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ABSTRACT: The poor first-cycle Coulombic efficiency and rate performance of
the Li-rich layered-layered oxides are associated with oxygen gas generation in the
first activation charging and sluggish charge transportation along the layers. In this
work, we report that barium doping improves the first-cycle efficiency of Li-rich
layered-layered Li; ;Mn,¢Nij,O, via suppression of the oxidation of O*~ ions in the ‘E’

first charging. This effect can be attributed to the stabilizing effect of the barium § e
cations on the oxygen radical intermediates generated during the oxidation of O*~. ' 1% 771
Meanwhile, because the stabilized oxygen radicals likely facilitate the charge £ a8
transportation in the layered-layered structure, the barium-doped Li; ,Mn,¢Ni,,0, &

exhibits significant improvement in rate performance. Stabilizing the oxygen
radicals could be a promising strategy to improve the electrochemical performance

of Li-rich layered-layered oxides.
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1. INTRODUCTION

In cathode materials of lithium ion batteries, increasing the Li-
to-TM (transition metal) ratio to higher than one has been
extensively pursued in the past years in order to boost the
energy density of lithium ion batteries. One of the simplest Li-
rich layered oxides, Li,MnO;, which can be rewritten as
Li[Li,;sMn, /3] O,, allows access of two Li ions per Mn ion, ie.,
a theoretical capacity of 458 mAh/g.' In actual cell tests,
however, only about 350 mAh/g capacity can be achieved in
the first charge to 4.7 V, and the first-cycle Coulombic
efficiency is lower than 60%.” Because the Mn(IV) ions are
unlikely to be oxidized to higher valence in the octahedral
coordination environment in pristine Li,MnO5, the O*~ ions in
the Li,MnOj; are oxidized to O, to facilitate the extraction of
Li* ions in the first charge.3 In the first discharge, however, the
reinsertion of Li ions is coupled with the reduction of Mn(IV)
to Mn(IIl), exhibiting completely different electrochemical
behaviors.*”” The poor first-cycle Coulombic efficiency can
thus be attributed to the irreversible capacity loss due to the O,
releasing, resulting in one Li ion inserting back after the
extracting of two Li ions in the first cycle.>® On the other
hand, The poor rate performance of the Li,MnO; can be
attributed to the lack of Mn*"/Mn?" redox couples for the
electron hopping'® and/or the formation of a thick solid-
electrolyte interface layer due to the oxygen released.'™'*

The structural integration of the Li,MnO; with a layered
metal oxide LIMO, (M = Mn, Co, Nj, etc.) provides a practical
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approach to exploit the high Li/TM ratio of Li,MnO,.">~"

The so-called Li-rich layered-layered oxides (xLi,MnO;-(1—
x)LIMO,, designated as LLO thereafter), derive high capacity
(~250 mAh/g) from the Li;MnO; domains and passable
electron and lithium ion conductivity from the [MO,],
units.'*71% A representative LLO is Li, ,Mn,¢Nig,0,
(0.5Li,MnO5-0.5LiMn, sNij ;O,). Its first-charge voltage profile
exhibits a sloping region at potentials lower than 4.4 V
corresponding to the oxidation of Ni(II) to Ni(IV), followed by
a plateau at about 4.5 V that is consistent with the activation of
the Li,MnO; domains with the removal of Li* and O,.*'*'9723
In spite of the improvement in the electrochemical perform-
ance owing to the contribution of LiMO,, the rate performance
and the first-cycle efficiency of LLO still cannot meet the
requirements for practical application.”*>° Further break-
through of the LLO requires the direct suppressing of the O,
releasing from the Li,MnQ,.>>"?

In this work, barium ion was investigated as an oxygen
stabilizing dopant to improve both the rate performance and
the first-cycle efficiency of the Li-rich layered-layered
Li; ,Mny¢Ni;,0,. We found that an extremely low concen-
tration of the Ba (x = 0.00S in Li;,Ba,Niy,_,Mn,0,) yielded
superior electrochemical performance compared to
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Li; ,Mng¢Nig,0,. The oxygen generation in the first charge was
effectively suppressed by the Ba doping, and over 50% of the
initial capacity was retained a discharge rate up to 4 C. The
mechanism of the improvement is likely related to the stabilized
O’ in the Li;MnO; domains due to the bonding between Ba
and O.

2. EXPERIMENTAL METHODS

2.1. Material Synthesis and Characterization. Both
Li; ,Mny¢Nip,0, and Li;,Ba,Niy, Mn,cO, (x = 0.005, 0.01, and
0.015) were synthesized by a coprecipitation method. 10 mL of NH;-
H,0 (29.8%) was added to a solution with the required amount of
MnCl, Ni(NO,),-6H,0, and BaCl, under stirring, and then the
solution was transferred to a S0 mL autoclave with a Teflon liner. The
autoclave was maintained at 200 °C for 6 h and then air cooled to
room temperature. The resulting dark powders were collected by
filtration and washed with distilled water and ethanol before drying
overnight at 75 °C in a vacuum oven. The precursor was then mixed
with Li,COj; thoroughly and then sintered in air at 900 °C for 24 h.

High-resolution powder X-ray diffraction (HRPXRD) patterns of
the samples were collected at the 11-BM beamline of the Advanced
Photon Source, Argonne National Laboratory. The samples were
loaded into kapton capillaries and rotated during the experiment at a
rate of 90 rotations per second. The data were collected for 26 of 0.5°
to about 40° with a step size of 0.001° and a time of 0.2 s per step. The
HRPXRD traces were collected with 12 silicon (111) crystal analyzers,
which increase detector efficiency, reduce the angular range to be
scanned, and allow rapid acquisition of data. A silicon and alumina
NIST standard (ratio of 1/3 Si to 2/3 Al,O5) was used to calibrate the
instrument and to determine and refine the wavelength used in the
experiment, which is about 0.413 839 A. High-angle annular dark field
(HAADF) imaging of the samples was carried out inside an aberration-
corrected JEOL JEM-ARM200CF scanning transmission electron
microscopy (STEM) instrument. A 22 mrad probe convergence angle
was used to capture all the HAADF images at a collection angle of 90—
370 mrad.

2.2. Electrochemical Tests. The undoped and doped cathode
materials were tested in 2032 coin cells. The cathodes consisted of 85
wt % active material, S wt % poly(vinylidene fluoride) as a binder, and
10 wt % carbon black as the conducting agent. After being fully mixed
with N-methylpyrrolidinone solution, the slurry was cast uniformly
onto an aluminum foil with a 200 gm doctor blade. After drying at 75
°C in air for 4 h and another 12 h under vacuum, the laminates were
compressed by a rolling press and then punched into 1.6 cm?® disk
electrodes. The 2032 coin cells were assembled with Celgard 2325
separators and GenlI electrolyte (1.2 M LiFP; in 3:7 ratio of ethylene
carbonate and ethyl methyl carbonate) in an argon-filled glovebox.
The cells were initially activated in the first charge at constant current/
constant voltage (CC/CV). The cells were first charged galvanostati-
cally at 0.1 C (calculated for an anticipated capacity of 250 mAh g™)
to the cutoft voltage of 4.7 V and then charged potentiostatically at 4.8
V for 20 h. The following discharges and charges were controlled
between 2.0 and 4.8 V with gradually increasing rates of 0.1, 0.2, 0.4, 1,
2, and 4 C, then back to 0.2 C to determine the rate performance of
the electrodes. Cyclic voltammatry of the electrodes was carried out
with a Solartron Model 1470E Eight Channel Potentiostat/
Galvanostat using a scan rate of 0.05 mV s™' within the potential
range from 4.8 to 2 V vs Li*/Li.

3. RESULTS

3.1. Structure and Morphology. The
Li; ,Ba,Nig,_Mny40, (0.005 < x < 0.015) was prepared by
a solid-state reaction of the coprecipitated carbonates of Ni,
Mn, and Ba with Li,COj;. Figure 1 presents the XRD patterns
of as-prepared Li, ,Ba Nij, Mn,40, along with the undoped
material, which correspond primarily to the O3 type layered
structure (space group R3m) with Bragg positions labeled as
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Figure 1. High-resolution powder X-ray diffraction (HRPXRD)
patterns of Li;,BaNiy, Mn;0, (0 < x < 0.015).

the green bars at the bottom. The unindexed peaks around 26 =
6°—8° can be assigned to the superstructure reflections
consistent with the LiMng cation orderinég that occurs in the
transition metal layers of the Li,MnO,.'® The XRD patterns
were refined with R3m space group by the Fullprof suite. The
lattice parameters of the samples with different Ba doping
concentrations are listed in Table 1, revealing that the Ba

Table 1. Lattice Parameters Calculated from the
Refinements of the XRD Patterns of the
Li, ,Ba,Ni,, Mn,0, (0 < x < 0.015)

x in cell volume
Li;,Ba,Niy, MnycO0, a=0b(A) c(A) c/a (A%

0 2.8566(3)  14.2470(7)  4.987  100.685(1)

0.005 2.8534(1)  14.2692(0)  5.001  100.614(3)

0.010 2.8583(0)  14.2571(5)  4.988  100.873(6)

0.015 2.8567(8)  14.2510(5)  4.989  100.723(S)

doping does not obviously influence the crystal structure of the
Li, ,Niy,Mng¢O,, probably due to the low concentration of Ba
doping. In addition, the c¢/a ratio is slightly increased by the Ba
doping when x = 0.005, which is likely due to the replacement
of smaller Ni** ions by the larger Ba** ions.

The unchanged crystal structure was further confirmed by
HAADF imaging of the samples, which has been reported to
efficiently detect the signals of heavy elements such as Mn.*!
Figure 2a,b shows HAADF images of Li,,Nij,Mn,O, and
Li, ,Bag ,5Nig 15sMng 4O, particles, respectively, taken along the
[4—4—1] zone axis. A series of bright rows can be observed on
both images, which are correlated with transition metal (Mn
and/or Ni) rich layers due to their high atomic number. The
lattice spacing for the Ba-doped and Ba-free particles is
measured to be 0.20 nm, matching the dy 4 of
Li; ,Nij,Mny O, very well. The atomic configuration for
Li, ,Nig,Mny 4O, agrees with the [4—4—1] zone axis model
shown in Figure 2¢, confirming the experimental projection to
be [4—4—1] for both Ba-doped and Ba-free particles. This
finding indicates that the crystalline structure of this cathode
material is well maintained after Ba doping. It is also notable
that the atomic column brightness varies at different sites.
Because the atomic model demonstrates that Li, Ni, and Mn
atoms are all well aligned along the [4—4—1] axis, the uneven
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Figure 2. Atomic-resolution HAADF-STEM images of
Li;,Ba,Nip, ,Mn40, with (a) x = 0 and (b) x = 0.015 at high
magnification taken along [4—4—1] zone axis; (c) [4—4—1] zone axis
atomic model showing the configuration of Li;,Niy,Mng40,, where
green balls indicate Li*, red for O, and yellow for Mn and Ni. Under
such a zone axis, all four atomic species are well aligned parallel to the
viewing direction.

brightness distribution implies the existence of Li—Ni disorder
at the nanoscale.

3.2. Electrochemical Performance. Figure 3 compares
the first charge—discharge curves of the Li, ,Ba,Nij,_,Mn,cO,
with varying barium content. The electrodes were charged at
constant current/constant voltage, with galvanostatic charging

Li1.2[Ni0.2Mn0.6]OZ
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Figure 3. First-cycle charge—discharge profiles of
Li;,BaNiy, Mn;c0, (0 < x < 0.015) electrodes with the current
density of 25 mA/g.

up to 4.8 V and then potentiostatic charging at 4.8 V for 20 h. A
low current density at 25 mA g™ was applied for the activation
of the Li;MnO; domains. The voltage curves in Figure 3
demonstrate the characteristic sloping and plateau formation of
Li-rich layered-layered oxides. The capacity of the
Li;,Ba,Niy, ,Mny40, samples in the sloping region, which
corresponds to the oxidation of Ni** to Ni*, slightly decreases
when the Ba content (x) is increased from 0 to 0.015. This
capacity decline is can be attributed to the replacement of the
electrochemically active Ni** ions by the inactive Ba®* ions, or
because Ba®* ions likely inhibit the diffusion of Li ions due to
their large radius. On the other hand, the capacity of the plateau
region above 4.5 V significantly decreases with Ba doping. As
mentioned earlier, the plateau above 4.5 V is related to the
oxidation of O*” to O, gas, and thus the decrease in the
capacity above 4.5 V indicates that the O, releasing reaction is
suppressed by the Ba>* doping. The corresponding first-cycle
Coulombic efficiencies (1) of the undoped and Ba-doped
samples are listed in Figure 3. As shown in the figure, the first-
cycle Coulombic efficiency increases from 59.85% to 68.52%
with Ba content of x = 0.005, but decreases to 67.32% and
61.40% when x = 0.010 and 0.015, respectively. It is interesting
that the Ba-doped cathode with the lowest Ba concentration
exhibits the highest 7, which will be explained in detail in the
Discussion section.

The impact of the Ba doping on the O~ oxidation reaction is
clearly demonstrated in the cyclic voltammograms shown in
Figure 4. The potential of the Li, ,Ba,Nij, ,Mng 4O, electrodes

1.0
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Figure 4. Cyclic voltammatry curves of Li; ,Ba,Niy,_,Mn, 0, (0 < x

< 0.015) electrodes using a scan rate of 0.05 mV s7! within the
potential range from 4.8 to 2 V vs Li*/Li.

was cycled between 4.8 and 2 V with a low scan rate of 0.05 mV
s™' to distiguish the redox reactions occurring at different
potentials. The two oxidation peaks at 3.7 and 4.1 V correlate
to the oxidation of Ni(II) to Ni(III) and Ni(III) to Ni(IV),
respectively. The coresponding reduction peaks occur at about
3.4 and 3.7 V during the reverse cyclic voltammetry sweep. No
oxidation peak of the Mn(III) appeared, confirming that most
Mn ions in the compound are at the +4 oxidation state. The
sharp peak at about 4.7 V can be attributed to the expected
oxidation of the O*~ when more than one Li ion is removed
from the Li;,BaNij, ,Mny,cO,. Note that when a small

portion of Ni** ions is replaced by Ba®* ions, the oxidation peak
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at about 4.7 V shifts to higher potential and the peak current
decreases by about 50%. These changes reveal that the
oxidation of O is significantly suppressed by the Ba doping,
which is consistent with the first-cycle charge—discharge profile
in Figure 3.

The rate performance of the Li;,Ba,Ni,,_Mn,0, electro-
des is plotted in Figure S. The electrodes were activated under
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Figure S. Rate performance of Li; ,Ba,Nij,_.Mn,40, (0 < x < 0.015).

the CC—CV mode for the first cycle, and then cycled between
2.0 and 4.8 V at a series of increasing rates (0.1, 0.2, 0.5, 1, 2,
and 4 C) for six cycles at each rate, and then the rate was
reduced to 0.2 C. In the activation cycle, the discharge
capacities of the Li; ,Ba Nij, ,Mn, 40, electrodes were similar
when 0 < x < 0.010. In the subsequent cycles with increasing
rate, the discharge capacities of all the electrodes declined
gradually due to the polarization in the cell. For the rate of 1 C
or lower, the capacities of Ba-doped electrodes were slightly
higher than that of the undoped electrode. When cycled
intensively at higher current densities, the rate performance due
to the Ba doping increased more significantly. In particular,
when cycled at 4 C, the discharge capacity of the
Li; ,Niy,Mny¢O, cathode declined rapidly from 60 to 40
mAh ¢! within 6 cycles, which is less than 35% of the initial
discharge capacity and can be related to the poor electronic
conductivity associated with the Mn*" ions. On the contrary,
the discharge capacity of the Lij,BagosNig195Mng 0,
remained at about 80 mAh g~' when cycled at 4 C, which is
nearly double the capacity of the undoped electrode after 6
cycles at 4 C. These results clearly show that Ba doping at low
concentration facilitates fast charge transport in the Li-rich
layered-layered structure. The rate performance of the doped
cathode with the lowest Ba content (x = 0.005) is superior to
that of the other samples, which is similar to the first-cycle
efficiency results shown in Figure 3. The correlation between
the low-concentration Ba doping and the improvement in first-
cycle efficiency and rate performance will be discussed in the
following section.

4. DISCUSSION

The O, release accompanying the Li* jon extraction from the
Li,MnO; can be expressed as

1 _
Li,MnO, — 2Li" + MnO, + 502 + 2e

The oxidation of O*” to O, provides two electrons to
compensate for the two Li" ions extracted. This O, releasing
reaction is irreversible in the cell, and thus only one Li" can
reinsert into the MnO, accompanying the reduction of Mn*" to
Mn**:

Li" + MnO, + ¢~ — LiMnO,

The above delithiation—lithiation mechanism of the
Li,MnOj explains the poor first-cycle efficiency of the Li-rich
layered oxide materials. As shown in Figures 3 and 4, the O,
releasing reaction during the initial activation is noticeably
suppressed by the Ba doping, which gives rise to the improved
first-cycle efficiency. As reported in the literature,* the O,
releasing reaction likely occurs with the oxygen radicals (O,*~
or O°7) as the intermediate. Because of the large radius and
thus low positive charge density of the Ba** ion, we hypothesize
that Ba ions are capable of stabilizing the oxygen radicals,
similar to the mechanism of the stability of the BaO,.*”
Therefore, the Ba doping reduces the amount of O, released in
the first charge. Moreover, the electrons generated due to the
Li* removal remain in the cathode as unpaired electron in the
oxygen radicals because of the suppressing of the O, releasing.
As a result, the electron density in the cathode can be increased,
leading to higher electron conductivity, which could be one of
the possible reasons for the improvement in the rate
performance of the Ba-doped Li, ,Bay 4ysNij 19sMnj O,. Never-
theless, owing to the large radius of the Ba** ions, it is unlikely
that the Li; ,Nij,Mn;40, structure can host a high content of
barium. For the Li,,BaNiy, ,Mn,O, samples with x values
higher than 0.00S, only a part of the Ba®" ions may replace the
Ni** ions in the lattices, while the other part stays at the surface
of the particles and may block the Li ion transportation at the
electrolyte/electrode interface. This behavior explains why the
Ba doping at the lowest concentration yields the highest first-
cycle Coulombic efficiency and the best rate performance.

5. CONCLUSIONS

In this work, doping with Ba®* has been shown to improve
significantly the first-cycle efficiency and rate performance of
the Lirich layered-layered oxide Li;,Nij,Mny¢O,. The
improved electrochemical performance is proposed to correlate
with the suppressed O, releasing reaction in the first charge or
the activation process. This reaction could be attributed to the
stabilizing effect of the barium cations on the oxygen radical
intermediates generated during the oxidation of O>”. The
detailed mechanism study is still ongoing, but this work
suggests great opportunities to improve the Li-rich layered-
layered oxide toward practical applications via stabilizing the
oxygen in the structure.
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