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Abstract

High-voltage LiCoO; is pressingly required for the portable electronics. But the O—
Co charge transfer and the oxygen redox at high delithiation induce the issues of
irreversible Co reduction, oxygen release and unfavored phase transformation. Herein,
we propose to tune the O—Co charge transfer via regulating Li/Co anti-site defect with
Mg?" and (PO4)* co-doping to achieve a stable high-voltage LiCoO, cathode. The
appropriately regulated Li/Co anti-site defect enhances the redox activity of the Co-
ions, inhibits the redox activity of the oxygen and the coupled Co reduction. The
increase of the formation energy of oxygen vacancies in the modified cathode at deep
delithiation inhibits oxygen escape. Moreover, (PO4)*" doping also stabilizes oxygen-
packed framework due to its strong bond energy with transition metal. These functions
enhance the structural stability and the reversible Co/O redox ability. The improved
cathode delivers a high capacity and long-cycle capacity retention on both 4.5 V and
4.6 V. This study provides some insights into adjusting the redox coupling effect and
enhancing the oxygen redox reversibility by Li/Co anti-site regulation.

Key words: Li/Co anti-site, high voltage LiCoO., redox coupling, formation energy,

oxygen escape



TOC
e 8§ § ¢ o e ¢ § ¢ o

2.5606A
@ 2.1223A ®

@
® . PY Mg?* and (1’04)3-

— Li/Co anti-site *
Redox coupling
« . ‘ . @ Oxygen escape *. . . . «

Co K-edge
XAFS

2.54824

2.1377A

Co K-edge
XAFS

Co redox activity
Redox coupling

in LiCoO2

was improved
in Mg&Po.02-LiCoO2

— Discharged 3.0V

02 Stability

Normalized Intensity (a.u.)
Normalized Intensity (a.u.)

~— Discharged 3.0V

— Charged 4.6V —— Charged 4.6V
—— Charged 4.5V —— Charged 4.5V
Pristine — Pristine
L L ! L 1 I L 1
7700 7710 7720 7730 7740 7750 7700 7710 7720 7730 7740 7750

Energy (eV) Energy (eV)



1. Introduction

The rechargeable lithium-ion batteries (LIBs) with high safety and high specific
energy are pressingly required for the rapid development of consumer electronics,
electric vehicles and energy storage [!1. At present, advanced cathode is the bottleneck
for the exploration of high specific energy LIBs!?. Due to the good conductivity,
superior high volume energy density and theoretical capacity, LiCoO2 has been
regarded as the ideal cathode for 3C electronics and has attracted wide attention!®,
However, the practical reversible capacity of common LiCoO: is only half of its
theoretical capacity (274 mAh/g). To elevate the delivered capacity, a high voltage
ceiling is inevitable [*l. With a 4.6V upper voltage limit, the capacity is up to 220 mAh/g.
But this would induce significant structural degradation, oxygen release, cation
dissolution and the sharp capacity decayl™.. In addition, with the increasing of charging
voltage, when the electrons at the top of the Co elements valence band are depleted, the
charge compensation process in this region will no longer be provided by the Co-ions,
and the anionic oxygen will also participate in it due to the overlap between Cosq band
and Oy, band (strong covalence of the Co-O bond)!®.. The high activity and mobility of
the peroxide ion O at the high voltage can not only easily escape from the crystal in
the form of the O, gas, but also leads to the electrolyte oxidation and decomposition
rapidly increased, causing the large interfacial impedance and severe gas generation.!”!

These issues are related with the redox mechanism of LiCoO. When the charge

3+/4+

voltage exceeds 4.2V, the conventional Co oxidation is changed to the reactions

involving both Co cations and O anions!®!. The O anionic redox elevates the capacity,



but complicates the reactions and bring problems. Specifically for the whole
delithiating, charge compensation only takes place in Co dominated t2; band when it is
below a 4.2V charge voltage, while which correlate the Oz, band at voltages higher than
4.2V. A series of phenomena have been observed. It is reported that the structural
degradation is occurred in the delithiated LiCoO; at high-voltages, which induces phase

32+ reduction and

transition from layered to spinel structurel®’. Simultaneously, Co
oxygen release are companied''%!. In this process, Co*" ions will occupy the tetrahedral
position of Li*, which hinder the Li" migration.

In addition, the Li/Co anti-site defect usually occurs during the electrochemical
cycle, because of a similar ion radius (Co®": 0.0745A, Co**: 0.061A, Li™: 0.076A). The
migration and dissolution of Co ions will lead to the change of the layered structure
from the surface to the interior or the phase transition. And for the anti-site Li-ions in
transition metal Co site will improve the stability of oxygen framework due to the
enhanced Li-O interaction'!. Besides, in some cases, the O* to O®™- process often
accompanied with the reduction of the Co ions under high voltage. In other words,
during the deep charging process, to reduce the energy of the whole system, some
electrons in the high O, occupied state flowing to the Cozq unoccupied state, which is
called the redox coupling mechanism!'?. Therefore, studying the effect of the Li/Co
anti-site defects on the structure and electrochemical performance of high-voltage
LiCoO> cathode materials, as well as in-depth understanding of the evolution of

transition metal Co ions and oxygen ions in the charging/discharging cycles and the

redox coupling effect of cationic Co ions are particularly important for designing high-



performance high-voltage LiCoO> cathode materials.

Herein, we proposed a facile strategy to regulate the Li/Co anti-site defect through
Mg?* and (PO4)*" co-doping and improve the redox activity of Co ion as well as inhibit
the redox coupling in LiCoO» cathode materials. And the formation energy of oxygen
vacancies was enhanced by the Mg?" and (PO4)*> co-doping at deep delithiation.
Therefore, Li/Co anti-site defect regulation further reduces the redox activity of O*
ions and enhances the redox reversibility of O* ions, especially under a high voltage.
The intrinsic mechanism was revealed by combining the powered neutron diffraction
(NPD), differential electrochemical mass spectrometry (DEMS), the X-ray absorption
fine structure spectra(XAFS), the resonant inelastic X-ray scattering (RIXS) and the
first principles calculations (DFT). This strategy might be also extended to other
cathode materials related to the oxygen redox.

2. Result and Discussion

Crystal structure and Morphology
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Figure 1. the structural characterization of the Bare-LCO, Mgo.02-LCO, P.02-LCO and Mg&Po.2-

LCO samples: (a) the XRD patterns; the refinement results of the XRD: (b) Bare-LCO, (c)

Mg&Po.02-LCO, and the refinement results of the neutron powder diffraction (NPD): (d)

Mg&Po.02-LCO, the Refined crystal structures: (¢) Bare-LCO and (f) Mg&Po.02-LCO by the XRD,

(g) the Raman patterns of the Bare-LCO, Mgo.02-LCO, P¢.02-LCO and Mg&Py 02-LCO cathode

materials, HAADF-STEM images of the (h) Bare-LCO and (i) Mg&Po.0-LCO cathode materials

along the [110] direction, respectively, which represent the Li/Co anti-site

In order to reveal the crystal structures of the Bare-LCO, Mgo.02-LCO, Py 02-

LCO and Mg&Po.02-LCO cathode materials, the X-ray diffraction (XRD) was tested as

shown in Figurel (a), and all the diffraction peaks of both samples can be consistent

with the rhombohedral structures in the R3m space group symmetry*> 31, which also



proved that the bulk crystal structure of the LiCoO» cathode materials was not much
changed by the Mg?* and (PO4)* doping. In order to reveal the effect of the Mg?* and
(PO4)* doping on the crystal structure parameters, the Rietveld refinement of the XRD
patterns of the four samples and the NPD patterns of the Bare-LCO and Mgé&P¢.0.-LCO
cathode materials were performed as shown in Figure 1 (b), (¢), (d) and Figure S1.
Compared with the Bare-LCO cathode material, the 1(003)/1(104) value of the
Mg&Po.2 cathode material was decreased from 1.96 to 1.68 as shown in Figurel (b)
and (c), which illustrate that the suitable increase of the Li/Co anti-site by the Mg?" and
(PO4)* co-doping!'*l. The occupancy information of the atoms in the cathode materials
derived from the Rietveld refinement by XRD and NPD are depicted in Tables S1~S6,
respectively. Compared with the Bare-LCO cathode materials, the Li/Co anti-site was
appropriately increased in the Mg&Po.02-LCO cathode materials by the NPD patterns
as shown in Table S5 and Table S6. The refined crystallographic parameters are listed
in Table 1(by XRD). The fitting factors Ry, from the XRD patterns are 2.45 and 2.08%,
respectively, which mean that the refined data are acceptable for further reference!!%.

Table 1 The refined crystallographic parameters of the cathode materials by the XRD patterns

Sample a(A) c(A) V(A?) Ziss: TM-O  Smo2(A) Iwion(A)  Rwp(%)

Bare LCO 2.8154(0) 14.0487(3) 96.43(0) 0.2422(8) 1.9412  2.5606  2.1223 245

Mg&Po-LCO  2.8142(1) 14.0578(2) 96.42(0) 0.2427(5) 1.9448 25482  2.1377  2.08

Moreover, the crystal structure of the Bare-LCO and Mg&Po.02-LCO cathode
materials based on the Rietveld refinement of the XRD pattern are shown in Figure 1

(e) and (f). Compared with the Bare-LCO cathode materials (2.1223 A), the interlayer



space of the Mg&Py 0>-LCO cathode material was significantly expanded to 2.1377 A,
which can provide a wider channel for Li" intercalation/extraction during the
charge/discharge processes and further lower the energy barrier and the resistance of
Li* migration. This result will be beneficial to the improvement of the rate capacity!'®’.
In addition, the shift of the strong Raman bonds to the left for the Mgo.02-LCO and
Mg&Po.02-LCO cathode materials indicates the existence of the lithium vacancies due
to the substitution of Mg?* for Li* and the Li/Co anti-site, which also confirms that the
Mg?* enter to the Li" site without changing the layered structure of the cathode materials.
In order to observe the phenomenon of the Li/Co anti-site more intuitively, the
HAADF-STEM images of both samples were performed as shown in Figurel (h) and
(1). Compared with the Bare-LCO cathode material in Figure 1 (h), the phenomenon of
the Li/Co anti-site was appropriately increased by the Mg®" and (PO4)* co-doping,
which is consistent with the decreased 1(003)/1(104) value. Moreover, the Li/Co anti-
site defect has increased in a certain range, which will be conducive to the improvement
of the long-term cycle stability of the cathode materials, although it is not conducive to
the enhancement of the initial capacity.

Figure S2 shows the Co-L3> SXAS spectra of the Bare-LCO, Mgo.02-LCO, Po.02-
LCO and Mg&Po.2-LCO samples in TEY model, and the positions of the main peaks
of the four samples are basically at the same energy, and there is no obvious change.
But in Figure S3, in combination with the soft XAS spectra of the O in TEY mode, the

difference between the four samples lies in the obvious change of the back edge peak

of O at about 530 eV, which indicates that the coordination environment of O has



changed slightly!'”). Therefore, it can confirm that the Mg?" and (PO4)* play functions
in influencing the electronic structure. The X-ray photoelectron spectroscopy (XPS)
was used to analyze and determine the surface chemical state and valence information
of the element on the surface of the four samples as shown in Figure S4. The main peak
of the Mgls is located at about 1303 eV as shown in Figure S4 (c), which indicates that
the Mg?" exists in Mgo.02-LCO and Mg&P 02-LCO cathode materials!'®!. In addition,
the main peak of the P2, is located at about 131 eV as shown in Figure S4 (d), combined
with the 3D representation of the TOF-SIMS depth profile as shown in Figure S5, which
confirms that there are (PO4)* ions doped into the Pg2-LCO and Mg&P.02-LCO
cathode materials!!”’,

The high-resolution transmission electron microscopy (HRTEM) images and
selected area electron diffraction (SAED) patterns of the samples before and after
modification are performed (Figure S6). Compared with the Bare-LCO, Mg&Po.02-
LCO exhibits a larger (104) spacing. This provides larger space for the migrated Co
cations. In order to observe the distribution of each element in the Mg&P.02-LCO
cathode material, the EDS mapping was performed as shown in Figure S6 (e)~(j),
showing uniform distributions of the Co, Mg, P, O elements.

Electrochemical performances and mechanisms
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Figure 2. the Cyclic Voltammetry (CV) curves of as-prepared electrode materials with the scan
rate of 0.1 mV/s from 3.0V to 4.5V: (a) Bare-LCO and (b) Mg&Po.02-LCO samples, (c) the Cyclic
Voltammetry (CV) curves of Mg&Po.02-LCO samples with the scan rate of 0.1mV/s from 3.0V to

4.6V, Rate capabilities and cycle performance test at different current densities (Bare-LCO,
Mgo.02-LCO, Pg.02-LCO and Mg&P.o-LCO; 1C =200 mA/g) from 3.0V to 4.5V, (d) rate
capabilities, cycling performance at (e) 0.2C, (f) 1C, (g) 5C and (i) 10C (The loaded mass of the
active materials is about 2.0 mg/cm?, namely, ~0.4mAh/cm?), (h) cycle performance test of Bare-

LCO, Mgp.02-LCO, Pg.02-LCO and Mg&Po.02-LCO samples at 1C (1C =270 mA/g) from 3.0V to



4.6V

To better reveal the redox peaks, the kinetics and phase transition of the Bare-LCO,
Mgo.02-LCO, Po.02-LCO and Mg&Po.02-LCO cathode materials, the cyclic voltammetry
(CV) was performed with the voltage range of 3.0V-4.5V as shown in Figure 2 (a), (b)
and Figure S7. Compared with the Bare-LCO cathode materials, the polarization
phenomenon of the Mg&Po.02-LCO sample was obviously reduced. In addition, the CV
plot of the Mg&Po.02-LCO sample with the voltage range of 3.0V-4.6V demonstrates a
stable electrochemical reaction. Besides, the increasing sharp peaks of Co redox at
about 4.1V and the reduced polarization phenomenon of Mg&Po.02-LCO declare an
enhanced Co redox.

As shown in Figure 2 (d), the rate performance of Bare-LCO, Mgo.02-LCO, Po.o2-
LCO and Mg&Po.02-LCO were investigated in a range of 3.0V~4.5V. Mg&P.02-LCO
shows superior rate performance, delivering capacities of 183, 179, 170, 162, 150, 138
and 112 mAh/g at 0.1C, 0.2C, 0.5C, 1C, 2C, 5C and 10C (1C=200 mA/g), respectively.
In contrast, the Bare-LCO samples show a worse rate capacity with corresponding
discharging capacities of 188, 178, 164, 149, 129, 86 and 1 mAh/g at 0.1C, 0.2C, 0.5C,
1C, 2C, 5C and 10C, respectively. The improvement of the rate performance benefits
from the expansion of the interlayer I(Lio2) in the layered structure, because the positive
impact of Mg?" and (PO4)* ions co-doping on the host structure, which can provide a
stable and wide channel for the fast migration of Li ions.

Long-term cyclic stability is the evaluation standard that can best reflect the

performance of the cathode materials, so the cycle performance of the four samples at



0.2C, 1C, 5C and 10C (1C=200 mA/g) have been tested at the range of 3.0-4.5V as
shown in Figure 2 (e)-(g) and (i). Compared with the Bare-LCO cathode material, the
initial capacity of the Mg&Po.02-LCO sample is slightly reduced. However, the long-
term cycle stability was largely enhanced, and the capacity retention has been
considerably improved under both the small and large current density during the
charging/discharging process. The charge/discharge curves of both samples at 0.1C and
1C are shown in Figure S9. In order to further test the impact of the Mg?" and (PO4)*"
ions co-doping on cycle stability under a much higher voltage of 4.6V, the
electrochemical performance of four samples was tested under 1C (1C=270 mA/g), as
shown in Figure 2 (h). After 100 cycles, the capacity retention was increased from 49.6%
for Bare-LCO to 82.4% for Mg&Po.02-LCO.

To further reveal the modifications in electrochemical performance for Mg&Po.o2-
LCO, the electrochemical impedance spectroscopy (EIS) and the potentiostatic
intermittent titration technique (PITT) were performed, as shown in Figure S8(a) to (d).
Compared with the Bare-LCO, the values of Rs and R, are much smaller for the
Mg&P.0>-LCO sample. And the Li* diffusion coefficient is also improved. Besides, the
energy barriers of Li" migration for both samples were calculated by the DFT
calculations (Figure S8e). Compared with the Bare-LCO (0.39 eV), the Li" migration
barrier of the Mg&Po.02-LCO cathode material was decreased to 0.33 eV, which
illustrates a fast Li" diffusion in Mg&Po.02-LCO, corresponding to the improvement in
the rate performance.

Electronic Structure Analysis
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Figure 3. The normalized Co K-edge of the (a) Bare-LCO samples, (b) Mg&Po.02-LCO samples,
the Fourier-transformed Co K-edge XAFS: (c¢) Bare-LCO samples, (d) Mg&Po.02-LCO samples,
the wavelet transform of Co K-edge XAFS at charged 4.5V state: (¢) Bare-LCO samples, (f)
Mg&Po.02-LCO samples, the oxygen RIXS O K-edge of the (g) Bare-LCO samples and (h)
Mg&Po.02-LCO samples with the excitation energy of 531 eV

In order to research the evolution of the electronic and local structure of the bulk
Co, the ex-situ XAFS is adopted in Figure 3(a) and (b). The pre-edge and the edge
declare the specific structural information, which reflects the valence change of Co ions
during the charging/discharging process. As shown in Figure 3(a), for Bare-LCO,
compared with that in the spectrum for 4.5V electrode, the Co K-edge in the spectrum

for 4.6V electrode is slightly shifted to the lower energy. This declares a reducing Co



valence state for the Bare-LCO electrode is charged from 4.5V to 4.6V states. This is
related with the coupling Co reduction when O redox is occurred. While there is no
similar phenomenon occurs in the Mg&Po.02-LCO sample as shown in Figure 3(b),
which indicate that the redox activity of the Co ions was improved by the Mg?" and
(PO4)* ions co-doping. The differences between Bare-LCO and Mg&Pg0-LCO
manifest different redox mechanisms, especially for the O—Co charge transfer at 4.6V.

To better reflect the change of coordination environment between Co and oxygen,
the Fourier-transformed and wavelet transform of Co K-edge XAFS was carried out as
shown in Figure 3(b), (c), (e), (f) and Figure S10. Compared with Bare-LCO, Mg&Po.o2-
LCO expresses a reduced Co-O bond length change from the pristine to charged states,
which is evidenced by the alleviative Co-O shell shift. *°! Through wavelet transform
as shown in Figure 3(e) and (f), the signal of Co-O shell for Bare-LCO is split at charged
4.5 V state, in contrast, the Mg&Po.02-LCO electrode maintains one Co-O shell form,
which indicate a varied structure change of materials. These results may come from the
different oxygen redox reactions in two materials.

In order to effectively reveal the oxygen redox chemistry under different charging
states in both Bare-LCO and Mg&Po.02-LCO electrodes, the O K-edge RIXS was
carried out as shown in Figure 3(g) and (h). Both the Bare-LCO and Mgé&Py.0>-LCO
samples show similar spectra shapes in their pristine and discharge states. The peak at
about 523 eV in O K-edge RIXS spectra is regarded as the O redox feature.*!) While
in the charged state, the O redox featured peak is more obvious for Bare-LCO than

Mg&Po.02-LCO, This indicates that the irreversibility oxygen redox is restrained in



Mg&Po.02-LCO cathode. This is helpful to enhance the structural stability of the cathode
material at high voltage, especially at 4.6V. This result is consistent with the Co K-edge
XAFS spectra, which further supports the idea that the O—Co charge transfer is

alleviated in Mg&Po.02-LCO at high voltages.
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Figure 4. (a) the operando DEMS of the Mg&Po.02-LCO samples at the current density is 0.05C,
the active materials of Mg&Po 02-LCO samples is 16.48mg, (b) the Ex-situ XRD patterns of the
Mg&Po.02-LCO sample; (c) the Ex-situ Raman patterns of the Mg&Po.0o-LCO sample, the
calculated total and partial density of states (DOS) of the (d) Bare LCO, (¢) Mg&Po.02-LCO the
oxygen vacancy formation in deep delithiation state (f) Bare LCO, (g) Mg&Po.0>-LCO; the oxygen

vacancy formation energies of the (h) Bare LCO and Mg&Po.02-LCO

Moreover, operando differential electrochemical mass spectrometry (DEMS)
measurements of the initial charge/discharge processes for the Bare-LCO and
Mg&Po.2-LCO samples were conducted. The O, gas loss for samples upon

charge/discharge is declared in Figure 4 (a) and Figure S11 (a). Compared with the



Bare-LCO, the O; release is obvious inhibited for Mg&Po.02-LCO. This result is
consistent with above results on revealing the inhibition of the oxygen redox in
Mg&Po.02-LCO.

Combined with the Co K-edge XAFS and the O K-edge RIXS data, it includes that
Mg&Py.02-LCO has an enhanced Co redox and oxygen redox reversibility!??l. This is
rooted with the Li/Co disorder which is caused by Mg?" and (PO4)>" ions co-doping. At

34 redox is

the functions of modulated charge transfer, the capacity contributed by Co
larger for Mg&Po.02-LCO than Bare-LCO. While the capacity contributed by O redox
is smaller for Mg&Po.02-LCO than Bare-LCO. The tuned Co/O redox behaviors benefits
Mg&Po.02-LCO a good structural stability and electrochemical performance.

The structural properties are explored by the ex-situ XRD patterns of Bare-LCO
and Mg&Po.02-LCO electrodes at different states of charge (Figure 4 (b) and Figure
S11(b)). The Bragg diffraction peak shift with the charging/discharging declares a
structural variation. It should be noted that Mg&Po.02-LCO has a smaller structural
change than Bare-LCO, which is evidenced by the restrained peak shift of Mg&Po.o2-
LCO. The ex-situ Raman was further performed to reveal the structural evolution of
both Bare-LCO and Mg&Po.02-LCO cathode materials (Figure 4 (c) and Figure S11 (c)).
It is discovered after one cycle, the peaks in the spectrum for 3.0V discharged Bare-
LCO electrode are faded in intensity. While this is not observed in Mg&Po.02-LCO.

For verifying the functions of Mg&Po.02-LCO in restraining O release, DFT was

used. The local structure and the oxygen vacancy formation in deep delithiation state is

provided in Figure 4 (d)-(h) and Figure S12 and S13. The optimized structures of



pristine Bare-LCO and Mg&Po.02-LCO cathode materials are shown in Figure S12. The
band gap was reduced from 2.3 eV for Bare-LCO to 0.99 eV for Mg&Py.02-LCO, which
indicates a higher electronic conductivity in Mg&Po.02-LCO. As shown in Figure 4(d)
and (e), compared with a Oy, band center of -2.33 eV for Bare-LCO, Mg&P.02-LCO
has a lower O2, band center (-4.58 eV). The lower Oz, band center of Mg&P.02-LCO
signifies an enhance ionicity!?’!. It is reported that it restrains the oxygen redox and
enhances the stability of oxygen framework.

In addition, the formation energies of oxygen vacancies in Lip4CoO2(x = 0.4,
corresponding with charged 4.5V) and Lio26CoO2(x~0.26 corresponding with charged
4.6V) were calculated as shown in Figure 4 (f)-(h). In Figure S13 (a)~(d), the optimized
structures of Bare-LCO and Mg&Po.02-LCO cathode materials in deep delithiation state
are provided. The formation models of the oxygen vacancies are shown in Figure 4 (f)
and (g). As shown in Figure 4 (h), Bare-LCO has a small formation energy of oxygen
vacancies, which indicate that the lattice oxygen is not stable, especially at high
delithiation. While the formation energy of oxygen vacancies for Mg&Po.02-LCO is
much larger, which indicates an enhanced O framework and restrained O reactions.
Conclusion

In summary, a controlled Mg?" and (PO4)* co-doping strategy was used to regulate
the structure of LiCoO». Li/Co anti-site is hence increased. Combined with advanced
techniques, the underlying mechanisms is unraveled. The appropriate increase of the
Li/Co anti-site defect inhibits the redox coupling of the cations, enhances the Co redox

and reduces the O redox. The oxygen vacancies of the improved cathode at high



delithiation are restrained. These functions enhance the structural stability and inhibits
oxygen escape. Furthermore, the (POs)* doping also can stabilize oxygen-packed
framework owing to a strong bond energy with the TM. The improved cathode delivers
high capacities and maintains good long cycle capacity retentions with both the 4.5 and
4.6V voltage ceilings. This study provides some new insights into inhibiting the cationic
redox coupling and improving the oxygen redox reversibility by adjusting the anti-site
defects.
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