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Abstract

As a promising Li-ion battery cathode active material, lithium-rich manganese-based layer-structured oxides suffer from inferior
cycle performance and poor rate capability. Herein, Nb-doped Li; ,Mng 54Nig 13Co0g 130, is prepared by a sol-gel method, and the
effects of Nb doping on its electrochemical performance are investigated. It is concluded that the Nb-doped
Li; »Mng 54Nij 13C0¢ 1305, has a good layered structure along c-axis independent on the amount of Nb dopant and little cationic
mixing. Nb doping for Li; ,Mny 54Nij 13C00 1305 has no obvious influence on its morphology. It is found that Nb doping can
enhance the electrochemical activity of Li; ;Mnyg 54Nig 13C0¢.130,, such as improved rate performance and cycle performance
under high rate conditions. Li; ;Mnyg 54Nij 13C0¢ 130, doped with 0.015 Nb shows the best cycle performance under the high rate
with the capacity maintenance of 95.4% after 100 cycles under 5 C rate, which is higher than that of the undoped one by 10.5%.
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Introduction

With the development of electric vehicles (EV), lithium ion
batteries are regarded as the best power sources for EV [1, 2].
However, the current Li-ion battery technology cannot fully
meet the demands of EV application yet due to its low energy
density and power density. Performance of Li-ion batteries
crucially depends on the positive electrode material used, so
the preparation of the positive electrode materials with high
power density, high capacity [3—6], low price, and good sta-
bility becomes the current research direction [7—11]. Li-rich
layered oxides have been identified as the most promising
candidate for EV. These materials provide >250 mAh g re-
versible capacities by applying a high charging voltage
[12-16], whereas conventional layered cathodes only have
reversible capacities of 140-190 mAh g~' [17, 18].

Li-rich cathode materials with general formula xLiMO,-
(1-x)Li,MnO5; (where M = Mn, Co, Ni, etc) have generated
lots of research interest due to their large capacity and
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complex crystal structure [19-23]. Li-rich phase
Li; 5Nig 13C0¢ 13Mng 540, which can be considered as com-
posite of LiNij33C0033Mng330, and Li,MnO; is the most
studied member of the family because of its high stable ca-
pacity [24-26].

Though Li-rich layered oxides exhibit almost double the
capacity of well-known cathode materials like LiCoO,,
LiFePQO,, or LiMn,O,4, however, there are several problems
that seriously limit their practical application. For example,
oxygen evolution during the first charge in the high voltage
region results in the first cycle large initial irreversible capac-
ity loss, rapidly decreased capacity, and poor rate performance
results from layered to spinel conversion during long-term
cycling [27-31]. Several strategies were performed to im-
prove rate capability and cycling stability of Li-rich layered
oxide, such as surface coating [32-35], bulk doping [36-39],
core-shell structure [40, 41], and synthesis of nanostructured
material [42, 43].

Among these methods, element doping has been proved to
be a simple and effective approach to improve the electro-
chemical performance of Li-rich cathode materials. Many el-
ements have been extensively used as doping materials. It was
reported that K* doping in Li; »Mng s4Cog 13Nig 130, oxide
effectively alleviated layered-spinel intergrowth and stabilized
the host layered structure with significantly improved cycling
performance [44]. The replacement of Li with Mg for
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Li; ,Mng s4 Njo.13C00.130, cathode showed enhanced specific
capacity, rate capability, and cyclic stability [45]. Xin Feng
reported that Ti-doped Li; ,Mny 54C0 13Nig 130, exhibits an
initial capacity of 320 mAh g ' and a capacity retention of
71% after 300 cycles as well as good rate performance. These
improvements are attributed to the Ti doping-induced en-
hancement in conductivity, diffusion, activation energy of
Mn migration, and Ti-O bonding [46]. To improve the rate
performance and decelerate the voltage decay of Li-rich lay-
ered oxide cathode materials, Se element was doped in Li-rich
materials. Se doping can improve the degree of crystallinity of
Li;MnOj; and effectively improve the rate capability and de-
celerate the voltage decay process of these cathode materials
during cycling via suppressing the oxidation process of O to
O, and curbing a layered-to-spinel phase transformation [47].
Li-rich layered materials with B-doped exhibit excellent cy-
cling performance and voltage stability. After 51 cycles at 0.2
C, boron incorporated material can deliver 211 mAh g ' with
a capacity retention of 89.9% [48]. Li-rich layered oxide by
annealing the acid-treated cathode powder with a Ga source to
allow the Ga doping into the lattice reduced the voltage de-
pression in the cycled electrode [49]. Li-rich layered oxides
with gradient polyanion doping show a high reversible dis-
charge capacity of ~300 mAh g ' at 0.1 C, excellent cycling
stability with a capacity retention of 95% after 100 cycles, and
enhanced electrode kinetics [50].

In this work, Li-rich material Li; ;Mnq 54Nig 13C0g.130,,
which doped with different amounts of Nb, was prepared by
a sol-gel method. The effects of doped Nb on the structure and
electrochemical performance of the materials were investigat-
ed. Two factors were considered to adopt niobium as dopant:
ion radius and valence. The radius of niobium ion is bigger
than that of manganese ion, and the valence of niobium ion is
higher than that of manganese ion. So the doping of niobium
in Li; ,Mng 54C0g.13Nig 130, would enlarge the interlayer
spacing and improve the electroconductivity. All these change
will be benefit to rate performance of materials..

Experimental
Preparation of materials

All the chemicals used in this work were of analytical grade
and with no further purification. The cathode material
Li; ,Mng s4.,Nig 13C00.13Nb, O, was synthesized by sol-gel
method. A stoichiometric amount of Ni(CH;COO),-4H,0,
Co(CH;C00),-4H,0, Mn(CH3C0OO0O),°4H,0, and
LiCH3COO-H,0 was dissolved in distilled water with 5%
access of LiCH;COO, the solution was labeled as A.
Amount of glycolic acid was dissolved in 20-mL distilled
water, and the solution was labeled as B. The mole ratio of
glycolic acid to all the metal ions was 1.1. Solution B was
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dropwise added into the stirring solution A, and the pH value
of the solution was adjusted to 7.5 using ammonia water.
Thereafter, the solution was evaporated under continuous stir-
ring at 90 °C until the viscidity maroon aquagel was formed.
After drying at 120 °C in a drying oven overnight, the xerogel
was crushed, subsequently heated at 450 °C for 5 h in air to
decompose the organic constituents and acetate components.
The sample was then grounded and pelletized, and a amount
of Nb,O5 was added in the sample. The mixture was grounded
for 1 h and calcined at 900 °C for 12 h followed by grounding
for later use as the temperature cooled down to room
temperature.

Performance measurements

All the samples were characterized using X-ray diffraction
(XRD; Rigaku Ultima D/max-RB 12 KW) with a Cu K« radi-
ation source. Data was collected in the range 10-90° at a scan-
ning rate of 5 ° min . The chemical composition of samples
was measured quantitatively by inductively coupledplasma
atomic emission spectrometry (ICP-AES, ICPE 9000
Shimadzu). The surface morphologies and microstructures of
the samples were observed using a Hitachi SU8010 scanning
electron microscope (SEM).

The electrochemical properties of the samples were exam-
ined in the CR2025 coin type cells. The cathode electrodes
were prepared as follow: the sample: acetylene black:
PVDF = 8:1:1 with an appropriate amount of N-methyl-2-pyr-
rolidone (NMP) ground to a uniform slurry substance. The
obtained slurry was coated on the surface of aluminum foil
and dried in a vacuum oven at 50 °C for 10 h and then formed
into electrode sheets. The mass of active material in the elec-
trode for final cell assembly is 1.5 mg cm 2, and the thickness
of the electrode is about 10 um. The CR2025 button cells
were fabricated by using Li metal as the negative electrode
and the prepared electrode sheet as positive electrode in an
argon-filled glove box. The electrolyte solution was a 1
mol L™ LiPF,. The galvanostatic charge-discharge tests were
performed on a BTS series battery testing system which is
made by Neware Technology between 2.0 and 4.8 V at room
temperature.

A CHI430 electrochemical workstation which is made
by CH Instruments Inc. was used to perform cyclic volt-
ammograms (CV) of the prepared materials between 2.0
and 4.8 V at a sweep rate of 0.1 mV s~ at room temper-
ature. The electrochemical impedance spectroscopy (EIS)
measurements were conducted by a M2273 electrochem-
ical measurement system which is made by the EG&G
company at room temperature. A two-electrode system
was used to conduct the EIS of the cells at frequencies
from 10 MHz to 0.01 Hz with an AC perturbation signal
of 5 mV. All the cells were discharged to 2.0 V at 0.1 C
and relaxed for another 2 h before the EIS measurement.
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The potentials throughout the paper are referenced to the
Li*/Li couple.

Results and discussion

Figure 1 shows XRD patterns of different Li; ;Mng s4.
C0¢.13Nig 13Nb,O,. As can be seen, all the diffraction peaks
are sharp, indicating that Li; ;Mng 54.,C00.13Nig 13Nb, O, (x =
0, 0.01, 0.115, and 0.02) have a good crystallinity. The well-
separated diffraction peaks of (006)/(012) and (108)/(110)
demonstrate a pure layer structure [51], and the corresponding
lattice parameters are calculated and presented in Table 1.
All the diffraction peaks can be indexed to a-NaFeO, (PDF
no. 20-1115), indicating that the as-prepared Li; ;Mny s4.
+Cog 13Nig 13Nb,0, have a a-NaFeO, structure with R-3m
space group. Besides, the well-separated diffraction peaks of
(006)/(012) and (108)/(110) demonstrate their layered struc-
ture [51]. Generally, the value of c¢/a and o3y//(104) is indic-
ative of the ordering and the cationic mixing degree of the
layered structure [52, 53], a higher value of oo3y//(104) indi-
cates better ordering for the cation [54]. From Table 1, all
Li; ;Mng 54.4Cog 13Nig 13Nb,O, have a good layered structure
since the c/a values of were all larger than 4.899. The /o3y
I104y values of all Li; ;Mng 54.,Cog 13Nig 13Nb, O, were great-
er than 1.2, meaning little cationic mixing, among
Li; »Mng 505Co0¢ 13Nig 13Nbg 0150, has the least cationic
mixing. The ¢ value represents the distance between Li,O
layer and MO layer. The ¢ values of different Li; ;Mny s4.
«C00.13Nig 13Nb,O, change slightly with increasing the
amount of Nb dopant, and Li; ;Mng 5,Coyp 13Nig.13Nbg 0202
has a larger distance between Li,O layer and MO layer, lead-
ing to easier intercalation of Li-ions and resulting a higher
discharge capacity. Dahn [55] found that the lower the R factor
(R = 006) + L012))/I101)), the higher the order of the material
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Fig. 1 XRD patterns of Li; ;Mng s4.,Cog 13Nip.13Nb,O, materials
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Table 1 Lattice parameters of Li; ;Mng 54.,C0¢.13Nig.13Nb, O,
materials
X a (A) c (A) cla ratio 1(003)/1(104) R
0 2.849 14.229 4.995 1.640 0.267
0.01 2.851 14.233 4.992 1.428 0.324
0.015 2.853 14.247 4.993 1.710 0.237
0.02 2.853 14.251 4.994 1.644 0.279

which possesses better electrochemical performance. From
Table 1, Lil_2MHO_525C00.13Ni0.13Nb0_01502 has the least R
value, which means that its electrochemical performance
may be the best.

The chemical compositions of the samples were confirmed
by the ICP elemental analysis technique. As presented in
Table 2, the results indicate that the average chemical compo-
sitions of the as-synthesized materials are very close to the
targeted stoichiometry.

The morphologies and sizes of the samples have effects on
their electrochemical performance. Figure 2 shows SEM im-
ages of different Lil.zMn0_54_xC00,13Ni0.13Nbx02. As
displayed in Fig. 2, all Li; ;Mng 54.,C0¢.13Nig.13Nb, O, show
a similar morphology with the sizes of 200400 nm. It can be
seen that the amounts of Nb dopant have little influence on the
sizes of material. For nanomaterials, since the diffusion path
for the Li-ions’ migration can be greatly reduced, rate perfor-
mance can be improved. Figure 2e indicates that niobium was
evenly distributed in the host material.

Figure 3 shows the first charge and discharge curve
of different Lil,2Mn0.54_xC00,13Ni0.13Nbx02. It can be
seen that the first discharge capacity of the Nb-doped
material is increased, for example, the first discharge
capacity of Li; ,Mng 535C0¢.13Nig.13Nbg 010, is the
highest, and the first charge and discharge efficiency
of Li]_2MH0.525C00_13Ni0_13Nbo_01502 is 68.3% which is
69.1% of that of the undoped one. With the increase of
the Nb doping amount, the first charge and discharge
efficiency is gradually reduced.

Figure 4 shows the cycle performance of different
Li; ;Mng s4.,Cog 13Nig 13Nb, O, materials. It can be seen from
Fig. 4a that the first discharge capacity of the Nb-doped
Li; ,Mng 54..C0q 13Nig 13Nb, O, was decreased at 0.2 C in
comparison to the undoped one with the capacity retention
rates of 69.8% (0.00 Nb), 87.1% (0.01 Nb), 88.9% (0.015
Nb), and 83.0% (0.02 Nb) after 50 cycles, respectively.
From Fig. 4b, it could be seen that the capacity of
Lil.zMn0.525COO.13Ni0'13Nb0.01502 is 146.3 mAh g_] after
100 cycles, and its capacity retention rate is 99.1%, which is
higher than 91.7% of the undoped one. It can be seen from
Fig. 4c that the discharge capacity of Nb-doped Li; ;Mng s4.
+C0g.13Nig 13Nb, O, is slightly increased at 5 C compared with
the undoped one, for example, and the discharge capacity of
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Table 2 Chemical composition

x=0.01

x=0.015

x=0.02

1.193 (1.200)
0.536 (0.530)
0.129 (0.130)
0.128 (0.130)

1.192 (1.200)
0.527 (0.525)
0.128 (0.130)
0.132 (0.130)

1.195 (1.200)
0.516 (0.520)
0.127 (0.130)
0.134 (0.130)

results of ICP analysis of Metal ions x=0

Li; 5Mng 54..C0p.13Nig 13Nb,02 ]

materials. Numbers in Li 1.191 (1.200)

parentheses indicate designed Mn 0.545 (0.540)

values Ni 0.133 (0.130)
Co 0.129 (0.130)
Nb 0(0)

0.009 (0.010) 0.013 (0.015) 0.022 (0.020)

Lil,2Mn0_525C00,13Ni0,13Nb0,01502 is 95.0 mAh g_1 at 5 C.
From the cycle performance, 0.015 Nb doping can improve
the cycle performance of Li; ;Mng 54C0 13Nig 130,.

The rate performance of different Li; ,Mng s4.
xCOo.lgNiO,lg,Nbez is shown in Flg 5. The rate

Fig. 2 SEM images of

Li; 5Mng 54..C00.13Nig.13Nb O
material. ax=0.bx=0.0l.cx=
0.015. d x=0.02. e EDS element
mapping of sample

performance of Nb doped material is improved over the
undoped one. At the discharge rate of 5 C, the discharge
capacity of the doped material is 95.0 mAh g ', which is
higher than 70.0 mAh g ' for the undoped one. Nb doping
for the lithium-rich materials could improve the cycle
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Fig. 3 Initial charge and discharge profiles of Li; ;Mng s54.
+C00.13Nig 13Nb, O, materials

performance, while the rate performance has also been
improved.

To explore the electrochemical redox responses of different
Li; sMng 54.,C0g 13Nig 13Nb, O, electrodes, CV measurement
was carried out. As shown in Fig. 6, in initial anodic process,
all the cathode electrodes have two obvious anodic peaks
around at 4.2 and 4.6 V. The oxidation peak at 4.2 V corre-
sponds to the ionization of lithium ions from the LIMO, (M =
Mn, Ni, Co) structure, accompanied by the oxidation of Ni**
to Ni** and Co* to Co**, which correspond to the first dis-
charge platform in the first charge-discharge curve. The oxi-
dation peak at 4.6 V corresponds to the activation of
Li,MnOj3, corresponding to the second discharge platform in
the first charge-discharge curve. When the Li,MnO; compo-
nent in the lithium-rich material is charged to 4.4 V and above,
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Fig. 5 Rate performance of Li; ;Mng s54.,C0q 13Nig 13Nb,O, materials

Li will be removed from Li;MnOj3, accompanied by the loss
of oxygen and the generation of MnO, component, which is
irreversible with a large irreversible capacity and thus lead to
the disappearance of the second anodic peak during the fol-
lowing two scanning laps. In addition, a negative shift of the
oxidation peak potential was observed, which becomes de-
creased with the increase of scanning number, illustrating a
good reversibility of the cathodes. With the increase of Nb
content, the oxidation peak at 4.6 V in the first cycle curve
gradually increases, which corresponds to the gradual de-
crease of the first charge and discharge efficiency. The reduc-
tion peaks at about 3.25 V became increased with the increase
of the Nb-doping amount, and they coincide each other during
the second and third lap. The reduction peaks are more obvi-
ous in the second and third cycle curves, indicating that the
cathode material was further activated. These findings are

Fig. 4 Cycling performance of ( a) - (b)
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Fig. 6 CV curves of Li; ;Mng 54 0.5 0.8 )
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the samples.

In order to study the kinetics of lithium ion intercalation/
deintercalation of lithium-rich layered materials, EIS measure-
ments were performed. Figure 7 is the Nyquist plots of
Li; ,Mng 5s4.,C0g.13Nig 13Nb, O, materials. The impedance
spectrum of the Li-rich layered material usually consists of
three regions, reflecting the serial nature of the lithium ion
intercalation/deintercalation process. The semicircular in high
frequency region is attributed to the Li-ion transport through
the surface, that in the medium-frequency region is ascribed to
charge-transfer reaction at an electrolyte-electrode interface,
and the low frequency region is attributed to the solid diffu-
sion of lithium ions in the inserted compound. The high-
spectrum impedance and the real part of the impedance dia-
gram represent the ohmic resistance (R;) of the solution. The
semicircular diameter corresponds to the surface charge trans-
fer resistance (R.,), followed by a slash corresponding to the
Warburg impedance of lithium ion diffusion. As can be seen
from Fig. 7, the R, of different samples could be ignored
compared to R.,, while R, is the smallest for
Li1_2Mn0,525C00.13Ni0.13Nb0,01502. The results show that the
ion transport channel of Li1_2MH0525C00.13Ni0'13Nb0.01502 is
short, which can accelerate the Li* deintercalation to achieve
good rate performance. The surface charge transfer resistance
of Li; ,Mng 5,5C0¢ 13Nig 13Nbg 01505 is lower than the other
two materials, indicating its highest rate capability. In ad-
dition, the lithium ion diffusion coefficient (D) of samples
is calculated from the inclined line in the low-frequency
region and presented in Table 3. As shown in Table 3, Nb-
doped materials demonstrate higher lithium ion diffusion
coefficient than the undoped one, which agree well with
the electrochemical results.
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In this work, the Li-rich material Li; ;Mng 54Nig ;3C0g 1302
doped with Nb was successfully prepared by a sol-gel method,
and the effects of the Nb-doping amount on the morphology,
the structure properties, and the electrochemical performance
of the materials were studied. Nb doping has no significant
effects on its original layered structure and cationic mixing,
but slightly impacts on the stacking along c-axis. The reduc-
tion potential became increased with the increase of the Nb-
doping amount, this will benefit to the discharge performance.
Nb doping for Li; ;Mny 54Nip 13C0¢ 130, can notably enhance
its cycle performance, the capacity retention rates of the ma-
terials at 0.2 C was improved from 69 to 88% after 50 cycles,
and Ll] ,2Mn0,525C00,]3Ni0,13Nb0,] 502 shows the best hlgh rate
cycle performance with the capacity maintenance of 95.4%
after 100 cycles under 5 C rate, which is higher than that of
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Fig. 7 Nyquist plots of Li; 2Mng 54..C0o.13Nio.13Nb, O, materials
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Table 3  Diffusion coefficient of Li; ,Mng s4..C0¢ 13Nig 13Nb, O,
materials

X 0 0.01 0.015 0.02
D(cm*s )x 107" 0.32 5.51 3.52 3.23

the undoped one by 10.5%. The rate performance of Nb doped
material is also improved over the undoped one. At the dis-
charge rate of 5 C, the discharge specific capacity of the doped
material is 95.0 mAh g ', which is higher than 70.0 mAh g~
for the undoped one.
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