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Introduction

To achieve extended driving distances and lower costs for
electric vehicles, extensive efforts have been devoted to finding
the next generation of cathode materials for Li-ion batteries.
Due to the redox pair of Ni**/Ni**, spinel structured oxides like
LiMn, 5Niy 504 (LMN) which has a high voltage of 4.75V versus
Li*/Li is an appealing choice for cathodes in next generation
of Li-ion batteries. However, an obstacle for the commercializa-
tion of high voltage LiMn, 5sNiy 5Oy is the electrolyte decomposi-
tion occurring at the electrode/electrolyte interface due to an
overlap of the electrolyte operation window and the operational
voltage window of the electrode. A solid electrolyte interface
(SEI) is known to form at the potential where nickel becomes
electroactive. This results in degradation as evidenced by the
reduction in capacity of the cells. It has been reported in literature
that partial substitutions of Mn or Ni by other transition metal
ions such as Cr, Fe, Co, Zn, Nb, and Ga can stabilize a disordered
lattice [1-4] by suppressing the formation of a rocksalt impurity
phase resulting in a stable electrode electrolyte interface [5].
Despite numerous reports on the influence of various cations on
the electrochemical performance of LMN, there have been limited
reports to date on the partial substitution of Ni by Mn [6,7]. How-
ever, Mn doping has a significant advantage over other dopants
due to its high electrochemical activity.

On the other hand, carbon coating has been reported to help
both electronic conductivity and form solid electrolyte interphase
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The high voltage cathode material, LiMn; sNiy 404, was prepared by a polymer-assisted
method. The novelty of this work is the substitution of Ni with Mn, which already exists in
the crystal structure instead of other isovalent metal ion dopants which would result in
capacity loss. The electrochemical performance testing including stability and rate capa-
bility was evaluated. The temperature was found to impose a change on the valence and
structure of the cathode materials. Specifically, manganese tends to be reduced at a high
temperature of 800°C and leads to structural changes. The manganese substituted
LiMn; sNiypsO4 (LMN) has proved to be a good candidate material for Li-ion battery
cathodes displaying good rate capability and capacity retention. The cathode materials
processed at 550°C showed a stable performance with negligible capacity loss for 400
cycles. [DOI: 10.1115/1.4036386]

by accelerating surface side reaction [8,9]. In this study, we report
a polymer-assisted synthesis method to prepare a carbon-coated
manganese-doped cathode LiMn, ¢Nip 4O4. Both the carbon coat-
ing and doping were achieved by a simple one-step synthesis
method.

Experimental

LiMn, ¢Nip4O4 powders were prepared by a polymer-assisted
method. Polyethylenimine (PEI) (50 wt %) and ethylenediaminetetraace-
tic acid (EDTA) were used to form a complex with metal ions. Lithium
nitrate (LiNO3), manganese acetate tetrahydrate Mn(CH3;COO),-4H,0,
and Nickel acetate tetrahydrate Ni(OCOCH;3),-4H,0 were used as
metal precursors. Metal additions of 0.158 g of lithium nitrate
(LiNO3), 0.784 g of manganese acetate tetrahydrate, and 0.198 g of
nickel acetate tetrahydrate were used. The solution was prepared
in two steps: (i) 1.84 g of PEI and 0.92 g of EDTA were dissolved
in 10 ml of water followed by (ii) the addition of metal precursors
with a stoichiometric ratio of 1:1.

The solutions of mixed metal ions were subsequently trans-
ferred to a crucible and dried in the furnace (Lindberg) at 150 °C
for 8h in order to evaporate water. The dried products were held
at 400 °C for 4 h to burn off carbon followed by heat treatment at
550°C and 800 °C for 4 h in order to achieve the targeted crystal-
line phase. The sample names referred to in the remainder of the
text are LMN(500) and LMN(800), respectively. The heating
ramp rate for all the steps was 1 °C/min. The crystal chemistry of
the samples was characterized by X-ray diffraction with Cu K«
radiation (2 =0.154nm). The morphology was characterized by
scanning electron microscope (SEM) (Hitachi). X-ray absorption
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spectroscopy was collected at Stanford Synchrotron Radiation
Lightsources on beamline 2-2. The Mn K-edge near edge spectra
was collected at room temperature. Data were collected in the
transmission mode using N, filled ion chambers. The X-ray
energy of the peak was calibrated by Mn foil as reference stand-
ard. Mn K-edge spectra were collected using 1 eV in the pre-edge
(6339-6539eV) and 0.35eV steps (6539-6569¢eV) in the near
edge region. Electrochemical testing was carried out in CR2032
cells with lithium metal as counter electrode. Cathode slurries
were prepared by dispersing the active material, super p conduc-
tive carbon, and polyvinylidene difluoride (PVDF) with a weight
ratio of 70:20:10 in N-methyl pyrrolidone (NMP) solvent. This
slurry was then cast onto an aluminum foil and dried under
vacuum at 80°C for 12h. The cells were then assembled with
Celgard separators (MTI Corporation, Richmond, CA) and an
electrolyte of 1 M LiPFg salt dissolved in a 1:1 volume ratio of
ethylene carbonate (EC)/dimethyl carbonate (DMC). All the elec-
trolyte components were purchased from MTI Corporation. The
mass loading for the cathode materials is between 1 and 2mg;
anode materials (in the full cell tests) are also 1-2 mg considering
the capacity match. The capacity was calculated based on the
mass loading of cathode materials.

Results and Discussion

Figure 1(a) shows the XRD patterns of the synthesized catho-
des. All the samples displayed similar XRD patterns with the
LiMn, 5Nij 504 reference. The peak at 20 = 18.9 deg exhibited a
left shift for LMN(800), indicating a larger lattice distance.

(a)
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——LiMn1.5Ni0.504 PDF

18.84

Intensity (a.u)

LT

The larger lattice distance could be the result of additional Mn>"
content in the crystal. It is known that high-temperature annealing
leads to a loss of oxygen and increases Mn>" content [10].
Figure 1(b) reveals the SEM determined microstructure and
morphology of the synthesized samples which were similar to pre-
vious studies of LiMn,0O, cathodes with particles sizes on the
order of 100nm [11]. In our previous work of LiMn,0O,4 nanopar-
ticles prepared by the same method, a carbon layer was also
observable on the surface of nanoparticles. This thin carbon layer
is a residue from the burning of polymers during high-temperature
annealing [11].

Cyclic voltammograms for the cathode materials were
performed from 3.5V to 5V at a slow scan rate of 0.2mV/s. As
shown in Fig. 2(a), the voltammograms of LMN(550) and
LMN(800) reveal two separate redox peaks corresponding to the
Ni*™/Ni*™ and Ni*™/Ni** at 4.74 V and 4.81 V, respectively [12].
A slight bump in the signal at 4.0V appears for the sample
LMN(800), which indicates that more manganese becomes
electrochemically active (more Mn>" ions present) at higher proc-
essing temperatures. Similar electrochemical behavior is expected
in the charge and discharge profiles. The charge and discharge
mechanism can be expressed in the following equation:

LiMn};Mn tNigh0, = Mn}ENig 04 + Lit + e~

For LMN(550), a tiny plateau at ~4.0 V was observed for the
redox reaction of Mn>"/Mn*", while a large plateau appeared for
which contributed approximately 30%

LMN(800), of the

(a) XRD patterns of LMN(550) and LMN(800) and (b) SEM image of synthesized particles LMN(550)
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Fig. 2 (a) Cyclic voltammograms of LMN(550) and LMN(800) scanned from 3.5V to 5V and (b) XANES of

LMN(550), LMN(800), and Mn foil
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Fig. 3 (a) Charge and discharge profile from 1.75V to 5V and (b) cycle performance of LMN(550) and LMN(800)
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Fig. 4 (a) Impedance spectra and the fitting result of two LMN prepared at different temperatures, inset is the
equivalent circuit used to fit impedance spectra. With fitting parameters listed in the bottom table. (b) Charge

and discharge profiles of full cell and half-cell.

discharge capacity. As pointed out earlier, the increase in Mn®* at
high temperature could be the reason for the increase of contribu-
tion from manganese in sample LMN(800) [10]. The presence of
reduced Mn>* in LMN(800) was confirmed by X-ray absorption
near edge structure (XANES) experiments. Figure 2(b) displays
the X-ray absorption spectra in the near edge range of Mn absorp-
tion edge. A sharp and intense peak was observed for both
samples corresponding to 1s—4p transition. A comparison of
sample spectra and pure metallic manganese foil indicates that the
sample prepared at 800°C was reduced to a larger extent than
samples prepared at 550 °C as indicated by a shift to left in the
peak.

In the LiMn, sNip 5O, crystal structure, if all of the available
Ni** ions are fully coordinated by 6 Mn*" nearest-neighbors in
the lattice, this would result in a space group of primitive simple
cubic P4532 [13]. If the Ni®* and Mn*" are distributed randomly
among the 16d octahedral sites, the structure belongs to a space
group of face-centered-Fd_3m [14].

The degree of ordering can be determined from electrochemical
characterization. The voltage profiles are shown in Fig. 3(a). Dur-
ing discharge below 3V, there were two plateaus observed at
2.7V and 2V, respectively, which represent insertion of lithium
ions into 16 ¢ octahedral sites of the spinel structure. The ratio
between plateau length at 2.7 V and 2 V is related to the degree of
ordering [15]. A higher ratio means a higher degree of order.

Journal of Electrochemical Energy Conversion and Storage

Comparing the discharge profiles of the two samples, it is found
that LMN(800) showed a smaller ratio, suggesting that LMN(800)
is more disordered than LMN(550).

Recently, there has been some controversy as to whether
ordered or disordered structures exhibit better performance
[14,16]. Most reports showed that disordered structure delivers
better electrochemical performance. In this work, a cycle perform-
ance test was conducted to examine the impact of structural order
on cathode performance with the results displayed in Fig. 3(b).
Galvanostatic charge and discharge were performed at a rate of
4 C. While LMN(550) displayed steady performance, LMN(800)
began to severely degrade after 100 cycles. In addition to potential
effects arising from the octahedral ordering, other possible degra-
dation mechanisms are Jahn-Teller distortion originating from the
excessive Mn> " in LMN(800) [17].

Impedance spectra were collected for these two samples to
evaluate the electrochemical performance with the Nyquist plots
displayed in Fig. 4(a). The impedance spectra were simulated
with an equivalent circuit as shown in the inset of Fig. 4(a). The
resistance, R1(Re), represents the uncompensated ohmic resist-
ance from electrolyte. The first parallel of resistance and constant
phase element (CPE), R2(Rsf)-CPEl, represents that lithium
migration occurs across the surface film. The second parallel of
resistance and CPE, R3(Rct)-CPE2, represents charge-transfer
resistance. The Warburg impedance, Wo, describes the solid-state
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diffusion. The fitted parameters are summarized and displayed in
the table on the bottom right of Fig. 4. A review of the data indi-
cates that the LMN(550) sample showed a lower surface film
resistance and charge-transfer resistance as compared to
LMN(800). A possible reason for this low impedances is the pres-
ence of a thicker SEI in the LMN(800) as compared to LMN(550)
sample due to carbon loss.

LMN(550) was also evaluated in the full cell with conductive
graphite as the anode. The full cell was assembled similar to the
half-cell, with the exception of graphite on copper foil employed
as the lithium electrode. The voltage profile of the full cell is
displayed in Fig. 4(b). The cell was charged and discharged in a
voltage range of 3-4.7V. The columbic efficiency and gradual
capacity loss are due to SEI formation on the graphite anode
surface. In the half-cell measurements, the capacity loss was neg-
ligible for the second cycle because of the protective effect from
the surface SEI after the first cycle as can be seen in Fig. 4(b).
This can be attributed to the surface film which prevents the elec-
trolyte from being further oxidized. Therefore, the capacity loss in
the full cell is mainly due to the SEI formation on the surface of
graphite.

Conclusion

A simple polymer-assisted method to prepare self-substitution
high voltage cathode LiMn; ¢Nip4O,4 is reported. The cathode
materials showed a stable capacity at a 4 C rate. Mn doping in the
crystal structure helps stable the structure, and the carbon layer
helps the structure stability and cycling stability. The stable
electrode—electrolyte interface also helps prevent the further oxi-
dation of electrolyte. The reduction of Mn ions is considered as
one of the reasons for the degradation of the electrode due to
Jahn-Teller effect which is associated with Mn*". Without the
carbon layer protection, capacity faded quickly. A successful
implementation of this cathode in full cell with graphite anodes
confirms that the high voltage cathode is a promising candidate
for lithium-ion batteries with high energy density.
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