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In this paper, well-crystallized Zr-doped Ni-rich layered LiNi0.91Co0.06Mn0.03O2 cathode is prepared by solid state method and its
structural properties and electrochemical performances in lithium-ion cells is investigated. The Zr-doped LiNi0.91Co0.06Mn0.03O2

has superior cation ordering and the morphology of Zr-doped LiNi0.91Co0.06Mn0.03O2 was the same as pristine LiNi0.91Co0.06Mn0.03O2.
The 0.5 wt% Zr-doped LiNi0.91Co0.06Mn0.03O2 shows better electrochemical performances such as initial discharge capacity of
210.5 mAh g-1, rate capability of 75.4 % at 2 C and cycling retention of 94.5 % after 50 cycles. It can be elucidated by the
role of the Li2ZrO3 layer and Zr substitution in LiNi0.91Co0.06Mn0.03O2.
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Introduction

Nowadays, lithium ion batteries (LIBs) have received
attention as an outstanding main power source to meet
the high energy density for electric vehicles (EVs) and
portable devices. It is well known that cathode is the
key component, determining the battery performance
[1, 2]. Among many cathodes, the Ni-rich LiNixCoyMnzO2

(NCM, x ≥ 0.8, x + y + z = 1) materials have stood out
as the promising candidate due to its smaller volume
change (LiCoO2), superior specific capacity (LiNiO2)
and excellent thermal stability (LiMn2O4) [3]. Unfor-
tunately, Ni-rich NCM cathodes still suffer from inferior
long-term cycling performance, especially, it is pro-
portional to the Ni content. It can be explained by
unwanted side reaction at the interface between cathode
and electrolyte. It leads to phase transformation from
layered to disordered spinel/rock-salt, the reduction of
Ni4+ and oxygen loss, resulting in severe structural
degradation [4]. This phenomenon causes the rapid
increase of cathode impedance and capacity decay of
Ni-rich NCM during cycling [5].

Many approaches such as coating [6], doping [7] and
single crystal [8] have been studied to enhance the
electrochemical performance of Ni-rich NCM. Among
them, a lot of doping effects have been reported to
increase cycle life of Ni-rich cathodes [9-11]. This is
because the dopant ion can reduce the cation mixing,
stabilizing the crystal structure from volume changes
during cycling. Among various dopants, the Zr-doped
NCM cathode showed excellent electrochemical per-

formance. However, as far as we know, there have
been no reports of NCM cathodes with a Ni content of
91%.

In this paper, we synthesize the Zr-doped Ni-rich
LiNi0.91Co0.06Mn0.03O2 (NCM91) with high crystallinity
and investigate the effect of doping to improve the
structural stability and electrochemical performances.
These results indicate that suitable amount of Zr substitu-
tion delivers the superior electrochemical performances.

Experimental

Ni0.91Co0.06Mn0.03(OH)2 precursor was prepared by
using aqueous solution of NiSO4·6H2O, CoSO4·7H2O
and MnSO4·H2O via a co-precipitation method. A
NaOH and NH4OH solution as a chelating agent were
used. The as-prepared Ni0.91Co0.06Mn0.03(OH)2 precursor
was mixed with LiOH·H2O at a molar ratio of 1 : 1.05
and 0.5 wt% ZrO2 as a zirconium source in a molar
ratio of 1.0 wt%. Afterward, the mixed powders were
sintered at 500 oC for 5 h and 680 oC for 15 h in air for
pristine and Zr-doped NCM91.

The structural properties of the pristine and Zr-doped
NCM91 were conducted by X-ray diffraction (XRD,
X-pert PRO MPD, Philips, Cu Kα) and field emission
scanning electron microscopy (FESEM, S-4800, HITACHI)
equipped with an energy dispersive X-ray detector
(EDX, X-maxN, HORIBA).

All electrochemical performances were evaluated
based on a 2032 coin cells. The pristine and Zr-doped
NCM91 cathodes were prepared by mixing active
materials, super P black (conductive material) and
polyvinylidene fluoride (PVDF, binder) with a weight
ratio of 96 : 2 : 2. After that, the mixed slurry was
coated on Al foil (16 μm in thickness) and dried at 120
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oC for 12 h in a vacuum oven. The prepared cathode
was punched with an electrode diameter of 14 mm and
then dried at 120 oC for 12 h in a vacuum oven. 1M
LiPF6 in ethylene carbonate/ethylmethyl carbonate/
dimethyl carbonate (1:1:1, v/v/v) was adopted as an
electrolyte. Finally, coin cells were fabricated in an
argon-filled glove box.

The electrochemical test was carried out galvano-
statically in the voltage range of 3.0-4.3 V and various
C-rates (1C = 210 mAh g−1) using electrochemical
equipment (TOSCAT-3100, Toyo system) at room
temperature. 

Results and Discussion

Fig. 1 shows the XRD patterns of pristine and Zr-
doped NCM91. All the samples exhibited almost
similar XRD patterns since small amount Zr doping
does not significantly affect the NCM91 structure. All
patterns indicate that synthesized samples belong to a
layered hexagonal α-NaFeO2 structure with the space

group R-3m [2, 5]. The clear peak splitting of (006)/
(102) and (108)/(110) indicates the well-developed
hexagonal layered structure. However, for Zr-doped
NCM91, there is a slight shift in the peak position to
lower angles compared to the pristine NCM91. It can
be explained by bigger ionic radius of Zr (0.72 Å) than
that of Ni2+ (0.69 Å). Therefore it can be confirm that
Zr ions diffuse into the NCM91 structure. As listed in
Table 1, the I(003)/I(104) ratios of the Zr-doped NCM91
are greater than that of pristine NCM91, indicating
better structure stability and lower cation mixing of Zr-
doped NCM91. It is believed that the Zr-doped NCM
cathode can achieve high performances based on
excellent structural stability.

Fig. 2 shows the FESEM images of the pristine and
Zr-doped NCM91. All samples have similar spherical
morphology with an average size of 12 μm. Also, the
spherical secondary particles are composed of small
primary particles of approximately 200-500 nm. It can
be seen that Zr doping not only does not change the
spherical shape of NCM91, but also has little effect
on the particle size. Moreover, the primary particles
contacted each other directly. This can lower the
resistance and improve the electrochemical performances.
More importantly, we can see that the elements of Ni,
Co, Mn and Zr were uniformly distributed, as shown in
Fig. 3. We believe that the uniformly Zr-doped NCM91
can maximize the structural stability and electrochemical
performances. 

For electrochemical tests, the loading level of the
NCM91 was adjusted about 14.2 mg/cm2 because the
high areal capacity is essential for practical application
of LIBs [3]. Fig. 4 delivers the initial charge-discharge

Fig. 2. FESEM images of the pristine and Zr-doped NCM91.

Fig. 1. XRD patterns of pristine and Zr doped NCM91.

Table 1. I(003)/I(104) ratios of pristine and Zr-doped NCM91

I(003)/I(104)

Pristine NCM91 1.25

Zr-doped NCM91 1.32
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curves with pristine and different amount of Zr-doped
NCM91 in a potential range of 3.0-4.3 V at 0.1 C. All
samples have similar charge-discharge behaviors. It
indicates that the Zr doping does not influence on
electrochemical behaviors of the NCM91. The pristine
NCM91 delivers the lower discharge capacity (216.8
mAh g−1). However, Zr-doped NCM91 shows higher
discharge curves (210.5 mAh g−1), originated from the
Zr incorporated into the crystal lattice. It can be
explained by the enhanced conductivity of NCM91
compared to that of pristine NCM91 [5].

The rate capability of pristine and Zr-doped NCM91
at various C-rates from 0.1 C to 2 C are shown in Fig.
5. We can confirm that the capacity retention of all
samples decreases as the C-rate increases. At low C-
rates, all samples have almost the same capacity
retention. However, as C-rate increased, the retention

of pristine NCM91 sharply decreases, whereas Zr-
doped NCM91 can suppress the retention decrease. It
is closely related to the lower resistance of Zr-doped
NCM91, resulting in fast Li ion kinetics [8]. 

Fig. 6 shows the cyclability of pristine and Zr-doped
NCM91 at 0.5 C. The Zr-doped NCM91 show the
superior cycle stability compared to pristine NCM.
Especially, 0.5 wt% Zr-doped NCM91 shows the highest
capacity retention after cycle test. The capacity retention
of pristine NCM91 is 90.2% after 50 cycles. However,
Zr-doped NCM display the 94.5% under the same
condition. It is closely related to the contribution of Zr
doping, resulting in reduction of charge transfer resistance
of the electrolyte/NCM91 interface and alleviation of
transition metal dissolution in NCM91 [4, 6, 9]. It can

Fig. 5. Rate capability of pristine and Zr doped NCM91.

Fig. 3. EDS mapping of Zr-doped NCM91.

Fig. 4. Initial charge-discharge curves of pristine and Zr doped
NCM91.
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be inferred that Zr-doped NCM91 can maintain the
excellent structural stability or surface chemistry with
the electrolyte under long-term cycling. Yoon et al.
reported that Li2ZrO3 layer can be formed on the
surface of cathode. The protective Li2ZrO3 layer can be
suppress the side reaction between electrolyte and
NCM91 [12]. It is well known that the phase transition
(H2→H3), which is one of the main reason for the
capacity fading, by lattice shrinkage along the c-axis,
leading to the volume change and micro-cracking [13].
Zr doping causes the phase stabilization of NCM91,
enables the particles to maintain the original shape with
accommodating the internal strain caused by the volume
change [12].

Conclusions

In this paper, we successfully synthesized pristine
and Zr-doped NCM91 via solid-state reaction. Zr-
doped NCM91 delivers superior structural properties as

well as electrochemical performances. The Zr-doped
NCM91 with high crystallinity has smaller cation mixing
compared to that of pristine NCM91 and maintain its
original shape. The electrochemical performances of
Zr-doped NCM91 outperforms pristine NCM91. This
is because Zr doping not only reduces cation mixing,
but also creates a synergistic effect by forming a
Li2ZrO3 protective layer on the NCM91 surface.
Therefore, we can conclude that Zr doping into the
NCM91 can be regarded as an one of the effective way
for high performance NCM91 cathode. 
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Fig. 6. Cycle performance of pristine and Zr doped NCM91.


