High capacity Li/Ni rich Ni-Ti-Mo oxide cathode for Li-ion batteries
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ABSTRACT

With the rising cost and insufficient supply of cobalt, the thrust for cobalt-free cathode materials with the high
specific capacity to build Li-ion batteries has increased significantly. Using nickel as the prime electrochemical
active species, we have synthesized a new-class of materials with the combination of ordered and disordered
phases. To obtain high capacity and electrical charge neutrality, stoichiometry of cations designed in a way that
it forms Li/Ni rich Ni-Ti-Mo oxide materials. In addition to conventional capacity from redox activity of tran-
sition metals, partially reversible oxygen redox reaction also contributes to electrochemical activity and thus
results in unusual high capacity. The resultant cathode materials of LiNig sTip502-(LisM0Os)o s and LiNiO,
mixture phases reach the specific capacity of 240 mAh/g. Detailed soft X-ray absorption spectroscopy and
electron microscopy are used to reveal the crystal phases in this system and trace changes in the Ni%*/Ni**
redox couple during charge-discharge processes. Such comprehensive analysis of ordered-disordered oxides

suggesting potentiality to develop high-capacity cobalt-free cathodes.

1. Introduction

To accelerate the process of replacing fossil fuels with sustainable
energy, Li-ion batteries are prime contenders as they store the elec-
tricity produced from intermittent renewable energy sources. These are
power sources for prevailing portable electronics and potentially per-
vasive electric vehicles to combat human-induced climate change or
global warming. Nevertheless, the energy storage capacity of currently
used cathode materials like layered LiCoO, (140 mAh/g), LiN;,3Mn;,
3C07,305 (180 mAh/g) and olivine LiFePO,4 (170 mAh/g) severely limit
the energy density [1-3]. Moreover, due to the expensive and scarce
availability of widely used cobalt based cathodes, searching for Co-free
Li-ion batteries with higher energy density is urgent. Recently, cathode
materials with excess lithium in their stoichiometry gain tremendous
attention for their capability to deliver high specific capacity around
200-300 mAh/g [4-7]. The combination of classical cationic and an-
ionic redox reactions which transforms the oxygen ion to peroxo-like
species results in such incredibly high capacity [8-14].

There have been efforts to access reversible oxygen redox reaction
that may be triggered by the so-called “metal-driven reductive coupling
mechanism” based on proper band overlap between the metal-oxygen
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anti-bonding band (MO*) and non-bonding oxygen band (O(2p)) as
well as strong metal-oxygen covalency bond (M-O) [15-17]. Several
structures such as layered Li,MnOs3, LioRuO3 and LisIrOy, [15,18,19]
tridimensional B-LioIrOs, and rock salt disordered
Li; oNig 333Tip 333M00 13302 [20,21] have been reported in this regard.
However, at this moment, it is difficult for those Li-excess cathodes to
be applicable since either the migration of Mn or the rare and dense
properties of Ru and Ir is an intrinsic issue that would cause the
transformation of the layered structure to spinel with tremendous ca-
pacity degradation, or play as a penalty to gravimetric energy density
[15,22]. Concerning rock salt disordered structure, excess lithium
would cause a percolation network activated within which Li is able to
diffuse through 0-TM channels [23]. Therefore, more lithium ions are
available when the charge/discharge process occurring that partially
accounts for the larger capacity attained.

In this study, we aim to prepare Li/Ni-rich Ni-Ti-Mo oxide with the
nominal formula Li; ;4Nig 5,Tig.19M0g 100> to reach the higher capacity
than the state-of-art layered cathodes by combining cationic and an-
ionic redox reactions. Taking the anionic redox availability and struc-
ture stability schemed in the rock-salt disordered work into con-
sideration, the stoichiometry of Li is deliberately chosen to be 1.14. To
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keep the main electrochemically active species, namely, nickel in +2
valence rather in + 3, which for the purpose of elevating the capacity
part delivered by transition metal ions, we have chosen molybdenum
with highest oxidation state and adjusted the ratio between transition
metals accordingly. Moreover, titanium is selected to form
LiNig 5Tigs0, where the characteristic Li-O-Li configuration in the
crystal structure is in favor of triggering anionic redox according to the
above mentioned research as well. The theoretical calculation suggests
that Ni can deliver a specific capacity of 227 mAh/g. Along with the
partial capacity contributed from triggered oxygen redox reaction, the
proposed electrode is expected to have a much higher specific capacity
than a solely Ni-based prediction. However, the synthesis at different
temperatures resulted in mixed phases as LiNig 5Tip 502-(LizM00Os)g g-
LiNiO, at 800 °C and LiNig 5Tip 502-(LisM00Os)g g-Lig sNig.s0 at 750 °C.
The combination of spectroscopy and microscopy techniques in-con-
junction with electrochemical cycling reveal the existence of afore-
mentioned crystal phases and the occurrence of Ni** to Ni®*/Ni**
redox couple and oxygen redox reaction.

2. Experimental section
2.1. Synthesis

CH3;COOLi (Sigma Aldrich, 99.9%), Niy(NO3),6H,O (Sigma
Aldrich, 99.9%), TiO, (Sigma Aldrich, 99.9%) and (NH4)¢Mo,0,44H,0
(Sigma Aldrich, 99.9%) were used as precursors. At the beginning,
aiming for the atomic ratio Li:Ni:Ti:Mo as 1.14:0.57:0.19:0.10, stoi-
chiometric precursors as 1.8475 g CH3;COOLi, 3.4893 g
Niz(NO3)2‘6H20, 0.3195 g TlOg and 0.3531 g (NH4)6M07024'4H20
were added into 100 mL distilled water within 3.0 g CsHgO»-H>O (citric
acid) as a chelating agent and kept stirring overnight, providing the
previous reagent was dissolved completely. The liquid system was first
heated at 300 °C for 3 h to evaporate the solvent components. The re-
sulting solid materials were ground into powders in a quartz mortar
followed by a calcination process in a furnace under air atmosphere.
The calcination step was conducted over 6 h at 750 °C and 800 °C,
respectively.

2.2. Electrochemistry

The synthesized active material, carbon black (Super P C65) and
polyvinylidene (PVDF) were mixed by a 70:20:10 weight ratio in N-
methyl-2-pyrrolidone (NMP) and milled in a planetary ball milling
machine (Thinky). The obtained slurry was coated on an aluminum foil
with a coating doctor blade then dried in a vacuum oven under 90 °C
overnight. To assemble coin cells for later electrochemistry tests, li-
thium foil, Celgard and 1 M of lithium hexaflouride phosphate (LiPF¢)
in a mixture of ethylene carbonate and dimethylcarbonate (EC:DMC,
1:1 volume ratio) were used as the counter electrode, the separator, and
the electrolyte, respectively. All the electrochemistry performances
were measured on the Arbin battery test instrument at room tempera-
ture. The specific capacity was calculated based on the actual amount
(70%) of active materials in the cathodes.

2.3. Characterizations

Inductively coupled plasma optical emission spectrometer (ICP-
OES) was used for the elemental analysis of these synthesized materials
via Perkin Elmer Optima 8300. The powder X-ray diffraction patterns of
as-prepared samples were collected from a Rigaku D/Max Ultima II
Powder with Cu-Ka radiation (A = 1.54 A). The morphology of the
synthesized materials was investigated via an FEI Quanta 400 scanning
electron microscope and a JEOL 2100F transmission electron micro-
scope (TEM). The oxidation states of transition metals and oxygen ions
were obtained by a PHI Quantera X-ray photoelectron spectroscopy
(XPS) with Al KR X-ray excitation source of 1.487 keV. In order to study

Table 1
Composition of the electrode materials synthesized in this work, based on ICP-
OES analysis.

Theoretical molar
content of Li:Ni:Ti:Mo

Sample Experimental molar content

of Li:Ni:Ti:Mo

Liz.14Nios7Tio.10M0o 1002 1.14:0.57:0.19:0.10 1.126:0.581:0.193:0.100

the oxidation states of different elements for the first charged (4.6 V)
and discharged (1.5 V) voltage in the cathode materials, the corre-
sponding tested coin cells were disassembled in the Ar-filled glove box.
The reacted electrodes were washed with DMC then dried for 12 h in
the glass vials before conducting XPS measurement. Soft X-ray ab-
sorption spectra (XAS) were acquired using a 55° incidence angle
(magic angle) at the Stanford Synchrotron Radiation Laboratory
beamline 8-2 analogous to Ref [14]. The X-ray spot size on the sample
position was < 1 x 1 mm?, which allowed scanning several positions
sample surface and test for inhomogeneities. The monochromator
grating with 1100 1/mm was calibrated by measuring the L3 edge of a
Ni reference in first and second refraction order and setting the energies
of the main peaks to 852.7 eV and 426.35 €V, respectively. The TFY
XAS spectra were collected under ultrahigh vacuum conditions
(10~ ° Torr) with a silicon photodiode.

3. Results and discussion

According to elemental analysis by ICP-OES technique, the real
composition of the materials prepared in this work was found very close
to the targeted formula, as tabulated in Table 1. Fig. 1 shows the XRD
patterns of samples synthesized under different temperatures. Indeed,
the peaks of 20 values at 37.63°, 43.82°, 63.89°, 76.74° and 80.32°
belong to (111), (200), (220), (311) and (222) planes of disordered
LiNig sTip 505-(LisM0Os)o s (ICDD 00-055-0941, ICDD 01-074-6446),
respectively. Therefore, both the patterns have rock-salt disordered
phases of LiNig 5Tig 502-(LisM00s)os. Meanwhile, the prepared mate-
rial at 800 °C exhibits additional peaks at 18.58°, 36.30°, 37.63°, 44.14°,
48.22°, 58.24°, 64.06°, 67.64°, 77.06° and 81.03° assigned to (003),
(101), (006), (104), (015), (107), (018), (113), (021) and (024) planes
of LiNiO, (ICDD 01-083-9893), respectively. This sample hereafter re-
ferred as NTM800. For sample annealed at 750 °C, the reflection peaks
corresponding to LiNiO, are disappeared, which indicates its transfor-
mation into a new phase as LipsNips0 (ICDD 04-007-6739) and is
denoted as NTM750. Rietveld analysis (Fig. S1, Table S1) by Maud
program has been employed on the collected X-ray powder diffraction
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Fig. 1. X-ray diffraction patterns of NTM800, NTM750 annealed at 800 °C,
750 °C for 6 h, respectively.
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Fig. 2. Transmission electron microscope images of NTM800: (a), (b) (LisMo0Os), g particles along the [001] zone axis; (c), (d) LiNig sTip 50, particles along the [001]
zone axis; (c), (e) LiNiO, particles along the [001]zone axis; Energy dispersive spectroscopy of NTM800: (f); Crystal structures of identified phases: (g) cubic

(LisMo00Os)g g; (h) cubic LiNig 5Tig505; (i) rhombohedral LiNiO,.

data of NTM800 for phases analysis, the results show 32.7 wt% Li-
Nio'sTio‘soz (Fm-Sm), 28.0 wt% (L14M005)08 (Fm-3m) and 39.3 wt%
LiNiO, (R-3m), respectively.

Transmission electron microscope (TEM) is used to confirm the
characteristic phases of NTM800 inferred from XRD. Fig. 2a—e identify
the formation of crystallized (Li4M0Os)og, LiNig5Tig 50, and LiNiO,
phases evidenced by the corresponding d-spacing along the [001] zone
axis. Moreover, the existence of Ni, Ti, and Mo elements is supported by
EDS in Fig. 2f. Finally, Fig. 2g, h, i represents the crystal structure of
Fm-3m (Li4Mo0Os)g s, Fm-3m LiNig 5Tip 502 and R-3m LiNiO, respec-
tively. Using TEM, it is possible to recognize the independent domains
belonging to the phases mentioned above. For instance, the
(LisM0Os)g.g has a round-like morphology with approximately 5 nm in
size. The characteristic d-spacing (0.22 and 0.32 nm) for this phase
correspond to the (200) and (110) planes respectively. On the other
hand, the LiNig5Tip 50, and LiNiO, appear as cluster particles. Their
different d-spacing and characteristic planes allow assigning the right
stoichiometry to each phase. The LiNig 5Tip 502 shows d-spacing of 0.41
and 0.57 nm that are typical of the (100) and (110) planes. While for
LiNiO, the identified planes have d-spacing of 0.47 and 0.20 nm cor-
responding to the (003) and (102) families. Scanning electron

microscope (SEM, Fig. S2) images of the mixture phases for NTM800
and NTM750 have different morphological features. NTM800 has
mainly bulk particles whose diameter is nearly 1 pym. As for NTM750,
slightly larger particles with 5 pum diameter agglomerate and form
condensed materials. Moreover, the energy-dispersive X-ray spectro-
scopy (EDS, Fig. S3 and Fig. S4) illustrates the distribution of transi-
tional metal ions in the samples. In Fig. S5, the TEM/EDS shows the
high homogeneity of the entire sample, which prevents a precise
identification of each phase. However, all the elements present are
detected. The EDS results are over-imposed on the high-angle annular
dark-field scanning transmission electron microscopy image to discern
any potential Z-contrast and compared to chemical composition.

The electrochemical performances of the cathode materials are
tested using galvanostatic cycling at a current density of 20 mA/g as
depicted in Fig. 3a—c. For NTM800 shown in Fig. 3a, the first charged
capacity reaches 194 mAh/g which comprises the oxidation of Ni** to
Ni®*/Ni** and oxygen oxidation process. Upon discharging, the re-
duction of O™ species is followed by that of Ni** at higher potentials
(> 3.4 V) [24], then the plateau at 1.7 V corresponds to the further
reduction of Ni** to Ni** [25]. There are approximately 0.21 Ni +2
and 0.36 Ni +3 in the as prepared material. The 1.5 V discharge
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Fig. 3. (a) Galvanostatic charge/discharge profiles of NTM800 under 20 mA/g, (b) dQ/dV versus voltage curves for the first and second cycles of NTM800, (c)

Specific capacity versus cycle number of NTM800 under 20 mA/g.
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Fig. 4. (a) Voltage profiles of NTM800 when charged and discharged at 20 mA/g, 50 mA/g, 100 mA/g and 150 mA/g, individually for 4 cycles. (b) Specific capacity
of NTM800 at 20 mA/g, 50 mA/g, 100 mA/g, 150 mA/g and repeated 20 mA/g, each step contains 4 cycles.

voltage is sufficient to reduce Ni + 3 to Ni 2+ and that's the reason that
Coulombic Efficiency is observed to be larger than 100% for the first
cycle. With the careful observations on derivative curves (Fig. 3b),
there are distinctive peaks during first cycle corresponding to nickel
and oxygen redox activities. For instance, in the first cycle, oxygen
oxidation reaction forms peroxo-like species O™ at above 4.5 V and the
oxidation of nickel occurs around 4.3 V. The oxidation peaks of the
second cycle both shift to lower potentials indicating the faster kinetics
benefiting from the previous activation process. Fig. 3c shows the plot
of specific capacity versus cycle numbers for NTM800. After 20 cycles,
the capacity of the cathode remains 208 mAh/g that is 94.5% of the
initial value of 220 mAh/g while the capacity retention of the sample
synthesized at 750 °C is only 73.8% after the same operating period
(Fig. S6). As of now, it is important to note that the disordered based
cathode materials have limited cycling stability compared to conven-
tional layered cathodes [21]. Given that both cathodes nearly have the
same first discharge capacity, the NTM800 cathode has better electro-
chemical performances. Further, the NTM800 cathode was subjected to
several current densities (20-150 mA/g) as plotted in Fig. 4a, b. The
cathode delivers a high capacity of 235 mAh/g at 50 mA/g and re-
tains > 100 mAh/g at a high current density of 150 mA/g according to
Fig. 4a. As shown in Fig. 4b, the cell is continuously tested at low-
current density, and the resulting capacity is still beyond 240 mAh/g.
Therefore, the performance of capacity under different current densities
demonstrates the reversibility of the structural changes and the oxygen
redox reaction in NTM800.

To reveal the underlying electrochemical redox reactions, X-ray

photoelectron spectroscopy (XPS) studies were carried out on the
pristine, first charged and first discharged electrodes. Fig. 5a—d re-
presents the XPS of Ni 2p, Ti 2p, Mo 3d and O 1s in NTM800, respec-
tively. In Ni 2p (Fig. 5a) spectra, two peaks at 853.6 eV and 870.9 eV
are typical peak positions of Ni?* ~ 2p; , and Ni** ~ 2p; , in nickel
oxide materials, respectively [26], accompanied by the Ni** ~ 2p3,,
peak at 856.1 eV [27]. The charged spectrum displays a broader peak at
856.1 eV and an additional characterized peak of Ni** at 850.0 eV.
Such broadening behavior at 856.1 eV peak indicates the formation of
Ni** species [28]. Thus, Ni®* ions are oxidized to Ni**/Ni** in the
first charge step. Moreover, in a discharged state, the spectrum has the
same features of the pristine, which demonstrates the reversible re-
duction of Ni**/Ni** to Ni*>*. The electrochemical inactivity of Ti and
Mo in the NTM800 cathode (Fig. 5b, c) is understood by XPS and thus
these phases stabilize the Ni redox couples. As to oxygen 1s spectra, the
peak near 528.0 eV (Fig. 5d) is corresponding to oxygen bonded to
lithium although experiencing little shifts when the cell is charged to
4.6 V and then discharged back to 1.5 V [29]. Another peak at 530.9 eV
is denoted as the oxygenated deposited species such as Li,CO5 at the
surface. The new component peak appears at 528.7 eV in the charged
part is attributed to the peroxo-like species, i.e., O™ [30], which con-
firms that oxygen oxidation is occurred during the charging process to
deliver extra capacity. In the discharged spectrum, the O™ peak shrinks
to a very low intensity compared to that of O%>~. Therefore, at least
large parts of those peroxo species are reversibly reduced back to 0*~.
Interestingly, the profile of Ni spectra of NTM750 remains Ni*/3*
after charging to 4.6 V and surprisingly show Ni** once discharged to
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Fig. 5. X-ray photoelectron spectroscopy of the pristine, first charged and first discharged NTM800 electrodes: (a) nickel 2p, (b) titanium 2p, (¢) molybdenum 3d, (d)

oxygen 1s.

1.5 V. This may be explained by the “metal-driven reductive coupling
mechanism” proposed by M. Saubane're et al. [15] (Fig. S7).
Considering the typical probe depth of low energy XPS (1.487 keV)
is around 6 nm that is certainly a surface analysis of elemental chem-
istry, we conduct soft XAS of NTM800 in TFY mode with ~100 nm
depth to reveal the chemical behavior of Ni ions in the relative bulk
lattice region. Fig. 6a is the spectra of the Ni element in five different
states within Lz-edge (845-857 eV). As previous literature mentioned,
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the Ly-edge (867-875 eV) profile has much broader absorption features
suffered from the shorter lifetime of 2p, /5 core hole as a consequence of
Coster-Kronig Auger decay [31], making it difficult to interpret accu-
rate information from this edge. Therefore, Fig. 6a does not involve the
L,-edge part and the below discussion is focused on Ls-edge absorption
spectra. In the pristine electrode, the main peak at 852.4 eV with a
shoulder at 854.4 eV is assigned to Ni?*, accompanied by the char-
acteristic peak of Ni®* at 853.6 eV. This observation is consistent with
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Fig. 6. Soft X-ray absorption spectroscopy of the pristine, first charged, first discharged, second charged and second discharged NTM800 electrodes: (a) nickel-L edge,

(b) oxygen-K edge.



our phase identifications of LiNiO, and LiNig 5Tip 502 where Ni shows
+2 and +3 valence simultaneously. Once the first charge process
completed, the evolved spectra displays a new peak at 855.1 eV at-
tributed to Ni**. Clearly, parts of Ni** and all Ni** have been oxidized
into Ni** while the rest part of Ni>* remains inactive, which indicates
the incomplete use of Ni redox reservoir and possible participation of
oxygen oxidation to compensate the delivered high capacity. The pro-
file comes back to the pure Ni?* shape line after discharged to 1.5 V in
the first cycle, suggesting the good reversibility of cationic redox in the
first cycle. The spectra of fully charged and discharged states of the
second cycle are recorded as well. As expected, the Ni ions experience
the same reaction route as partially being oxidized to Ni** in charging
step then reduced back to Ni** when it comes to discharging. It should
be noted here that all the characteristic peaks of different valences of Ni
ions show an energy shift of 1.2 eV compared to standard spectra from
literature [31].

It is universally accepted that O K-edge absorption spectra are
strongly linked to the hybridization between transition metal (TM) 3d/
4d and oxygen 2p orbitals. Therefore, the soft XAS spectra of O K-edge
shown in Fig. 6b serve as the proof of the existence of different valences
of Ni ions bounded to oxygen ion in different electrochemical test
stages. Specifically, the pre-edge peaks between 525 and 535 eV and a
broader peak above 535 eV corresponds to hybridization of TM 3d/4d-
O 2p and TM 4sp/5sp-O 2p, respectively [14]. A pair of peaks at
533.5 eV and 530.6 eV in the pristine material belong to the excitation
process of oxygen 1s core level electron to the orbital hybridized from
Ni** d(eg)-O 2p and Ni** d(tz,)-O 2p, accordingly. As the first charged
spectrum obviously shows an additional couple of peaks at 532.4 eV
and 529.4 eV characterized by transition between O 1 s and Ni** d-O
2p, the formation of Ni** is confirmed once again. The following first
discharged profile has the exact same feature as that of pristine mate-
rial, as a result, the reduction product of Ni?* dominates the population
of Ni valence. Although the general line shape of the second charged
profile is similar to that of the first charged one, the ratio of relative
intensity of O-Ni** at 532.4 eV to O-Ni** at 533.5 eV is decreasing,
which may be interpreted as the lower quantity of Ni?* oxidized to
Ni** due to sluggish kinetics or transformation into inactive Ni**
species. Noticeably, the relative intensity of O-Ni** does not drop at the
end of second discharged state. One may explain the phenomena on
account of partial irreversible Ni** in the second electrochemical cycle.
Here, we decide not to analyze the redox reaction between 0%~ and O™
solely based on soft XAS of O K-edge. Indeed, researchers have re-
cognized the difficulty to analyze the hybridization peaks and O 2p
states independently owing to their highly overlapping features.
Moreover, whether the oxygen redox happens or not, the intensity of
the pre-edge will definitely increase upon charging since Li removal
leads to more covalent nature between TM and O, thus enhancing the
TM-O hybridization.

Fig. 7 shows high-resolution TEM (HRTEM) analysis for the
NTMB800 of the discharged samples after one cycle, and 20 cycles and
they are compared to the pristine material. Based on the XPS results
(Fig. 5¢), Mo does not seem to contribute or change drastically in the
process. Therefore, one may expect limited changes in the Mo-rich
phase. In the first cycle, it is clear that (Li4Mo0Os)og does not present
noticeable changes in microstructure, size or morphology (Fig. 7b)
while the LiNiO, (Fig. 7c¢) and LiNig 5Tig502 (Fig. 7e) phases present
appreciable changes in the lattice that is perceived as distortion. The
LiNiO, and LiNig 5Tig.50- phases transformed from a 10-20 nm short-
range structure into a distorted lattice that looks like a series of dis-
locations forming short-range order particles. It is of further interest to
recognize that after 20 cycles, the (LisMoOs)o g phase does not report
changes as observed from Fig. 7g. At the same time, the LiNij 5Tig.50-
(Fig. 7h) and LiNiO, (Fig. 7i) phases change from nanostructure
(10-20 nm, see Fig. 2) into 1-2 nm domains with wide grain boundaries
and distorted planes. The HRTEM results confirm the limited electro-
chemical contribution of the (Li4Mo0Os)yg phase and the high

homogeneity of the investigated samples (Fig. 7a, f, Fig. S8 and Fig. S9).
4. Conclusions

In conclusion, we synthesized the Li/Ni-rich Ni-Ti-Mo oxide cath-
odes using citric acid-assisted solution method. The detailed phase
analysis of prepared materials is performed by X-ray diffraction and
transmission microscopy, revealing the formation of mixed phases such
as (LisMo00Os)g g, LiNig 5Tig 50, and LiNiO, at 800 °C. For this cathode
material, partially reversible oxygen redox reaction, i.e., the transfor-
mation between 0%~ and O™, contributes to the total capacity during
charging and discharging processes. The NTM800 cathode exhibiting
Ni2* ~Ni**/Ni** redox reaction along with capacity from anion con-
tribution enables better electrochemical performances. Although the
reductive coupling mechanism is triggered in the NTM750 cathode, it is
not effective enough to stabilize the formed peroxo species that in-
evitably causes the oxygen loss and the accompanying reduction of
molybdenum ions. The specific capacity of NTMO800 reaches beyond
240 mAh/g and it shows reasonable high rate performance up to
150 mA/g, which evidences the good reversibility of structural changes.
The underlying mechanism is the transformation between Ni** and
Ni** along with oxygen redox reaction during cycling evidenced by the
combination of XPS and soft XAS studies, while the irreversible part of
oxygen redox may explain the obvious capacity decay reflected from
94.5% capacity retention of NTM800 after 20 cycles.

The future work will focus on the F doping of Li/Ni rich cathode
materials to exploit the Ni**/Ni** redox reservoir, thus reliving the
structural instability due to the involvement of oxygen oxidation.
Operando XAS data should be collected and analyzed by Principal
Component Analysis (PCA) and Multivariate Curve Resolution-
Alternating Least Squares (MCR-ALS) methods first introduced by
Tauler et al. to calculate the exact capacity contribution from Ni ions
[12,32-35]. Then the oxygen participation is revealed simply via sub-
tracting the part of Ni from the total capacity. The obtained result will
be compared to that deduced from the measurement by Differential
Electrochemical Mass Spectrometry (DEMS) which is purely attributed
to oxygen gas release [36], and the difference is the amount of capacity
based on reversible oxygen redox reaction. The accurately quantitative
analysis will predict whether oxygen redox reaction is realistic to reach
extremely high energy density cathodes for Li-ion batteries.
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