercept at
the Zreal axis at a high frequency corresponds to the ohmic
resistance (Rs), which represents the total resistance of the
electrolyte, separator, and electrical contacts. The semicircle
in the high and intermediate frequency ranges indicates the
charge transfer resistance (Rct). The inclined line in the lower
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Fig. 10 Zre as a function of square root of frequency for bare and 1 wt%
Li,ZrO5-coated LiNig ¢Cog,Mng,0, at low frequency
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frequency range represents the Warburg impedance and cor-
responds to the lithium diffusion kinetics toward the elec-
trodes. As shown in Table 2, the electrolyte resistance
remained almost constant, which was expected since the var-
iation of an electrolyte concentration was not so large as to
affect the electrolyte conductivity. The charge transfer resis-
tance (Ret) of 1 wt.% Li,ZrOs-coated LiNig sCog,Mng ,0; is
smaller than the bare LiNig sCog,Mng ,0,, indicating that the
1 wt.% Li,ZrO5 coating improves the kinetic behavior of in-
tercalation and deintercalation of Li" (Fig. 10).

In order to clarify the effect of Li,ZrO; coating on the Li"
conductivity of LiNij 4Coy »Mng ,0, material, lithium-ion dif-
fusion coefficient Dy ;; could be obtained from the slope in the
low frequency according to the following equation [36]:

R2T?

DLit=———
24204 FAC? o2

(1)

Here, R is the gas constant (R=8.314 Jmol ' k"), T is the
absolute temperature (7=298.15 K), A is the cathode surface
area (4=0.785 cm?), n is the number of electrons per molecule
during oxidization (n=1), F is the Faraday constant (F=
96485.34 C mol "), C is the lithium-ion concentration, and
o is the Warburg factor. The Warburg factor can be calculated
according to the following equation:

Zye =Ry + Ry + ow /2 (2)

Here, w is the low frequency. Figure 9 illustrates the rela-
tionship between Zre and square root of frequence (w %) in
the low frequency region. According to Egs. (1) and (2), we
can calculate the value of Dy ;, and o are 1.75768x10 ! cm?
s 1.1685%10° Qs 2 and 2.75866x 10 ' em?s ™!, 0.9327 %
10 Q s for the bare and 1.0 wt.% Li,ZrOs coating sam-
ples, respectively. Thus, minor Li,ZrO; coating not only sup-
press the active materials with electrolyte, but also increase the
diffusion of Li" and improve the high-rate capacity and

cycleability.

Conclusions

In this report, a Li,ZrO; coating layer was prepared on the
surface of LiNij¢Cog,Mng,0, material via a wet chemical
method. The effect of Li,ZrO; modification on the perfor-
mance of LiNig¢Cog,Mng,0, was investigated. After
Li,ZrO5 coating, the LNMO remains the crystal structure
and lattice parameters. The surface coating layer of Li,ZrO;
can improve the cycle performance by suppressing the side
reaction between the electrode and the electrolyte. The
charge—discharge test indicated that 1 wt% Li,ZrO;-modified
material shows a better cycle performance and rate capability.
The Li,ZrOs-coated electrode delivers the capacity of
189 mAh g ' and remains 161 mAh g ' after 50 cycles with

a capacity retention about 85 % in the voltage range between
2.6 to 4.8 V. EIS results show that the charge transfer resis-
tance was suppressed, and the Li" diffusion was improved
significantly by Li,ZrO; modification. As a host structure ma-
terial for Li’, Li,ZrO5 is a more competitive candidate for
electrode material modification, and it has a great potential
application in other cathode materials.
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