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a b s t r a c t

A novel layered material of LiNi0.79Co0.1Mn0.1Cr0.01O2 is synthesized by fast co-precipitation method.
Transmission electron microscope (TEM) and energy dispersive analysis of X-rays (EDAX) exhibit that
Cr is successfully incorporating into LiNi0.8Co0.1Mn0.1O2. X-ray diffraction (XRD) and Rietveld refinement
show that cation mixing is reduced by Cr substitution. Cyclic voltammerty (CV) indicates that the Cr
substitution could decrease Jahn–Teller distortion, and improve reversibility of Li+ ions during interca-
eywords:
ithium ion battery
athode material
r substitution
lectrochemical behavior

lating/deintercalating. Electrochemical impedance spectroscopy (EIS) reveals that Cr substitution has an
effect on restraining the charge transfer impedance of cathode. Electrochemical studies confirm that Cr
substitution for LiNi0.8Co0.1Mn0.1O2 also results in improved discharge capacity, initial coulombic effi-
ciency, rate ability and cycling property of cathode. The capacity retention of LiNi0.8Co0.1Mn0.1O2 after 50
cycles at 5C is only 76.1%, however, that of the LiNi0.79Co0.1Mn0.1Cr0.01O2 is improved to 89.02%. It is noted
that the discharge capacity of LiNi0.79Co0.1Mn0.1Cr0.01O2 is 209.9, 183, 171.4, 164.2 and 152.8 mAh g−1 at

ctive
0.1, 1, 3, 5 and 10C, respe

. Introduction

Recently, layered LiNi0.8Co0.1Mn0.1O2 has been intensively stud-
ed as a potential positive active electrode for application in plug-in
ybrid electric vehicles (P-HEVs) [1,2]. It is reported that this mixed
xide inherits the merits of mono metal oxide LiCoO2, LiNiO2 and
iMnO2, and exhibits lower cost, less toxicity and higher capac-
ty [3–6]. Nevertheless, there still remain many problems, such
s low initial coulombic efficiency, poor rate capacity and poor
yclability due to cation mixing (some Ni2+ ions of Ni layer move
o Li layer) and instable structure [7,8]. Many authors reported
hat partial transition metal substitution for Ni in Li(Ni1−xMx)O2
M = metal) can modify the structure and improve electrochemical
roperties [9–15]. Ohzuku et al. found that partial Al substitu-
ion for Ni effectively stabilizes the structure of LiNiO2 system
9]. Woo et al. studied the impact of the Al and/or Mg substi-
utions on the LiNi0.8Co0.1Mn0.1O2 system and concluded that
he improvement of electrochemical properties derives from the
educed cation mixing [10]. The substitution of Ni by a small

mount of other cations such as Fe, Ga, Ti, Zn and Sr has also
een found to improve cycling stability for the Li(Ni1−xMx)O2
M = metal) system [15–20]. However, reports about the effect of
r substitution on LiNi0.8Co0.1Mn0.1O2 material are less common.
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ly, in the cut-off voltage of 2.7–4.3 V.
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In this study, we employed chromium (Cr3+) as dopant, partly
due to that Cr is an electrochemical active element, and partly
due to that the Gibbs free energies of Cr2O3 (−1153.88 kJ/mol),
and CrO3 (−599.68 kJ/mol) are more negative than that of NiO
(−211.7 kJ/mol) [21]. It is found that the order of the metal–oxygen
bonding strength is Cr+3/+6–O > Ni2+–O, and assumed that the Cr
substitution is conducive to LiNi0.8Co0.1Mn0.1O2.

To improve rate capability and cyclability of
LiNi0.8Co0.1Mn0.1O2, small particles are also needed since they
are easier for lithium insertion-extraction than larger particles
[22,23]. However, it is difficult to prepare nanoparticles or sub-
micron materials by traditional co-precipitation method, due to
quite long reaction time (12 h) is usually needed to synthesize
Ni0.8Co0.1Mn0.1(OH)2 precursor [1,10]. In this work, we prepare
the hydroxide precursors in a very short time, only 1 min. Here,
LiNi0.8Co0.1Mn0.1O2 and LiNi0.79Co0.1Mn0.1Cr0.01O2 are success-
fully synthesized by our fast co-precipitation method, and the
effects of Cr substitution on the structure and electrochemical
properties of LiNi0.8−xCo0.1Mn0.1CrxO2 (x = 0, 0.01) materials are
discussed in detail.

2. Experimental
2.1. Preparation of LiNi0.8−xCo0.1Mn0.1CrxO2 (x = 0, 0.01)

Ni0.8−xCo0.1Mn0.1Crx(OH)2 (x = 0, 0.01) precursors were synthesized by the fol-
lowing procedures: (1) NiCl2 6H2O, CoCl2 6H2O, MnCl2 4H2O and CrCl3 6H2O
powders were dissolved in distilled water to obtain 2 mol/L solution. (2) The mix-
tures were heated at 50 ◦C in water bath kettle, then NH3 H2O (2 M) and NaOH (2 M)

dx.doi.org/10.1016/j.jallcom.2010.07.148
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:csullj@hotmail.com
dx.doi.org/10.1016/j.jallcom.2010.07.148


L.-j. Li et al. / Journal of Alloys and Co

Table 1
Results of the ICP analysis for LiNi0.8−xCo0.1Mn0.1CrxO2 (x = 0, 0.01) materials.

Sample Molar ratio of the final product (±1%)

Li Ni Co Mn Cr
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tively. Great differences in the capacity and coulombic efficiency are
a 1.00 0.802 0.099 0.099 0.00
b 1.01 0.790 0.096 0.094 0.01

ere quickly added into the solution to control the pH between 11 and 12 under
r atmosphere. (3) After being stirred for 1 min, the solution was filtered. (4) The
esulting precursors were washed with distilled water and dried at 80 ◦C.

Stoichiometric LiOH·H2O was milled with the precursors for 0.5 h, and the
btained mixtures were sintered at 480 ◦C for 5 h, and then sintered at 750 ◦C
or 15 h under O2 atmosphere. After being cooled to room temperature, the
iNi0.8−xCo0.1Mn0.1CrxO2 (sample a: x = 0, sample b: x = 0.01) materials were
btained.

.2. Sample characterization

Element amounts of LiNi0.8−xCo0.1Mn0.1CrxO2 materials were analyzed using
nductively coupled plasma emission spectroscopy (ICP, IRIS intrepid XSP, Thermo
lectron Corporation). The samples were analyzed by SEM (JEOL, JSM-5600LV),
ransmission electron microscope (TEM) and energy dispersive analysis of X-rays
EDAX) by Tecnai G2 20ST. The powder X-ray diffraction (XRD, Rint-2000, Rigaku)
sing CuK� radiation was employed to identify the crystalline phase of the synthe-
ized material. X-ray Rietveld refinement was performed using FULLPROF program.

.3. Electrochemical tests

The electrochemical properties of LiNi0.8−xCo0.1Mn0.1CrxO2 were measured by
sing 2025 button cell. Typical positive electrode loadings were in the range of
.95–2 mg cm−2, and an electrode diameter of 14 mm was used. The cathode was
onsisted of 80 wt.% active material, 10 wt.% acetylene black and 10 wt.% PVDF
inder. A lithium metal foil was used as anode. LiPF6 (1 M) in a 1:1:1 (v/v/v) mixture
f dimethyl carbonate (DMC), Ethyl Methyl Carbonate (EMC) and ethylene carbon-
te (EC) was used as electrolyte. The assembly of the cells was carried out in Ar-filled
love box. Electrochemical tests were carried out using an automatic galvanos-
atic charge–discharge unit, NEWARE battery cycler, between 2.7 and 4.3 V versus
i/Li+ electrode at room temperature. The cyclic voltamogram (CV) was operated
t 0.1 mV s−1 between 2.7 and 4.5 V. The electrochemical impedance spectroscopy
EIS) measurements were conducted by a CHI660a impedance analyzer, using an
mplitude voltage 5 mV and frequency range was 0.01–0.1 MHz.

. Results and discussion

.1. Morphology and X-ray diffraction

The ICP results of LiNi Co Mn Cr O (x = 0, 0.01) materials
0.8−x 0.1 0.1 x 2
re reported in Table 1. It is noted that the chemical composition for
ach element in LiNi0.8−xCo0.1Mn0.1CrxO2 is close to the stoichiom-
try. This demonstrates that our fast co-precipitation method is an
ffective way to synthesize well stoichiometrical compounds.

Fig. 1. SEM of LiNi0.8−xCo0.1Mn0.1CrxO2
mpounds 507 (2010) 172–177 173

Fig. 1 presents the SEM images for LiNi0.8−xCo0.1Mn0.1CrxO2
(x = 0, 0.01) materials. As shown, the particle morphologies of
images are near-spherical and well distributed, and the average
particle size is about 100–400 nm. Fig. 2 shows the TEM of sam-
ple b and its corresponding EDAX analysis, which is carried out at
the edge and inside of the LiNi0.79Co0.1Mn0.1Cr0.01O2 particle, and
named points 1 and 2, respectively. It can be clearly seen that the
spectra of Cr appears, and no great difference of elements contents
is observed between the points 1 and 2. The result suggests that
Cr is successfully incorporating into LiNi0.8Co0.1Mn0.1O2, and the
distribution of all elements is homogenous.

The XRD patterns for the LiNi0.8−xCo0.1Mn0.1CrxO2 (x = 0, 0.01)
materials and corresponding Rietveld refinement results are pre-
sented in Fig. 3 and Table 2, respectively. All the diffraction lines
are indexed on the basis of the rhombohedral �-NaFeO2 struc-
ture with a space group of R-3m. There is no impurity phase
detected in the patterns, which indicates that a single phase layered
LiNi0.8−xCo0.1Mn0.1CrxO2 is obtained. In this work, we performed
the refinements assuming several scenarios: full and partial occu-
pation of Cr in the Li and/or Ni layers. As seen in Fig. 3 and Table 2,
the full occupation of Cr in the Ni layer resulted in good agreement
between the observed and calculated patterns, with high reliability
factors, and the cell volumes of sample b is smaller than that of sam-
ple a. This is because the ionic radius of Cr3+ (0.62 Å) is very close
to that of Ni2+ (0.69 Å) [24], so that occupation of Cr in the Ni layer
is highly possible. Additionally, the c/a ratio of sample b (4.945) is
larger than that of undoped one (4.9435), indicating the Cr sub-
stituted sample has the higher layer properties [25,26]. The Ni/Li
cation mixing amount of samples a and b is 2.5% and 6.8%, respec-
tively, which means that Cr substitution for Ni could decrease cation
mixing. The decreased cell volume, suppressed cation mixing, and
increased c/a ratio could consequently induce the improvement of
its initial coulombic efficiency, rate capacity and cycling ability.

3.2. Electrochemical behavior

The initial charge–discharge curves of LiNi0.8−xCo0.1Mn0.1CrxO2
(x = 0, 0.01) powders are shown in Fig. 4. The cells were mea-
sured at room temperature, between the voltage limits of 2.7–4.3 V
and at 0.1C rate (18 mA g−1), respectively. The initial charged and
discharge capacity, and the corresponding coulombic efficiency
of sample a is about 254.9, 192.42 mAh g−1, and 75.5%, respec-
observed in the sample b, which is about 238.08, 209.92 mAh g−1,
and 88.2%, respectively. It is noted that the initial charge capacity
decreases, and the initial discharge capacity and coulombic effi-
ciency improve after Cr substitution; the results are consistent

powders: (a) x = 0 and (b) x = 0.01.
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Fig. 2. TEM of LiNi0.79Co0.1Mn0.1Cr0.01O2

ith Li’s study [27]. One of the reasons is that Cr substitution
ould increase the amount of electrochemical active component
n doped materials. The other is related to the suppressed cation

ixing caused by Cr substitution (see XRD data). Delmas et al.
15] ascribed the initial irreversible loss of capacity to the oxida-
ion of pre-existing Ni2+ ions which occupy the Li layer. Thus, less
ation mixing in the Li layer for LiNi0.79Co0.1Mn0.1Cr0.01O2 mate-
ial, and additional electrochemical active component, caused by
r substitution, result in more discharge capacity and coulombic
fficiency.

Fig. 5 shows the rate capabilities of LiNi0.8−xCo0.1Mn0.1CrxO2 (a)
= 0, and (b) x = 0.01. The cells were charged to 4.3 V at 0.1, 1, 3 and
C, and then discharged to 2.7 V at 1, 3, 5 and 10C, respectively. It

s found that the discharge capacity of all samples decreases due to
olarization as the current density increases. The initial discharge

apacity of sample a is 148.9, 131.3, 123.1 and 103.7 mAh g−1 at
, 3, 5 and 10C. However, the rate capability is improved signifi-
antly by Cr substitution. The sample b presented a capacity of 183,
71.4, 164.2 and 152.8 mAh g−1 at 1, 3, 5 and 10C. The better rate

Fig. 3. Rietveld refinement results of X-ray diffraction patter
cle and its corresponding EDAX spectra.

capability of sample b could also be ascribed to the additional elec-
trochemical active component and less cation mixing in the Li layer
for LiNi0.79Co0.1Mn0.1Cr0.01O2 material.

The charge–discharge capacity versus cycle number for the
LiNi0.8−xCo0.1Mn0.1CrxO2 (a) x = 0, and (b) x = 0.01 cells are given
in Fig. 6. The cells were initially charged at 3C, and then discharged
and charged at 5C in the range of 2.7–4.3 V for 50 times. The wavy
curves should be ascribed to room temperature change. It is obvious
that the sample a suffered a severe capacity fading and reaches to
93.6 mAh g−1 after 50 cycles. The capacity retention is only 76.1%
of its initial discharge capacity. The sample b, attained its initial
discharge capacity of 164 mAh g−1, and reached 146 mAh g−1 after
50 cycles. It is noted that the capacity retention of sample b is
improved to 89.02%. The improvement of capacity retention of
layered materials is possible due to that the bonding energy of

Cr-O is much stronger than that of Ni–O, therefore, Cr substitu-
tion could result in more stable structure; and partly due to some
structural changes, the result could be proved by the following CV
tests.

ns of LiNi0.8−xCo0.1Mn0.1CrxO2: (a) x = 0 and (b) x = 0.01.
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Table 2
Structural parameters obtained from Rietveld refinement of the XRD data for LiNi0.8−xCo0.1Mn0.1CrxO2 (x = 0, 0.01).

Formula LiNi0.802Co0.099Mn0.099O2

a = b = 2.87195 (4) Å, c = 14.19751 (5) Å, Rp = 7.4, Rwp = 10.6, Rexp = 4.51 V = 117.10 Å3, c/a = 4.9435

Atom Site x y z Occupancy B (Å2)

Li1 3b 0 0 1/2 0.932 (4) 0.81 (5)
Ni2 3b 0 0 1/2 0.068 (4) 0.81 (5)
Ni1 3a 0 0 0 0.802 (5) 1.24 (9)
Co1 3a 0 0 0 0.099 1.24 (9)
Mn1 3a 0 0 0 0.099 1.24 (9)
O 6c 0 0 0.259 (11) 2.000 0.8

Formula LiNi0.799Co0.096Mn0.094Cr0.01O2

a = b = 2.86878 (4) Å, c = 14.18604 (5) Å, Rp = 7.09, Rwp = 8.8, Rexp = 1.85 V = 116.75 Å3, c/a = 4.945

Atom Site x y z Occupancy B (Å2)

Li1 3b 0 0 1/2 0.975 (2) 0.62 (4)
Ni2 3b 0 0 1/2 0.025 (2) 0.62 (4)
Ni1 3a 0 0 0 0.799 (3) 1.07 (8)
Co1 3a 0 0 0 0.096 1.07 (8)
Mn1 3a 0 0 0 0.094 1.07 (8)
Cr1 3a 0 0
O 6c 0 0

[n(Li1) + n(Ni2) = 1, n(Ni1) + n(Co1) + n(Mn1) + n(Cr1) = 1].

Fig. 4. Initial charge–discharge curves of LiNi0.8−xCo0.1Mn0.1CrxO2 coin cells (a)
x = 0 and (b) x = 0.01. Experiments were carried out at constant current 0.1C rate
(18 mA g−1) in a range of 2.7 and 4.3 V.

Fig. 5. Initial discharge curves of LiNi0.8−xCo0.1Mn0.1CrxO2 coin cells (a) x = 0 and (b) x = 0.0
4.3 V.
0 0.011 (3) 1.07 (8)
0.2591 (9) 2.000 0.8

3.3. Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is a useful electrochemical tool
wherein the changes taking place in an electrochemical reaction
is monitored by measuring the current-potential responses. Fig. 7
compares the CV profiles of LiNi0.8−xCo0.1Mn0.1CrxO2 cells. It is
noted that no cathodic peak near 3 V region in both samples, this
indicates there is no reduction of Mn3+/Mn4+, according to Paulsen
et al. [28]. It is also found that the difference of the curves on the first
and second cycle is decreased significantly by Cr substitution. Fur-
thermore, for LiNi0.79Co0.1Mn0.1Cr0.01O2, a distinct decrease of the
cathodic peak area near 4.0 V (indicated with arrow) was observed,
the cathodic peak is probably identified as Ni4+/Ni3+ process. It is
reported that the irreversible layered spinel transition is related
to the Ni4+/Ni3+ process [29], suggesting the undesired Jahn–Teller
distortion (Ni4+ → Ni3+ reduction reaction) has been suppressed by
Cr substitution. These results are well consistent with the cycling
performance of the studied material, meaning the reversible capac-

ity and structure stability of LiNi0.79Co0.1Mn0.1Cr0.01O2 compound
are greatly improved.

It is noted that the anodic peak for the sample a in the first cycle
centers at 3.90 and 4.22 V, respectively, another weak peak cannot

1. Experiments were carried out at different current densities in a range of 2.7 and
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ig. 6. Charge–discharge capacities of LiNi0.8−xCo0.1Mn0.1CrxO2 cells (a) x = 0 and (b)
= 0.01. Experiments were cycled 50 times at a 5C rate (900 mA g−1) in a range of
.7 and 4.3 V.

e very clearly discerned in the CV curves. And the correspond-
ng cathodic peaks shift to 3.71, 4.14 and 3.96 V, respectively. For
he sample b, the anodic peaks center at 3.83, 4.03 and 4.21 V, and
he cathodic peaks at 3.71, 3.97 and 4.15 V. This implies that Cr
ubstitution suppressed the potential difference of the major peak,
rom 0.19 V (sample a) to 0.12 V (sample b). This also indicates the
etter reversibility of Li+ ions during intercalating/deintercalating

n LiNi0.79Co0.1Mn0.1Cr0.01O2 compound. Therefore, it could be
oncluded that Cr substitution improves structural stability and
lectrochemical properties of LiNi0.8Co0.1Mn0.1O2.

.4. Electrochemical impedance spectroscopy (EIS)

Fig. 8 shows the EIS profiles of LiNi0.8−xCo0.1Mn0.1CrxO2 cells
fter 50 cycles at 5C, detailed EIS data in the 0–24 range is
hown as an inset. Both spectra have the high-frequency semicir-
les, intermediate-frequency semicircles and low-frequency tails,
hich relate the surface-film resistance (Rsei), charge-transfer
esistance (Rct), and Warburg impedance [30], respectively. The
alue of Rsei and Rct for sample a is 7.7 and 734.5 � (calculated
rom the semicircle’s diameter), respectively. For the sample b, the
sei and Rct is 6.1 and 243.7 �. It is noted that the Rsei of sample a is
imilar to that of sample b. However, the Rct of sample a is signif-

Fig. 7. Cyclic voltammogram of LiNi0.8−xCo0.1Mn0.1CrxO2 cel
Fig. 8. Impedance spectra of LiNi0.8−xCo0.1Mn0.1CrxO2 cells: (a) x = 0 and (b) x = 0.01.
Detailed EIS data in the 0–24 range is shown as an inset.

icantly larger than that of sample b. These results indicate that Cr
substitution has an positive effect on restraining the charge transfer
impedance of cathode. Small impedance is conducive to the inter-
calating/deintercalating of Li+ ion. Therefore, the electrochemical
properties of LiNi0.8Co0.1Mn0.1O2 can be greatly improved by Cr
substitution.

4. Conclusion

Single phase LiNi0.79Co0.1Mn0.1Cr0.01O2 was successfully syn-
thesized by fast co-precipitation method. The morphological
and EDAX characterization show that LiNi0.79Co0.1Mn0.1Cr0.01O2
has 100–400 nm particle size and very well elements distribu-
tion. Electrochemical tests show that the Cr substitution sample
exhibits improved discharge capacity, initial coulombic efficiency,
rate ability and cycling property, compared to that of pristine
sample. Rietveld refinements, CV and EIS results confirm that
these improvements are attributed to less cation mixing, sup-

pressed Jahn–Teller distortion, additional electrochemical active
component and better reversibility of Li+ ions during intercalat-
ing/deintercalating, caused by Cr substitution.

ls at a scan rate of 0.1 mV s−1: (a) x = 0 and (b) x = 0.01.
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