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Abstract The Li[Lio_zMn0.54Nio_13C00_13]02 materials dOpCd
with different Mo content were studied using electron micros-
copy (SEM), transmission electron microscopy (TEM), ener-
gy dispersive X-ray analysis (EDX), and X-ray diffractometry
(XRD). The electrochemical properties were also measured.
An increase of Mo content resulted in a bigger lattice volume
and a lower cation disorder. In addition, the electrochemical
performance was enhanced with the increasing Mo content.
However, more aggregation of particles was found to occur at
a higher Mo content, which resulted in worse electrochemical
performance. The highest electrochemical performance was
obtained with a 5 mol% Mo addition.

Keywords Cathode materials - Structure - Mo - Capacity

Introduction

Over the past few years, much work has been performed on
the structures and properties of layered lithium cobalt nickel
manganese oxide materials because they are seen to be prom-
ising cathode materials for Li-ion batteries in terms of their
abundance, low-cost, and nontoxicity [ 1-5]. Among all these,
Mn-based lithium-rich layered oxides are more attractive due
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to the high theoretical specific capacity and relative low cost.
The successful application of these materials can increase the
energy density of Li-ion batteries, such as
Li; ,Mng 54Nip 13C0¢ 1305, which shows a more than
250 mAh g ! capacity when the rate is 0.1 C [5-9].
Recently, this cathode material has seen more interest in
research within the electrode material field. Zhao and Lee [5,
10] studied the effect of lithium, manganese and nickel con-
tent on the electrochemical performance. Many people [4, 6,
11-13] have improved this cathode material through various
methods. However, for practical applications of this solid
solution material as lithium-ion battery cathodes, the electro-
chemical performance needs to be improved, especially for
the development of electric vehicles. On the other hand, the
radius of the lithium ion (» ;' =0.76 nm) is close to the radius
of the nickel ion (r Ni2+=0.69 nm). Therefore, the cation
disorder tends to happen between the nickel ions and lithium
ions [14]. The higher cation disorder would make it more
difficult for lithium ions to deintercalate from the layered
structure, resulting in a loss of electrochemical performance.
So the content of Ni can affect the electrochemical perfor-
mance of the layered lithium—cobalt-nickel-manganese—ox-
ide materials dramatically. Therefore, the modification on
nickel may improve structural ordering and electrochemical
performance. The Mo has a larger atomic radius than Mn, Ni
and Co, the strong Mo—O hybridization may replace the weak
Ni—O hybridization, which may reduce the cation disorder and
enhance metallic behaviors. The effects of Mo on the structure
of'the layered lithium cobalt nickel manganese oxide materials
should be larger than nickel. Therefore, the molybdenum was
hoped to improve the structure properties of the layered lith-
ium cobalt nickel manganese oxide materials.

The doping other compounds or elements into the cathode
materials, such as K, F, Na, Mo, etc. [6, 15-17], has been
studied by many people. This method can change both struc-
ture and/or morphology, as the doped elements enter into the
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crystal lattice of the cathode materials. The lattice parameters
may be also changed after the crystal lattice has had more
kinds of elements. The structure may be improved after dop-
ing, and the electrochemical properties will also then be
improved. The cathode materials doped by Mo have also been
widely studied [17-21]. They have proved the advantage of
the large radius of molybdenum atom. However, they did not
report the optimal amount of Mo for doping lithium-rich
layered cathode materials or the impact on the particle size.
Here, supposed that the doping modification would improve
the structure, lower the cation disorder and enhance the elec-
trochemical performance of the cathode material
Li; ,Mng 54Nig 13C00.130,. Lastly, through this study it is
hoped to find out the optimal amount of Mo for doping
lithium-rich layered cathode materials, the impaction on the
particle size.

In this work, a series of Li[Liy ,Mng s4Nig 13-,C00.13M0,]O;
(x=0,0.01,0.03, 0.05, 0.07, and 0.09) materials were prepared,
and the effects of Mo doping on the structure, morphology, and
electrochemical performance of the Li; ;Mng 54Nig 13C00.130,
cathode materials were compared. The SEM, TEM, and XRD
were employed to investigate the effect and mechanism of
doping.

Experiment

The Li; ;Mng 54Nig 13C0g.130, (LLNCM) materials were pre-
pared via a calcination process for mixed transition metal
hydroxide precursor obtained by a supersonic co-
precipitation method. Stoichiometric amounts of Mn(Ac)s,,
Ni(Ac), and Co(Ac), were dissolved in de-ionized water and
kept at 50 °C with continuous magnetic stirring. Then LiOH
solution was then added to the mixed solution until the pH
value was above 8. A supersonic-wave treatment (200 or
950 kHz) and 300 W was applied in all above processes.
The precipitated mixed hydroxide was then filtered, washed
thoroughly with de-ionized water and lastly dried at 120 °C
overnight.

The obtained precursor mixed with stoichiometric amounts
of Li,CO; and various stoichiometric amounts of ammonium
heptamolybdate (NH4)sMo,0,4°4H,0) were made into pel-
lets and pre-calcined at 500 °C for 15 h, then ground and
pressed into new pellets. The target materials were finally
gained by sintering the new pellets at 900 °C for 3 h and then
allowing them to cool down to room temperature.

The cathode electrodes were prepared using a slurry coat-
ing procedure. The slurry consisting of 80 wt% as-prepared
materials, 10 wt% carbon conductive agent (acetylene black),
and 10 wt% polyvinylidene fluoride (PVDF) was coated on
aluminum foil, then kept at 120 °C overnight in vacuum.
Lithium foil served as the anode electrode, 1 M LiPF6 in
ethylene carbonate (EC)-dimethyl carbonate (DMC) (1:1 in
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volume) was used as the electrolyte, and a polypropylene
micro-porous film (Cellgard 2300) as the separator.

The crystalline structure analysis of these cathode materials
were carried out by X-ray diffraction (XRD) with a Rigaku
D/MAX-2500 (Rigaku,Japan) diffractometer equipped with
Cu Ka radiation. The lattice parameters were refined by the
Rietveld method with General Structure Analysis Software
(GSAS program, Los Alamos National Laboratory, USA).
The morphology of the cathode materials was investigated
by scanning electron microscopy (SEM, HITACHI, S-4800)
and high-resolution transmission electron microscopy
(HRTEM, TECANI G2 F20, FEI Company).

Electrochemical behaviors of the samples were examined
using CR2032type coin cell with two electrodes.
Galvanostatic charge—discharge method was performed on a
LAND CT-2001A system between 2.0 and 4.8 V at room
temperature. Capacities were calculated by only considering
the active mass of the electrodes. The fabricated cells were
tested at different current density. Electrochemical impedance
spectroscopies (EIS) were measured on Zahner IM6e electro-
chemical workstation (Germany) in the frequency range of 1,
000 kHz—00 mHz at a disturbance amplitude of =5 mV. The
EIS results were simulated using ZPVIEW software.

Results and discussion
Structure of the cathode material

The chemical compositions of the obtained samples were
investigated by ICP. It was found that the final products could
Ol’lly be written as Li 1.21 Mn0A538NiOA 129C00‘ 131 Ox,
Li; 19Mng 541 Nig.116C00.131Mo0g.010,,
Li; 22Mng 543Nig.093C00.132M0g 02580,
Lij 2oMng 5s4Nig.08C009.128M00.0460+,
Lij 19oMng 54Nig.062C00.131M00g.0650,, and
Li; 51Mng 54Nig 039C0¢.13M00 0870, When the doping levels
of Mo at Ni site are 0, 0.01, 0.03, 0.05, 0.07, and 0.09,
respectively.

The SEM images, particle size distributions and EDX
patterns of the cathode materials are shown in Fig. 1. All of
them are magnified same times. The SEM images of the
composite cathodes reveal that all powders are comprised of
well crystallized particles with obvious edges and smooth
facets. The particle sizes and particle size distributions exhibit
differences for all samples. The pristine samples show nearly
the same particle size, mainly distributed around 150 nm.
With the increasing of Mo, the particles grew into agglomer-
ation, and their size increased. At the same time, the particle
size distributions became wider. The particle size of cathode
materials may have impacts on electrochemical performance.
As the particle size increases, the transport path of lithium ion
would become longer, which would then impact the kinetic
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Fig. 1 The SEM images, particle
size distributions and EDX
patterns of cathode materials of
(@) x=0; (b) x=0.01; (c) x=0.03;
(d) x=0.05, (¢) x=0.07, (f) x=0.09

properties of electrodes to some extent, leading to a lower
capability [22]. The bigger the particle size is, the worse
electrochemical properties it has.

Their mean particle sizes and content of Mo are shown in
Table 1. Their mean particle sizes increase from 0.12 pm
(pristine) to 0.37 um (0.09). Such consecutive changes in
the particle size are believed to be associated with the doped
Mo. This agglomeration appears to be the primary reason for
worse electrochemical performance. The EDX results are
displayed in Table 1. For each x value, the elemental content
of Mo is close to the stoichiometric value of x (Table 1). This
means that the as-prepared samples series can be

Table 1 Mean sizes and Mo contents of samples

x value pristine  0.01  0.03 0.05 0.07 0.09
Mean size (um) 0.12 016 020 024 031 037
Mo contents (%) 0 096 293 486 691 8289
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approximately described as Li[Lig,Mng s4Nig 13-
+C0¢.13M0,]0, according to that of the corresponding raw
materials.

The XRD patterns of LLNCM before and after being
improved by Mo are shown in Fig. 2. As shown in Fig. 2,
among these diffraction peaks, the strong peaks can be
indexed as the layered a-NaFeO, structure using the space
group R3 m which is ordinarily taken as the signature of
LiMO, (M=Liy,Mngg and/or Nij33C0033Mng33) phase.
The weak diffraction peaks in the 26 range of 20°~25° belong
to the super lattice ordering characteristics for the periodic
occupation of Li" ions in the transition metal layers of a
LiMO, lattice unit, which prove the coexistence of the com-
ponent Li,MnOj5 in the homogeneous crystal phases of these
cathode materials. Clear separation of adjacent peaks of (006)/
(012) and (108)/(110) indicates that the samples have a well
crystalline layered structure [23-27]. As seen in the work
done by Wang et al. [28, 29], the intensity ratio of the (003)
to (104) peak (I903y/I(104y), and the lattice parameter ratio of ¢
to a (c/a) can be used to measure the layered structure and
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Fig. 2 The XRD patterns of

Li; 2Mng 54C0g,13Nig. 130, before
and after doping with various
amounts of Mo
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cation disorder, the higher value of c/a (or, /oo3y1(104)) mean-
ing better layered structural ordering and lower cation
disorder.

Rietveld refinements within R-3m phase were used by
GSAS software to investigate the variations from the view
of lattice parameters. Table 2 shows the refinement results and
the ratios of ¢/a, L po3y I(104). The lattice constant ¢ in the unit
cell slightly increases from 2.86130 A (pristine) to 2.86368 A
(0.09), whereas, the lattice constant ¢ gradually decreases
from 14.2816 A (pristine) to 14.2740 A (0.09). The lattice
volume, on the other hand, is seen to slightly increase from
101.224 A? (pristine) to 101.375 A (0.09). Such consecutive
changes in the unit cell of layered lattice are believed to be
associated with the improvement as brought about by Mo. In
addition, the intensity ratio of the (003) to (104) peak (/003
I104y) gets larger, and the lattice parameter ratio of ¢ to a (c/a)
gets smaller with the increase of Mo. The increasing of the
intensity ratio of the (003) to (104) peak (/003y/(104)) means
that the cation disorder got lower. The lattice parameter ratio
of ¢ to a (c/a) decreasing means that the layered structural
ordering improved. Thus, the Mo can improve the structure of
the cathode materials.

Table 2 Lattice parameters of Li; ;Mng 54C00 13Nig 130, before and
after doping with various amounts of Mo

Mo(x) a(A) b(A) c(A) cla Too3yI104) V(A%

0 28613 28613 142816 4.9913 125 101.2591
0.01 2.8627 2.8627 142805 4.9885 134 101.3505
0.03 28630 2.8630 142792 4.9875 137 101.3625
0.05 28632 2.8632 142773 49865 141 101.3635
0.07 2.8635 2.8635 142755 4.9853 1.55 101.3716
0.09 2.8637 2.8637 142740 49845 1.72 101.3751
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TEM is also employed to investigate the atomic changes of
the LLNCM after doping. As shown in Fig. 3a, the low-
magnification TEM bright field image reveals the agglomer-
ation effects and smooth facets of crystallized LLNCM parti-
cles. The electron diffraction pattern corresponding to Fig. 3a
is shown in Fig. 3b. According to the rings of electron dif-
fraction, it could be concluded that the LLNCM is a solid
solution [30]. Additionally, in view of the surface areas shown
in HRTEM image of Fig. 3c and the fast Fourier transforma-
tion (FFT), inverse fast Fourier transformation (IFFT) to
Fig. 3c, the LLNCM have a well-formed layered structure.
The lattice fringe is 4.76 A which corresponds to the (003)
planes. The FFT and IFFT in Fig. 3e are shown in Fig. 3f.
Figure 3f corresponds to rhombohedral phase. The Fig. 3d, f
prove the coexistence of two phases, layered (monoclinic) and
rhombohedral.

Electrochemical properties

The first charge/discharge curves of cathode materials at the
current density of 20 mA g ', between 2.0 and 4.8 V are
shown in Fig. 4. Among these cathode materials, the compos-
ite cathodes with x=0.05 has the largest initial charge and
discharge capacity of 420 and 296.8 mAh g, respectively.
The composite cathodes without any Mo have the worst
electrochemical properties. With increases of the content of
Mo, the charge and discharge capacity increases first and then
decreases. This phenomenon may be caused by the structure
and particle size. The better structure makes the electrochem-
ical properties get better; however, the bigger particle size also
makes the electrochemical properties get worse. With the
increase of the content of Mo, the structure gets better, the
lattice volume gets bigger, and the particle size gets bigger.
The electrochemical properties are mainly impacted by struc-
ture and lattice volume, when the x value is below 0.05. The
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Fig. 3 TEM identification of

Li; 5Mng 54Nig.04C00.13M00 0905.
a Low magnification TEM bright
field image. b Electron diffraction
pattern corresponding to a. ¢
HRTEM image at surface regions
shows layered structures. d The
fast Fourier transformation (FFT)
and the inverse fast Fourier
transformation (IFFT) images
providing lattice fringes of c. e
HRTEM image at surface regions
shows spinel structures. f The
FFT and IFFT images providing
lattice fringes of e

effect of particle size on electrochemical properties becomes
obvious when the x value is above 0.05. There are two charge
platforms at about 3.5 and 4.4 V which emerged only at the
first cycle of these cathode materials. However, the first
charge/discharge efficiency of all cathode materials is very

low, only about 73 %. It has been reported [3 1] that because of

the removal of LiO in the Li,MnOj; regions during the

charging process, there is an inability to insert all of the
lithium ions back into the lattice of cathode materials when
discharging. A plateau appears at about 2.7 V in the discharge

curve at (x=0.03, 0.05). Many people have studied this pla-
teau [32—35]. They came to the conclusion that the insertion of
lithium into the octahedral sites associated with the 2.7-V
plateau. The degree of order and the particle size may be the
dominant factor in determining the 2.7-V plateau length. The
ordered phase, with the larger 16¢ sites, will fill with Li before
the disordered phase. The small particle size, with a shorter
distance for Li to diffuse, will make the insertion of Li easier.
Therefore, the doped samples with lower cation disorder will
have a longer plateau, but with the Mo content increased, the
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Fig. 4 The first charge/discharge curves of Lij ;Mng 54C0p 13Nig 1302
before and after doping with various amounts of Mo

particle size will get bigger resulting in the plateau getting
shorter or even disappearing.

The rate capability is an important factor for battery per-
formance. The normalized discharge capacity values are
shown in Fig. 5. The specific discharge capacity of each
sample gradually decreases with the increasing current density
from 20 to 1,000 mA g . The pristine sample decreases more
sharply than the doped samples as the current density is
increased to 200 mA g '. When the current density goes back
to 20 mA g ', the 35th cycle discharge capacity returns to a
high value. At each current density, the samples which are
doped by Mo have higher capacity than the pristine. And with
the increase of the content of Mo, the capacity first rises,
peaks, then lowers. When x value is 0.05, the sample has a
higher capacity than others at each current density. The doped
samples have better rate capability than the pristine sample
which may be because of the structure and the electronic
conductivity. Beyond x level 0.05, the effect of the particles

350
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Fig. 5 The rate capability of Li; ;Mng 54C0g 13Nig 130, before and after
doping with various amounts of Mo
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agglomeration on the rate capability becomes obvious, low-
ering the overall electrochemical properties level.

Figure 6 shows the average discharge voltage plots and
coulombic efficiencies cycled at current density of
200 mA g ' in the voltage range of 2.0~4.8 V. Compared
with these samples, the average discharge voltage of the
lightly doped (x=0.01, 0.03) and undoped samples are drasti-
cally reduced upon cycling, while the initial average discharge
voltages of the heavy-doped (x>0.05) are much higher. This
change in voltage is a straightforward indication of phase
transformation. Mo doping may partially stabilize the local
structure against transformation, thus maintaining and raising
the average discharge voltage to a certain extent. The influ-
ence of surface side reactions on the electrochemical perfor-
mance of as-prepared samples is explored based on the cou-
lombic efficiencies. From the figure, all the coulombic effi-
ciencies are low at first, and then increase with the cycle
number, eventually leveling out at a high value of
95~100 %. The formation of a thick passivation layer (SEI
film) on the surface of electrodes and the activation of
Li,MnOj in the first cycle are the reasons for the low coulom-
bic efficiencies in the first cycles. The doped materials have
high coulombic efficiencies, meaning that there are no addi-
tional side reactions after doping with Mo.

The cycling performance of the composite cathodes at
current density of 200 mA g ' in the voltage range of
2.0~4.8 V are shown in Fig. 7. During the extended cycling,
the pristine delivered initial capacity values of 204 mAh g,
and have capacity retentions of 81.4 % after 100 cycles. The
improved cathode materials have higher capacity. The highest
capacity is 232.5 mAh g ', the corresponding x value is 0.05.
The retentions of the improved cathode materials are higher
than the pristine samples. It is therefore believed that the use of
Mo resulted in better structural ordering and stability within
the cathode materials thereby achieving high-capacity

retentions.
-100
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Fig. 6 The coulombic efficiencies and average discharge voltage of
Li; ,Mng 54Co0q 13Nig 130, before and after doping with various amounts
of Mo
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Fig.7 The cycling performance of Li; ;Mng 54Cog_13Nig 130, before and
after doping with various amounts of Mo

AC EIS measurements of serial Li; ;Nig 13-
+Cog.13Mng 54M0,0, electrodes of the initial cycle are shown
in Fig. 8. As shown in Fig. 8, there is a semicircle in the high-
frequency region and a slope line in the low-frequency region.
The semicircle corresponds to an electrolyte—electrode inter-
facial resistance of charge transfer (Rct) and an interfacial
capacitance(C) between the electrolyte and electrodes. The
slope line corresponds to a Warburg impedance of lithium
diffusion within the electrode and the electrolyte. The EIS
spectra could be fitted with the equivalent circuit inserted in
Fig. 8, which explains the impedance spectra through the
electrolyte resistance Rg, and Warburg impedance of solid-
phase diffusion (W) [36].

When the x value is 0, 0.01, 0.03, 0.05, 0.07, and 0.09, the
working electrode possesses an approximate Rct value of 257,
151, 102, 88, 78, and 72 €. That is, for the serial
Li; ,Mng 54Ni 134,C0g.13M0,0, cathodes, their charge—trans-
fer resistances decrease with increase of the content of Mo. It
means that the Mo doping obviously decreases the charge-
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Fig. 8 Nyquist plots of Li; ,Mng 54C0q 13Nig 130, before and after
doping with various amounts of Mo

transfer resistance, which further confirms that doping can
improve the high rate performance. As reported [37, 38],
EIS can be used to compare the electronic conductivity. The
smaller charge-transfer resistance of Mo-doped
Li; ,Mng 54Nig 13C0g 1305 indicates lithium ion transfer is
easier than that of pristine Li; ;Mng 54Nig 13C09.130,. This
suggests the doped samples obtains or lose electrons easier.
This might be the other reason why the cathode materials
doped by Mo have better electrochemical properties.

Conclusions

The effects of doping Mo on the structure, morphology, and
electrochemical performance of Li; ,Mng 54Nig 13C0¢ 1302
were investigated. It is shown that the capacity of the materials
was obviously increased after doping the appropriate amount
of Mo, it could deliver discharge capacities of 296.8 mAh g ',
at a charge/discharge current density of 20 mA g ' in the
voltage range of 2.0-4.8 V. The structure and morphology of
the doped samples are characterized and compared by the
results of SEM and XRD. The doped samples have bigger
lattice volume, and better layer structure ordering, but also
have higher aggregation of particles, resulting in bigger parti-
cle size and worse electrochemical performance. The EIS
results show that the doped samples obtain or lose electrons
easier after doping. In this paper, the value of x is 0.05 is found
to be the optimal amount of Mo.
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