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Abstract

The effect of niobium ion with high valence doping on high voltage LiNi0.5Mn1.504 materials was investigated. LiNi0.5Mn1.5-
xNbxO4 was prepared by doping high-valent niobium ion into LiNi0.5Mn1.504 material using the organic assisted combustion
method. The experimental samples were characterized by scanning electron microscopy, transmission electron microscopy, X-ray
diffraction, X-ray photoelectron spectroscopy and electrochemical impedance analysis. The experimental results show that the
doping with high valence niobium ion change the orientation of the crystal plane growth of spinel particles, and the morphology
of these particles change from the octahedral shape before doping to the spherical shape after doping. With the increase of
doping amount, the crystal structure changes gradually, resulting in the Li0.96Nb1.0103 impurity phase. The doping of high
valence niobium ion increases the content of Mn3+ in the material, resulting in the appearance of a 4 V discharge platform, and
the formation of a 4.7 V and 4 V discharge platform. The doping of Nb can improve the cycling stability of LiNi0.5Mn1.504

material, but the specific capacity of the material is reduced.
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ABSTRACT

The effect of niobium ion with high valence doping on high voltage LiNiosMn1.504
materials was investigated. LiNiosMn1s5xNbxOs was prepared by doping high-valent
niobium ion into LiNiosMn1504 material using the organic assisted combustion method.
The experimental samples were characterized by scanning electron microscopy,
transmission electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy and
electrochemical impedance analysis. The experimental results show that the doping with
high valence niobium ion change the orientation of the crystal plane growth of spinel
particles, and the morphology of these particles change from the octahedral shape before
doping to the spherical shape after doping. With the increase of doping amount, the crystal
structure changes gradually, resulting in the Lio.ossNb1.01O3 impurity phase. The doping of
high valence niobium ion increases the content of Mn®" in the material, resulting in the
appearance of a 4 V discharge platform, and the formation of a 4.7 V and 4 V discharge
platform. The doping of Nb can improve the cycling stability of LiNiosMn1s04 material,
but the specific capacity of the material is reduced.
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1. INTRODUCTION

Spinel lithium manganate has the advantages of low cost and environmental
protection, and can easily conduct a large current of lithium-ion, so it has a very good
application prospect. Currently, a 4 V spinel lithium manganate has been commercialized
in the market, but the material's low energy density has limited its large-scale development
in some fields. However, 5 V high-voltage spinel LiNiosMn1504 (LNMO) not only retains
the advantages of LiNiosMn1.504, but also can improve the energy density of lithium-ion
batteries with a high discharge voltage of 4.7 V, so it has become one of the most popular
materials in recent years [1-4].

The cycle performance of the original material LiNiosMn1504 is poor. Due to the
variety of valence states of Mn ions contained in the material LNMO, especially in the



process of charging and discharging, Mn ion is easy to occur disproportionated reaction
with electrolyte, which leads to deterioration of battery cycle performance. In order to
further improve the cyclic stability, many researchers consider doping some other elements
in the high voltage LiNiosMn1504 material [5-10]. In a large number of experiments, the
doped elements include Sm [11], Al [12,13], Ti [14-16], La [17], Si [18], Cr [19,20], Ga
[21], etc. Among them, most of the research results show that doping can improve the
cyclic stability of LNMO material. In some studies, doping also has a negative effect, the
capacity of the material will decrease with the increase of doping amount.

It is found that the specific discharge capacity and cycle stability can be improved by
doping 4 V spinel lithium manganate with niobium. The specific discharge capacity
reaches 100 mAh g and 80 mAh g? at 25 °C and 55 °C, 2 C rate, respectively. It can
effectively improve the cycling performance of LNMO materials 2223, Therefore, in this
paper, niobium pentoxide was used as the doping substance to explore the influence of Nb
doping on the properties of 5 V high-voltage spinel LNMO materials.

2. EXPERIMENTAL PROCESS

2.1 Preparation of LNMO and LNMO doped by Nb

The organic assisted combustion method was used to prepare the LiNiosMn1.5xNbxOa
(x=0, 0.04, 0.08, 0.12, 0.16, 0.20) samples, and labeled as A-LNMO, A-LNMNO1,
A-LNMNO2, A-LNMNO3, A-LNMNO4, A-LNMNOS5 corresponding to different doping
amounts. When synthesizing LiNiosMn15xNbxO4, the raw materials LiOH « H20, Ni(OH)z,
MnO2 , and Nb20s weighed according to stoichiometric ratio are mixed with 60-90 wt.%
oxalic acid at room temperature. The mixture is stirred for more than 2 hours to ensure a
complete chemical reaction. The reacted slurry is then evaporated in air and further dried at
110<for more than 2 hours to obtain the precursor. Lastly, the LiNiosMni15xNbxOs is
gained by sintering the precursor at 860 °C for 8 hours.
2.2 Physical property characterization method

The morphology of the sample was analyzed by JSM-5600LV scanning electron
microscope. Japanese electron JEM-2100F field emitted high-resolution transmission
electron microscope was used to analyze the sample surface. The accelerating voltage was
200 kV, the point resolution was 0.19 nm, and the line resolution was 0.1 nm. Differential
scanning calorimeter (DSC-1150) produced by Shanghai was used to conduct differential
thermal analysis of LiNiosMn1s04 sample precursor. EDS energy spectrum and XPS were
used to analyze the element distribution and element valence state on the sample surface
before and after doping.
2.3 The analysis method of electrochemical performance

The capacity and cycling performances were tested by a LAND CT-2001A
multi-channel battery test system produced by Wuhanjinnuo Electronics Co., LTD. The
voltage range of the test was 3.0 V~ 5.0 V, and the test current of the first charge capacity
and the discharge capacity was about 0.5 C (1 C=148 mA g). The test currently used for
cyclic performance was 148 mA g

An electrochemical workstation (CH1660d, Shanghai Chenhua Instrument Co., LTD.)
analyzes and tests AC impedance. The AC impedance test conditions were as follows:
frequency scanning range of 0.01~100 kHz with an amplitude of 5 mV.



3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Effect of Nb doping on material structure and surface morphology
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Fig. 1. X-ray diffraction patterns: (a) Identification of main phase;(b) Identification of impure phase

Table-1. The ratio of peak strength

Samples I311)/1(a00) I/l 311 I/l 222) 1111y/1(a00) a1/l (331
A- LNMO 1.06 2.10 9.04 2.23 9.94
A-LNMNO1 1.06 2.61 9.51 2.76 11.62
A-LNMNO2 1.22 2.21 8.42 2.70 9.49
A-LNMNO3 1.26 2.19 8.03 2.75 9.52
A-LNMNO4 1.20 1.98 1.57 2.39 9.09

A-LNMNO5 1.33 1.98 7.14 2.63 9.56




Figure 1(a) shows the XRD patterns of LiNiosMn1.504 and LiNiosMn15xNbxOs. By
comparing the standard card, it is found that each diffraction peak position of the material
A-LNMO corresponds to the crystal planes of (111) (311) (222) (400) (331) (511) (440)
and (531) in the card respectively (00-035-0782). The A-LNMO sample is a typical spinel
structure, and the XRD pattern is consistent with the Fd-3m space group structure[24,25].
Meanwhile, with the increase of Nb doping amount of LiNiosMnis5xNbxOs (x=0.04 0.08
0.12 0.16 0.20), the diffraction peaks of other substances can be detected. The presence of
impurity peaks indicates that the doping of Nb changes the crystal structure of
LiNiosMn1s50a4. In Figure 1(b), by comparing with the card (01-083-0560), it is found that
the impurity peak in the figure is Lio.gsNb1.0103. The appearance of the Lio.gsNb1.0103 peak
is due to the excessive doping of niobium elements. The corresponding peak intensity
ratios of crystal planes are shown in Table 1, the ratios of (311) to (400) crystal plane
corresponding peak intensities of samples A-LNMO, A-LNMNO1, A-LNMNO?2,
A-LNMNO3, A-LNMNO4, and A-LNMNOS5, I11)/l400) are 1.06, 1.06, 1.22, 1.26, 1.20,
and 1.33, respectively, exhibiting a gradually increasing trend. The ratios of l@i1)/l@1)-
lay/l@22)» lain/l@ooy and launy/lssy generally showed a downward trend, indicating that
with the increase of Nb doping amount, the growth of (111) crystal plane is inhibited, and
the growing trend of other crystal planes show a preferred orientation.
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Fig.2. Full-spectrum fitting spectra of LiNiosMny5.xNbxOa
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Fig.3. (a) Cell parameters and volume variation curves for different Nb doping amounts; (b) Variation
curves of phase content of LiNipsMn15.xNbxOa and Lio.gsNb1.0103 with different Nb doping amounts

T T
0.00 0.04 0.16



In order to further verify the structural change of LiNiosMn1s504 before and after Nb
doping, the Rietveld structure of LiNiosMn1.504 before and after Nb doping was repeatedly
refined by Fullprof software. The XRD full-spectrum fitting results of samples before and
after doping with different amounts of Nb are shown in Figure.2. The cell parameters, cell
volume, phase content ratio and evaluation parameters of Rietveld refinement quality of
LiNiosMn1s5xNbxO4 (x = 0, 0.04, 0.08, 0.12, 0.16, 0.20) samples were obtained by Rietveld
refinement. The values of evaluation factors Rp, Rwp, Rexp, and CHI? are less than 109%,
indicating that the results of structural refinement are reliable [26,27,28]. Figure 3(a) shows
that the cell parameters increase with the increase of Nb doping and the cell volume
expands. According to the principle of electrical neutrality, it is speculated that the
introduction system of Nb°>* promotes the change of the combined valence of Mn to
maintain the charge balance, resulting in Mn®*, and the ionic radius of Mn®"is larger than
that of Mn*". So when the amount of Nb doping in the system increases, the amount of
Mn?" induced will also increase, resulting in Mn®"and Mn*" ratio increasing, and the cell
parameters and cell volume of the system will become larger [29]. Figure 3(b) illustrates
that the phase content of LiNiosMnisxNbxOs decreases and the phase content of
LioosNb10103s increases with the increase of Nb doping. The decrease of
LiNiosMn15xNbxO4 phase content is considered to be the main reason for the decay of
specific capacity of cathode material samples.




Flg 4. SEM |mages of doped LNMOs; (a)A LNMO (b)A LNMNOl (c)A LNMNO2; (d)
A-LNMNOS3; (e) A-LNMNO4; (f) A-LNMNO5

In order to determine the changes in the surface structure of the particles in the
prepared samples, the surface morphology of LiNiosMn1sOs and LiNiosMn1sxNbxO4
materials before and after doping Nb was observed by scanning electron microscopy.
Figure 4 shows the SEM images of the materials before and after doping. Figures (a), (b),
(c), (d), (e) and (f) are the SEM images of A-LNMO. A-LNMNO1. A-LNMNO2.
A-LNMNO3. A-LNMNO4. A-LNMNOS5, respectively. It can be seen from the figure that
the undoped sample LiNiosMn1504 is an octahedral particle. The surface is flat, With the
increase of doping amount, the surface structure changed obviously, and the irregular shape
gradually increased. The surface of the particles are slightly uneven. The maximum size of
a single particle is less than 5 um, but an agglomeration of particles appeared, and some
small particles are attached to the surface of the sample. XRD results show that with the
increase of niobium doping amount, the diffraction peak intensity ratio of 111)/l(400),
a1/l @1y, lawy/le22), lawy/l@oo), la/lEsy change. It is indicated that the growth of (111)
crystal faces is simulated, and the growth of other crystal faces is preferentially orientated,
which is the main reason for the transformation of the sample particles from octahedral
shape to arc-like spherical shape.
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Fig. 5. EDS images of LiNiosMn1.3Nbg204

In order to further study whether the niobium element is uniformly doped into
LiNiosMn1504 material, the sample of LiNiosMn13Nbo204 was scanned. Figure 5 shows
the EDS energy spectrum of LiNiosMn1.3Nbo204 material with the doping amount of x =
0.2. Nb element can be intuitively observed in the figure, which proves that the niobium
element exists in the material powder.

Figure 5 is the EDS image of Nb-doped LiNiosMn1.3Nbo.2O4 material. It can be seen
from the figure that each element is distributed on the surface of particles. According to the
particle distribution in the SEM figure, it can be seen that the distribution of Li element is
very uniform, the distribution of Mn and Ni element is relatively uniform, the distribution
of Nb element is not uniform, and there is an obvious agglomeration phenomenon, which
can indicate that Nb element successfully exists in LiNiosMn1.3Nbo2O4 material, but Nb
element is not uniformly mixed in LiNiosMn1504. Due to the shortcomings of solid phase
Nb doping, material agglomeration and bonding are easy to occur, so the internal chemical
reaction is not uniform, which is also one of the problems leading to the change of the
material structure.

3.2. Effect of Nb doping on elemental valence states

Figure 6 shows the XPS spectra of the materials before and after doping. Figure 6(a)
shows the Ni 2p peak spectra of the materials before and after doping, Figure 6(b) shows
the Mn 2p peak spectra of the materials before and after doping, and Figure 6(c) shows the
Nb 3d peak spectra of the materials before and after doping. It is found that the peak
spectra of Ni 2p. Mn 2p and Nb 3d are detected in the doped LiNio.sMn1.3Nbo.2O4 samples,



which once again proves that Nb element is doped into the high voltage LiNio.sMn1504
material, which is consistent with the results of EDS.
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Fig. 6. XPS images of LiNigsMn1504and LiNigsMn1s5xNbxOa: (2) Ni2p; (b) Mn2p; (c) Nb3d; (d)
Mn2p3/2 fitting figure

As can be seen from Figure 6(a) and Figure 6(b), the binding energies of Ni 2p in
LiNiosMn1504 and LiNiosMn1.3Nbo.2O4 are 854.08 eV 854.08 eV 854.01 eV, 854.05 eV,
854.01 eV. 854.24 eV, the binding energies of Mn 2p are 641.71 eV. 641.61eV. 641.56
eV.641.46 eV.641.49 eV. 641.61 eV, respectively. There are slight changes in the binding
energy peak value and peak position difference value of the same element in different
samples, which may be caused by the change in the valence state of the element in the
Nb-doped material. Figure 6(d) shows the Mn 2p3/2 peak fitting of A-LNMO .
A-LNMNOL1. A-LNMNO2. A-LNMNO3. A-LNMNO4 and A-LNMNO5 materials before
and after doping. In the figure, the binding energy of each material Mn 2p3/2 is about 642
eV, and manganese ions exist in the mixed form of Mn3* and Mn** [30-34]. It can be seen



from the figure that the contents of Mn3®* and Mn*" on the surface of the sample are
different before and after doping. With the increase of the niobium doping amount, the
content of Mn®* shows a trend of gradual increase, and part of Mn** may be converted into
Mn?®",

3.3. Effect of Nb doping on electrochemical performances

Figure 7 shows the first charge-discharge curves of the samples before and after
doping. At room temperature, the specific discharge capacities of A-LNMO. A-LNMNO1,
A-LNMNO2. A-LNMNO3. A-LNMNO4. A-LNMNOS5 are 112.7 mAh g1, 111.96 mAh
gt. 97.02 mAh g, 81.6 mAh g, 73.95 mAh g. 64.6 mAh g* respectively at 0.5C rate.
Specific discharge capacity of Nb-doped samples decrease compared to undoped samples.
With the increase of doping amount, the specific discharge capacity decreased gradually,
the discharge platform of about 4 V gradually becomes wider, and the 4 V platform is
generated by the redox reaction of Mn**/Mn®, indicating that with the addition of Nb
element, Mn3" is formed in the material, and with the increase of doping amount of Nb
element, the content of Mn®* increases, the proportion of 4 V platform capacity increase.
This is mainly due to the presence of Nb®*, which can be confirmed by the results of XPS
analysis. In order to maintain valance balance in the material, part of Mn** turns into Mn?",
and XRD analysis results show that Nb doping distorts the structure of spinel, and the
distorted structure is not easy to conduct lithium ions. As the doping amount increases to a
certain value, impure phase structure is generated in the material, so the lattice distortion
and the generation of impure phase structure lead to the decrease of the specific discharge
capacity of the material.
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Fig. 7. Initial charge/discharge curves of LNMOs
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Figure 8 is the cycle performance curve of high voltage LiNiosMn1sO4 material
before and after doping, under the condition of constant charge and discharge current of
148 mA.g* and room temperature of 25 °C. Figure 8 shows that doping Nb improves the
cyclic performance of the material at room temperature of 25 °C. With the increase of
doping amount, the retention rate of the capacity increases gradually. The specific capacity
of the material gradually decreases, so it is not appropriate to increase the amount of
doping substances too much, which will lead to the appearance of impurities. The change
of spinel crystal structure is not conducive to the increase of capacity, but the cycling
performance of the doped material is improved. Therefore, the doping of Nb shows a good
capacity retention rate in this work.
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Fig. 9 shows the EIS diagram of the samples at room temperature of 25 °C. Generally,
the electrochemical system of lithium ion button half battery can be represented by the
equivalent circuit illustration in Figure 9, and the corresponding AC impedance spectrum is
usually composed of semicircle in high frequency region and diagonal line in medium
frequency region[35]. Rs represents ohmic impedance and Rct represents the charge
migration impedance of lithium ions at the interface of material electrochemical reaction.
The intersection point of the left semicircle curve and the x-axis can be considered as Rs,
and the intersection point of the right can be considered as Rct[36,37].

The results in Fig. 9 show that the spectra of sample A-LNMO and sample
A-LNMNOL1 are composed of a semicircle and a diagonal line, which conform to the
equivalent circuit model shown in Fig. 9. By comparing the spectra of sample A-LNMO
and sample A-LNMNOYJ1, it can be seen that the interface impedance between the material
particle surface and the electrolyte is significantly reduced after Nb doping. With the
increase of doping amount, two semicircles appear in sample A-LNMNO2, A-LNMNQO3
A-LNMNO4 and A-LNMNOS5 which do not conform to the analog circuit model
illustrated in Fig. 9. The second semicircle in the intermediate frequency region represents
the charge transfer impedance, indicating that when Nb is doped to a certain amount, the
charge exchange impedance begins to appear. And with the increase of doping amount, the
charge transfer impedance increases gradually. This result shows that Nb doping reduces
the electrochemical reactivity of the materials. Especially when the doping amount of
sample A-LNMNOS5 reaches the maximum, the semicircle radius of the low frequency
region increases, indicating that the interface impedance of the SEI film also increases. It
can be seen from the XRD analysis results that sample A-LNMNOS5 has a large amount of
impurities. Because the impurities have no lithium ion deinterlacing ability, the ability of
the SEI membrane at the solid-liquid interface to transport lithium ions is affected, and the
interface impedance is increased.

4. CONCLUSIONS

High voltage LiNiosMnisxNbxOs4 samples doped with Nb were prepared by organic
assisted combustion method. The experimental results show that Nb doping increases the
crystal structure parameters of the material. The growth of (111) crystal faces is simulated,
and the growth of other crystal faces is preferentially orientated after Nb doping. And Nb
doping also increases the content of Mn®" in the material. Nb doping reduces the specific
capacity of the material, but improves the cycle performance. With the increase of doping
amount, the decreasing degree of capacity also increases. The doping of high valence state
Nb has a serious effect on the charging and discharging platform of the material
LiNiosMn15xNbxOs. Due to the increasing of the content of Mn®*, the 4V charging and
discharging platform appears, which reduces the 4.7V platform proportion of the material.
An appropriate amount of Nb doping reduces the ion transfer impedance of the SEI film on
the material electrode surface. With the increase of Nb doping, the charge transfer
impedance will also increase.
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