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chemical performance of
LiNi0.8Co0.1Mn0.1O2 cathode materials via
incorporation of rubidium cations into the original
Li sites

Zhili Zhang, Donghui Chen* and Chengkang Chang*

Layered RbxLi(1�x)Ni0.8Co0.1Mn0.1O2 (x ¼ 0, 0.005, 0.01, 0.02) materials were synthesized with different Rb

concentrations using a solid state reaction method. All the materials were calcined at 800 �C for 12 h in

a flowing oxygen atmosphere using NiO, CoO, MnO2, Rb2CO3 and LiOH$H2O as the raw materials. The

influences of the amount of Rb+ ions in the cathodes on the electrochemical performance were

investigated in detail. It was found from the results that the electrochemical performances of Rb doped

materials were greatly improved. Among them the Rb0.5% sample presented the best performance; it

delivered an initial discharging capacity of 188.9 mA h g�1 at 0.5C, improved by 13.52% when compared

with that of a sample without Rb. A capacity retention of 88.9% after 100 cycles and an excellent high-

rate performance of 152.3 mA h g�1 at 5C rate were also recorded for the same sample. The Li+ ion

diffusion coefficient calculated from EIS turned out a value of 1.14 � 10�10 cm2 s�1, which is 3.42 times

that of the non-doped sample. Both the enhanced performance and the accelerated Li+ ion diffusion

could be explained by the changes in crystal structures. XRD whole pattern refinement revealed that the

Rb+ ions were incorporated into the lattice by replacing the original Li+ ions, which resulted in reduced

ionic mixing and the expansion in the c axis that led to the enhanced electrochemical performance. As

a whole, incorporation of Rb in LiNi0.8Co0.1Mn0.1O2 by this approach showed great potential to serve as

a promising cathode material for future applications.
Introduction

During the past few decades, lithium-ion batteries have been
widely used in the eld of portable electronic devices on
account of their high energy density, light weight, long cycle life,
and environmental friendliness, for use as the power source for
cellular phones, laptop computers, digital cameras etc.1–4 Most
recently, they have been intensively pursued to power vehicles
(EVs) and renewable energy (such as solar and wind energy).
However, commercialization of these batteries for the high
power industries demands further improvement in their elec-
trochemical performance. One of the most important factors is
the specic capacity of the cathode material. Compared to the
commercialized cathode material LiCoO2 (140 mA h g�1),
layered Ni-rich oxide LiNi0.8Co0.1Mn0.1O2 (NCM811) is consid-
ered as one of the most promising cathode materials for its
larger reversible capacity (�200 mA h g�1) in the same potential
range of 2.8–4.3 V.5–7

However, some intrinsic problems such as low initial
coulombic efficiency, poor rate capacity and poor cyclability
iquan Road, Shanghai 201418, China.

du.cn

hemistry 2017
have hindered the NCM811 cathode material from being
commercialized for lithium-ion batteries. Some studies have
shown that the phenomenon of this electrochemical perfor-
mance degradation of NCM811 is due to the following various
reasons: cation disordering, phase transformation, lattice
instability, and oxygen release from cathode side reactions.8–12

Particularly, cation disordering (some Ni2+ ions of Ni layer move
to Li layer) have been considered as one of the most detrimental
source of failure in battery performance. Since the ionic radius
of Li+ (0.076 nm) is similar to that of Ni2+ (0.069 nm), Ni2+ can
commonly exist in the Li layer.8 Such failure occurs because
cation disordering can collapse the structural stabilities of
cathode materials substantially and degrades the charge/
discharge rates by blocking Li diffusion pathways.13 On the
other hand there is a risk that a rhombohedral lattice will be
distorted into a monoclinic one when lithium ions are extracted
from the structure.14 The situation becomes more signicant
when Li and O atoms are lost from the structure during the rst
cycle charge.15

Accordingly, many strategies have been applied to improve
these shortcomings such as surface modication method and
partial element doping. Li et al. studied the impact of the Cr
substitutions on the NCM811 system and concluded that the
RSC Adv., 2017, 7, 51721–51728 | 51721
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improvement of electrochemical properties derives from the
reduced cation mixing and improved reversibility of Li+ ions
during insertion/extraction.16 Qin et al. found that ultrathin
TiO2 can be coated on the Ni-rich cathode material to protect
the active material from HF attack, which withstand the disso-
lution of metal ions in the electrode and favour the lithium
diffusion of oxide.17 The modication by a small amount of
other cations such as Mg/Al18, Ga19, and FePO4 (ref. 20) etc. has
also been found to improve the electrochemical performance of
the Ni-rich cathode material, as well as other synthetic methods
like spray pyrolysis,21 introduce the additive into electrolyte,22

simplify the process with new method23 and so on.
Recently, Rb cation was employed to stabilize the electro-

chemical properties for Li rich cathode materials.24 In this
article, the electrochemical performance of the cathode mate-
rials were greatly enhanced due to the reduced energy barrier
and the increased diffusion coefficient of lithium ions for the
intercalation/de-intercalation process within the lattice caused
by Rb+ incorporation. We got excited by their results and
decided to try it for NCM811 materials. Here in this work,
RbxLi(1�x)Ni0.8Co0.1Mn0.1O2 (x ¼ 0, 0.005, 0.01, 0.02) cathode
materials were studied using normal solid state method and
hoped to scale it up once the routine is proved as an effective
way. The results showed that the initial capacity, the cyclability
and the rate performance were greatly improved. Both the
reduced Li/Ni mixing and the enhanced Li-ion diffusion coef-
cient caused by the Rb+ incorporation were regarded as the
main factors for such improvement.
Experimental
Preparation of RbxLi(1�x)Ni0.8Co0.1Mn0.1O2

Stoichiometric amounts of nickel oxide (99%), cobalt oxide
(99.9%), manganese dioxide (99%), rubidium carbonate (99%)
and lithium hydroxide monohydrate (99%), all in analytical
grade, were dispersed in distilled water with an excess of 5 wt%
of lithium hydroxide monohydrate. That is, all the starting raw
materials were employed with a molar ratio of
Rb : Li : Ni : Co : Mn ¼ x : (1.05 � x) : 0.8 : 0.1 : 0.1. Aer that,
the suspension was milled for 3 h in a Nano ball mill with
particle size between 200 and 300 nm. The obtained slurry was
dried by a spray dryer to form the precursors of the RbxLi(1�x)-
Ni0.8Co0.1Mn0.1O2 cathode materials. Then the precursor
powders were pressed into tablets under 4 MPa, followed by
crushing and sieving (300 meshes) in room temperature.
Finally, the powders were preheated at 500 �C for 2 h and then
calcined under 800 �C for 12 h in owing O2 atmosphere to
obtain the target RbxLi(1�x)Ni0.8Co0.1Mn0.1O2 cathode materials.
Several samples with different Rb concentration were prepared,
and denoted as Rb0%, Rb0.5%, Rb1% and Rb2% for x ¼ 0,
0.005, 0.01, 0.02, respectively.
Fig. 1 XRD pattern of the prepared samples RbxLi(1�x)Ni0.8Co0.1-
Mn0.1O2 (x ¼ 0, 0.005, 0.01, 0.02).
Characterization of the prepared materials

The crystal structures of the samples were determined by
TD3200 X-ray diffraction (40 kV, 30 mA, Cu Ka1 radiation). For
phase determination, the data were collected in the 10–70� (2q)
51722 | RSC Adv., 2017, 7, 51721–51728
range using 0.02� (2q) per step. For structure renement, a wide
range (10–120�) and a slow scan (0.01� per step) were employed.
The structure renements were carried out with a soware
Jade6.5. The morphologies of prepared samples were observed
via a scanning electron microscopy (SEM, Hitachi, SU8200).
Analysis of the elemental distribution of the particles was per-
formed using a SEM based energy-dispersive X-ray spectrometer
(EDS).

Electrochemical testing

The electrochemical performances of the samples were
measured using electrodes CR2016 coin-type half cells, which
were assembled inside a glove box lled with Ar. The cathode
consisted of 80 wt% calcined powders as active material, 10 wt%
Super P carbon black as conducting agent and 10 wt% PVDF as
binder. Aer being dispersed by NMP, the mixed slurry was
evenly coated on a thin aluminium foil and dried in vacuum for
12 h at 110 �C. The cathode electrodes were pinched from the
lm into a disc with diameter of 12 mm. Then the lithiummetal
foils were used as anode, a polypropylene micro-porous lm
Celgard 3501 as the separator, assemble with LiPF6 (1 M) in
a 1 : 1 : 1 (v/v/v) mixture of dimethyl carbonate (DMC), ethyl
methyl carbonate (EMC) and ethylene carbonate (EC) as elec-
trolyte. Then the charge and discharge tests were carried out on
a LAND CT2001A battery tester at the voltage range of 2.8–4.3 V.
Electrochemical Impedance Spectroscopy (EIS) was conducted
by an electrochemical workstation (Auto lab Pgstat302n) over
a frequency range of 0.05–500 kHz. Cycle voltammetry (CV) of
the cells were measured by CHI660B electrochemical
measurement system.

Result and discussion

Phase determination was nished with XRD investigation.
Fig. 1 displays the XRD patterns of the prepared samples Rbx-
Li(1�x)Ni0.8Co0.1Mn0.1O2. All the diffraction peaks of the
prepared samples matched well with the standard pattern of
LiNiO2 (PDF#74-0919), therefore the patterns can be indexed on
This journal is © The Royal Society of Chemistry 2017
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the basis of the a-NaFeO2 structure (R�3m space group). When
the concentration of Rb is 0.5%, there is no extra diffraction
peaks from secondary phases or impurities, which indicates
that Rb+ ions were successfully incorporated into the lattice
sites of NCM811 and such incorporation did not signicantly
change the crystal structure of NCM811. But when the Rb
concentration increased to 1% and 2%, there is a weak peak at
about 23� due to the limited solubility of Rb in the lattice, which
means that Rb ions can not be completely incorporated into the
lattice sites with a larger concentration.

Furthermore, peak splitting between the 006/012 and 018/
110 peaks at 38� and 65� were clear observed, indicating
a hexagonal structure with well layered structure was achieved
in this approach, and good electrochemical performance could
be expected.

The detailed structural information, such as lattice param-
eters and atomic occupancies were acquired by Rietveld
renement with Jade6.5 soware. The results were summarized
in Table 1, and whole prole renements for RbxLi(1�x)Ni0.8-
Co0.1Mn0.1O2 (x ¼ 0, 0.005, 0.01, 0.02) are shown in Fig. 2. The
weight proled factor Rwp and condence factor R in Table 1 are
two important factors to evaluate the renement results. When
the Rwp is blow 10%, the renement results are reliable and
acceptable. So in our case, the small Rwp demonstrated the
proposed structural model is correct, and the renement results
is acceptable since the calculated curve is tted well with the
observed one. It is well-known that among transition metal Ni,
Table 1 Result of structural analysis obtained from Rietveld refinement

Rb0%

a (Å) 2.873 c (Å) 14.203

Li Rb Ni1 Ni2

Site 3a 3a 3b
Position (0,0,0) (0,0,0) (0,0,1/2)
Occupancy 0.961 0.049 0.753

Rb0.5%

a (Å) 2.881 c (Å) 14.247

Li Rb Ni1 Ni2

Site 3a 3a 3a 3b
Position (0,0,0) (0,0,0) (0,0,0) (0,0,1/2)
Occupancy 0.967 0.0054 0.028 0.774

Rb1%

a (Å) 2.896 c (Å) 14.208

Li Rb Ni1 Ni2

Site 3a 3a 3a 3b
Position (0,0,0) (0,0,0) (0,0,0) (0,0,1/2)
Occupancy 0.954 0.0105 0.036 0.767

Rb2%

a (Å) 2.903 c (Å) 14.193

Li Rb Ni1 Ni2

Site 3a 3a 3a 3b
Position (0,0,0) (0,0,0) (0,0,0) (0,0,1/2)
Occupancy 0.939 0.0203 0.041 0.761

This journal is © The Royal Society of Chemistry 2017
Co, and Mn, Ni ions can occupy the lattice sites of Li ions easily.
Therefore, when the Ni content increases, the extent of cation
mixing is likely to increase too.25,26 As shown in Table 1, the
amount of Ni2+ in Li layer is decreased rapidly from 0.49% to
0.28% when the Rb concentration is 0.5%. But with further
increase in Rb concentration (from 1% up to 2%), the “cation
mixing” rose to 0.36% and 0.41%. This means, a suitable
amount of Rb is essential to suppress the cationic mixing.

Furthermore, the changes in structural parameters were also
obvious. It can be seen from the table that, with the increase in
Rb concentration, the cell volume increased continuously,
because the ionic radius of Rb (1.52 Å) is much bigger than that
of Li (0.76 Å). But the parameters in a, c directions showed
different tendency. As shown in Table 1, compared with the
sample Rb0%, the values of both a-axis and c-axis are enlarged
when the Rb concentration is 0.5%. Thus, it can be conrmed
that the Li slab spacing was enlarged aer the Rb doping. The
increased slab distance is generally associated with faster Li+

ion insertion/extraction, implying that a better electrochemical
performance of Rb0.5% would be obtained, and improved
specic capacity at low current rate could be expected. However,
further increase in Rb concentration did not lead to the increase
in the value of c axis as expected, but only the a-axis value
increased continually. This results strongly suggested that
a crystalline distortion took places with further Rb incorpora-
tion, although the reason is not clear. Further works are still
V (Å3) 101.52

O

Error analysis

Co Mn Rwp (%)
R
(%)

3b 3b 6c 10.12 10.03
(0,0,1/2) (0,0,1/2) (0,0,0.2412)
0.121 0.123 0.995

V (Å3) 102.41

O

Error analysis

Co Mn Rwp (%) R (%)

3b 3b 6c 9.78 9.32
(0,0,1/2) (0,0,1/2) (0,0,0.2394)
0.121 0.116 0.997

V (Å3) 103.18

O

Error analysis

Co Mn Rwp (%) R (%)

3b 3b 6c 10.7 10.25
(0,0,1/2) (0,0,1/2) (0,0,0.2415)
0.116 0.117 0.996

V (Å3) 104.08

O

Error analysis

Co Mn Rwp (%) R (%)

3b 3b 6c 9.93 9.61
(0,0,1/2) (0,0,1/2) (0,0,0.2412)
0.119 0.118 0.998

RSC Adv., 2017, 7, 51721–51728 | 51723
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Fig. 2 Rietveld refinement for the prepared samples with different Rb concentration: (a) x ¼ 0; (b) x ¼ 0.005; (c) x ¼ 0.01; (d) x ¼ 0.02.
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being carried on to provide more reasonable explanation, and
the results will be reported elsewhere if possible.

The morphologies of the prepared samples were monitored
by SEM. In general, the morphologies of all the sample powders
are characterized by uniform and large spherical agglomerates
with an average particle size of 5 mm. Fig. 3 shows the SEM
images of the prepared RbxLi(1�x)Ni0.8Co0.1Mn0.1O2 samples
with different Rb concentration. It can be seen from the gures
that the particles are composed by some smaller primary
particles about 200–300 nm. And no obvious morphology
change was observed for all the particles, which means that Rb
incorporation did not change the growth manner of the Rb-
Fig. 3 SEM images of prepared samples: (a) x¼ 0; (b) x¼ 0.005; (c) x¼
0.01; (d) x ¼ 0.02.

51724 | RSC Adv., 2017, 7, 51721–51728
NCM materials and therefore similar morphology and close
grain size were observed for those Rb-NCM particles with
different Rb concentration.

EDS analysis were performed and an typical results for
sample Rb1% are shown in Fig. 4, where different colours
represent different element. From the EDS mapping results, it
can be clearly seen that Ni, Co, Mn and Rb are uniformly
distributed in the Rb1% sample. Although the concentration is
not high enough, the Rb ions exhibited excellent uniformity
without any aggregates. Such a uniform distribution suggested
that no Rb-related secondary phases was formed during the
solid state reaction, showing good accordance with the XRD
analyses shown in Fig. 2. It also conrmed that the Nano-
milling process employed in our approach is a promising
route for the synthesis of the Rb-doped NCM811 cathode
materials with homogeneous elemental distribution.
Fig. 4 EDS mapping of the Rb0.01Li0.99Ni0.8Co0.1Mn0.1O2.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra10053a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 1
1:

54
:4

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The initial charge/discharge curves of RbxLi(1�x)Ni0.8Co0.1-
Mn0.1O2 (x ¼ 0, 0.005, 0.01, 0.02) between 2.8 and 4.3 V at 0.5C
rate were also conducted at room temperature, as shown in
Fig. 5(a). All the prepared electrodes had similar charge and
discharge curves and showed a potential plateau at about 3.6 V
(vs. Li/Li+). The difference in specic capacity is very clear. For
the Rb replaced samples, when the Rb concentration increase
from 0% to 2%, the initial discharge capacities were measured
as 166.4 mA h g�1, 188.9 mA h g�1, 176 mA h g�1 and
174.3 mA h g�1, respectively. We notice that the electrochemical
data obtained by our routine is somewhat smaller than the data
obtained by the other methods which usually present a specic
capacity of 175 mA h g�1 at 0.5C.27 We realized that a set of
optimal process parameters should be considered for preparing
the target cathode materials that could meet the industry
requirement. However, the goal of this work is to investigate the
role of Rb ions played in improving the electrochemical
performance of the NCM811 cathode material. So we just
prepared the Rb dopedmaterial in a well-known procedure, and
focused on the changes in the electrochemical properties
caused by the difference in Rb concentration. The discharge
capacity of sample Rb0.5% was improved by 13.52% when
compared to that of sample Rb0%, showing the enhanced result
of Rb incorporation. Such improvement can be explained by the
volume expansion as conrmed by XRD investigation. As shown
in Table 1, Rb ions were incorporated into the original Li sites
and c axis was expanded since Rb has a large ionic radius over
Li. Such expansion will accelerate the migration of Li ions and
the amount of Li ions involved in the electrochemical process
could also be increased. By this way, improved specic capacity
at low current rate was observed. We also found from XRD
results that the doping of Rb+ reduces the Li+/Ni+ mixing, which
could be another explanation for the enhanced specic
capacity.

However, further increase in Rb concentration did not work
as previously expected, but reduced specic capacities were
observed for Rb1% and Rb2% samples. This means an optimal
Rb concentration is suitable to improve the electrochemical
performance. Such behavior can be explained by the changes in
the lattice parameter of c axis. From the XRD renement, as can
be seen from Table 1, when x reaches 0.01, the lattice parameter
of a axis increased continually while c axis begin to shrink, the
Fig. 5 Initial charge and discharge curves at 0.5C rate.

This journal is © The Royal Society of Chemistry 2017
cell distortion was observed. Such distortion reduced the
spacing of Li ion slab, and restricted the diffusion of Li ions and
the reduced electrochemical behaviors were thereaer
observed.

The cycling performance of the prepared samples were also
investigated. Fig. 6(a) shows the cycling performance of all the
samples tested under a constant current of 1C at room
temperature. The capacities of the four samples aer 100 cycles
are 104.1 mA h g�1, 149.5 mA h g�1, 124.1 mA h g�1 and
129.9 mA h g�1, respectively. Clearly, the sample Rb0% shows
a large capacity fade of 29.9% aer 100 cycles, whereas all of the
other samples Rb0.5%, Rb1%, Rb2% exhibited enhanced
cycling performance, the capacity retention rates are 88.9%,
80.8%, 84.9%, respectively. We also noticed the earlier work to
improve the rate performance of such materials by the Cr/Mg
co-doping method, where capacity of 122.5 mA h g�1 aer 50
cycles for LiNi0.78Co0.1Mn0.1Cr0.01Mg0.01O2 was reported.28

Therefore, it seems that our approach, the Rb incorporation
method, is also an effective way to improve the rate capability.
Such enhancement could be explained by two reasons as
follows: the decreased Li+/Ni2+ ion mixing and the expanded Li
layer spacing caused by the Rb incorporation. Such modica-
tions in the lattice structure led to the reduce in the internal
resistance, the expansion of the Li+ mobile channel, and thus
provided a lower activation barrier for Li mobility during the
cycling and therefore promoted the Li diffusion in the layered
structure.29

Cyclic voltammetry (CV) is a useful electrochemical tool
wherein the changes taking place in an electrochemical reac-
tion is monitored by measuring the current–potential
responses. Fig. 6(b) depicted the CV proles of RbxLi(1�x)Ni0.8-
Co0.1Mn0.1O2 (x ¼ 0, 0.005, 0.01, 0.02) cells, detected between
2.8–4.3 V at a scan rate of 0.1 mV s�1. We can note that there are
three pairs of reduction and oxidation peaks in all of the
samples, which consistent with the CV results for nickel-rich
materials (LiNiO2 or the materials in which Ni/M > 0.5) which
present typical curves involving the three-phase transition
process, caused by phase transitions of hexagonal phase to
monoclinic phase (H1–M, 3.75/3.82 V), monoclinic phase to
hexagonal phase (M–H2, 3.98/4.08 V), and hexagonal phase to
hexagonal phase (H2–H3, 4.19/4.24 V) during the charge–
discharge process.30,31 It is also found that the samples redox
RSC Adv., 2017, 7, 51721–51728 | 51725
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Fig. 6 Cyclic performance at 1C rate (a) and cyclic voltammograms with scan rate of 0.1 mV s�1 (b).
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voltage gaps in H1 to M region are 0.102 V, 0.077 V, 0.111 and
0.096 V, respectively. Such narrow voltage gap of 0.77 V for
Rb0.5% sample indicated that the material has a better
reversibility, which is in good accordance with the results ob-
tained in the cyclability test with a capacity retention of 88.9%
aer 100 cycles shown in Fig. 6(a).

Fig. 7 shows the rate capability of RbxLi(1�x)Ni0.8Co0.1Mn0.1-
O2 (x ¼ 0, 0.005, 0.01, 0.02) cathodes. As can be seen from the
gure, the specic capacity of all the samples decreased as the C
rates increasing, and among them the Rb0.5% electrode
displays the best rate performance. The pure Rb0% electrode
showed a discharge capacity of 164.4 mA h g�1, 162.9 mA h g�1,
161.5 mA h g�1, 150.8 mA h g�1 and 133.5 mA h g�1 at 0.1C,
0.2C, 0.5C, 1C and 5C, respectively. While the results of Rb0.5%
electrode is 188.2 mA h g�1, 184.4 mA h g�1, 173.8 mA h g�1,
167 mA h g�1, and 152.3 mA h g�1 respectively under the same C
rates and testing condition. The Rb1% and Rb2% electrodes
also presented better discharge capacity than Rb0%, indicating
the Rb dopant has played a positive role in improving the rate
performance. Especially at 5C rate, the capacity of sample
Rb0.5% increased 14.08%, 10.21% and 11.33% compared with
other three samples, respectively. Therefore, an appropriate
amount of Rb doping is also favourable for improving the rate
capability of LiNi0.8Co0.1Mn0.1O2. And this improvement of the
specic discharge capacity at accelerated rates evidently
Fig. 7 Rate performance of the prepared samples.

51726 | RSC Adv., 2017, 7, 51721–51728
demonstrates the superiority of the Rb doped NCM811 in the
electrochemical properties. We can also found from the gure
that the capacity can be easily recovered aer 5C charge/
discharge, showing the potential of the cathode material in
practical application.

In order to further understand the promoted effects of the Rb
ions on the electrochemical properties of NCM811 in the
composite, electrochemical impedance test were conducted for
Fig. 8 EIS results of electrodes. (a) Nyquist plot of the EIS of coin cells,
(b) the linear relationship between the Warburg impedance and the
inverse square root of angular frequency, the slopes of the simulated
lines are the Warburg constant for the samples.

This journal is © The Royal Society of Chemistry 2017
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Table 2 The values of Rs, Rct and calculated Li diffusion coefficient
(DLi+) for the samples with different Rb concentration

Sample Rs (U) Rct (U) s (U s�0.5) DLi+ (cm
2 s�1)

Rb0% 6.27 352.5 58.74 3.33 � 10�11

Rb0.5% 4.66 250.3 31.72 1.14 � 10�10

Rb1% 4.98 326.6 58.04 3.42 � 10�11

Rb2% 5.37 278.1 48.96 4.82 � 10�11
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all the composite electrodes. As can be seen from Fig. 8(a). The
shape of the Nyquist plots for all four samples are all similar.
They are composed of a small semicircle in the high frequency
and a big semicircle in the high to medium frequency. The
small semicircles in the high frequency can be assigned to the
resistance of Li+ diffusion in the surface layer (including the SEI
lm and the surface modied layer).32 Such impedance spectra
can be explained by an equivalent circuit model as shown in the
inset of Fig. 8(a), including a solution resistance (Rs), a charge-
transfer resistance (Rct), a constant phase element (CPE) and
Warburg impedance (Zw). The results were tted with Nova1.01
soware and the results are listed in Table 2. Among those
parameters listed, Rs represents the resistance of the electrolyte,
electrode substrate metal, electrode leads, terminals, etc. Rct

represents the charge transfer within the cathode material.33 It's
obvious that Rs and Rct of Rb0.5% electrode were the smallest
among the four samples, which indicated that the interfacial
resistance was reduced and charge transfer at the electrolyte/
electrode interface was greatly enhanced as listed in Table 2.

To conrm the enhanced Li-ion diffusion, the Li-ion diffu-
sion coefficients (DLi+) were calculated with the data from
impedance spectra,34 according to the following eqn (1). In this
equation, R is the gas constant, T is the kelvin temperature at
the time of the experiment, A is the geometric area of the
cathode, n is the number of electrons transferred during redox
process, F is the Faraday constant, c is taken as the molar
density of Li-ion in an electrode. In which R and F are constants,
n, A, and c are consistent in all the samples experiments. The
only effect of the calculation is s, it's the slope of the straight
line Z0–u�1/2 and can be obtained by the eqn (2).

D ¼ R2T2

2A2n4F 4c2s2
(1)

Z0 ¼ Rs + Rct + su�1/2 (2)

Fig. 8(b) shows the relationship between Z0 and u�1/2, from
which a good linear characteristic was observed. Combining
eqn (1) and (2), the Li-ion diffusion coefficients can be calcu-
lated, and the results are list in Table 2. From the results we can
know that the Li-ion diffusion coefficients of sample Rb0.5% is
1.14 � 10�10 cm2 s�1, about 3.42 times that of sample Rb0%.
Therefore, themigration of Li-ions can be effectively accelerated
by Rb doping in the crystal. Combining with the previous
analysis, it's clear that incorporation of Rb into the NCM811
lattice could effectively improve the electrochemical behaviours
This journal is © The Royal Society of Chemistry 2017
of the material, and an optimal concentration of Rb is limited to
0.5% in our approach. Such results are in good accordance with
the changes in lattice parameter of c axis. The c value increases
with the incorporation of Rb but decrease with the excess
amount of Rb incorporated. Therefore, it seems in our case, for
sample Rb0.5%, with the increase in Rb concentration, the c
axis increases, the interlayer spacing is enlarged, the diffusion
of Li ions is enhanced and nally the electrochemical properties
is improved. However, when x reaches 0.01, the lattice distor-
tion happened, c axis begin to shrink, the Li ion diffusion is
restricted, and therefore the electrochemical performance is
reduced.
Conclusions

In summary, well-ordered layered Rb-NCM cathode materials
had been successfully synthesized by solid-state reaction under
800 �C. XRD analysis demonstrated a typical hexagonal struc-
ture for the prepared samples. Rietveld renement conrmed
that the Rb+ ions were incorporated into the Li slab, resulting in
the reduce of cationic mixing and the expansion of the Li slab
spacing. Such changes in crystal structure decreased the acti-
vation energy for Li+ ion to migrate in the channel and enhance
the layer structural stability, and thus led to an improvement in
electrochemical performance. As a result, sample Rb0.5% pre-
sented the best electrochemical properties, with improved
initial discharge capacity, rate capability, and cyclability. The
initial discharge capacity of sample Rb0.5% is 188.9 mA h g�1,
increased 13.52% when compared with that of sample Rb0%.
Even at high rate of 5C, sample Rb0.5% also showed excellent
discharge capacity of 152.3 mA h g�1, which increased 14.08%,
10.21% and 11.33% when compared with other three samples,
respectively. An improvement in the diffusion coefficient was
also observed for such Rb replaced samples. The sample with
0.5% Rb incorporation also presented a diffusions coefficient of
1.14 � 10�10 cm2 s�1, which increased several times when
compared with the non-doped sample. The enhanced electro-
chemical performance and the increased Li+ ions diffusion,
could be attributed to the expanded Li slab thickness and
reduced ionic mixing caused by Rb incorporation. Therefore,
the results obtained in our approach indicated that the Rb-
substituted LiNi0.8Co0.1Mn0.1O2 is a promising candidate for
application in high-performance lithium-ion batteries.
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