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Abstract: Oxides composed of an oxygen framework and interstitial cations are promising cathode materials for lithium-
ion batteries. However, the instability of the oxygen framework under harsh operating conditions results in fast battery
capacity decay, due to the weak orbital interactions between cations and oxygen (mainly 3d-2p interaction). Here, a
robust and endurable oxygen framework is created by introducing strong 4s—2p orbital hybridization into the structure
using LiNiysMn,sO, oxide as an example. The modified oxide delivers extraordinarily stable battery performance,
achieving 71.4 % capacity retention after 2000 cycles at 1 C. This work shows that an orbital-level understanding can be
leveraged to engineer high structural stability of the anion oxygen framework of oxides. Moreover, the similarity of the
oxygen lattice between oxide electrodes makes this approach extendable to other electrodes, with orbital-focused

\engineering a new avenue for the fundamental modification of battery materials. )

Introduction

The next major challenge for commercial lithium-ion battery
(LIB) development is their limited energy density, where
cathode materials are regarded as the performance
bottleneck."! Oxides are the most common LIB cathode
materials, including layered, spinel, and polyanion types.?
Structurally, oxide materials are composed of a metal-
oxygen framework with shared oxygen ions at adjacent
polyhedra and cations central in polyhedral.! Compared to
their S-based predecessors in the 1970s, the metal-oxygen
framework within oxides facilitates high oxidation state of
transition metal (TM) ions, increasing the battery operating
voltage and energy density.’! The metal-oxygen framework
enables lithium diffusion, and the stability of this framework
underpins the stability of overall battery performance.

Interstitial cations significantly influence the framework
properties through orbital interactions with lattice oxygen.
Here, a direct example is demonstrated by the oxygen redox
reactions of Li-rich layered oxides, in which []-O-Li and
0-O— (O =Li vacancies) form upon lithium extraction,
leaving local orphaned oxygen 2p orbital and causing
undesirable structural degradation.”! Another example is
Mn-based oxide, in which the existence of Mn’* ([Ar] 3d*)
distorts the Mn—O framework due to the Mn 3d orbital
degeneracy, known as Jahn-Teller distortion®! and causing
subsequent battery performance decay. These examples
show that an orbital-level understanding is important in
directing the modification of oxide structures, where,
unfortunately, inadequate research attention has been paid
till now.

Generally, cations at interstitial octahedral/tetrahedral
sites in commercial cathodes belong to the 3d TM
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elements,” such as Mn’* ([Ar] 3d*) and Ni** ([Ar] 3d%),
which form TM 34-O 2p orbital interactions in the
structures. However, these interactions are insufficient to
stabilize the metal-oxygen framework during delithiation/
lithiation, resulting in various battery performance issues.
To support the stabilization of these material structures,
different dopant elements have been introduced,” the
majority of which are nd elements (n=3, 4, 5), such as 3d
Cr’”, 4d Ru**, and 5d Ir**. Taking commercial spinel-type
LiMn,0O, cathodes as an example, doping with Cr and Ru
increases battery capacity retention by 13% and 18%,
respectively, after 30 cycles.”! Unfortunately, these im-
provements are not satisfactory enough yet due to the
significant difference between energies of TM nd and O 2p
orbitals,® highlighting the importance of judicious dopant
selection. As informed by the molecular orbital theory and
corresponding molecular orbital energy diagrams of oxides
(Figure S1),”! a o-type molecular bonding formed by 4s and
2p orbitals exhibits a significantly reduced orbital energy,
compared to that derived from 3d and 2p orbitals. The lower
energy corresponds to more stable orbital interaction and
lattice structure. To the best of our knowledge, tuning of
such orbital interactions has not been employed as a strategy
to stabilize battery cathode structures.

We turn our attention to the spinel-type LiNiysMn, O,
(LNMO) oxide, a promising high-energy-density cathode for
LIBs with high operating voltage of 4.7 V, the practical
application of which is limited by relatively poor structural
stability and the decomposition of electrolytes due to high
operating voltage.'"”! Our search for 4s and 2p orbital
interaction led us to Ge,05,M! in which Ge with a valence
state of +3 has electrons in the 4s orbital, available for the
interaction with O electrons in the 2p orbital. In this work,
we successfully introduce this novel Ge 4s-O 2p orbital
interactions into the LNMO structure for the first time, as
confirmed by theoretical calculations and various cutting-
edge characterization techniques, including X-ray photo-
electron spectroscopy (XPS), X-ray absorption spectroscopy
(XAS) and near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy. The metal-oxygen framework of
spinel oxides is radically strengthened by this modification,
allowing complete delithiation without structural disruption
and two-phase reactions at high voltage, as supported by the
observation in synchrotron-based X-ray powder diffraction
(sXRPD) experiments. The well-maintained oxygen states
and increased defect formation energy of oxygen vacancy as
observed in NEXAFS and theoretical calculations, respec-
tively, are considered the root cause of the enhancement
mechanism. The modified LNMO with optimized 4s-2p
orbital interaction (chemical formula of
LiNi, sMn, 4,sGe;,0,, termed 4s-LNMO) exhibits extraordi-
narily stable battery performance at 1 C with capacity
retention of 84.9% and 71.4 % after 1000 and 2000 cycles,
respectively, in sharp contrast to the rapid capacity decay of
unmodified LNMO with only 3d-2p orbital interaction.
Moreover, considering the similar oxygen lattices of spinel-
type, layered-type, and lithium-rich layered-type oxides, our
orbital-interaction-targeted modification strategy for metal—
oxygen framework stabilization is extendable to other
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cathode systems. This work sheds light on the influence of
orbital interactions in oxide electrode stability and points
out a promising research strategy for battery researchers to
design high-performance active materials.

Results and Discussion

Similar irregular-polyhedral morphological features were
observed for LNMO and 4s-LNMO using scanning electron
microscopy (SEM, Figures S2a and S2b), indicating a minor
effect of Ge doping on the morphology of particles. The
uniform distribution of all elements within 4s-LNMO was
confirmed using energy-dispersive X-ray spectroscopy
(EDS) elemental mapping (Figures S2¢c-S2h). The detailed
crystal structure of 4s-LNMO was investigated using aberra-
tion-corrected scanning transmission electron microscopy
(STEM) in high-angle annular dark-field (HAADF) mode
(Figures 1a-d). Figures 1b and c¢ show the corresponding
results of the two selected regions in Figure la, in which
only Ni, Mn, and Ge are expected and appear as small bright
spots.’? In both regions, typical diamond shapes of spinel
structures are clearly identified, consistent with previous
reports.’™ The spot intensity is noted to be proportional to
the atomic numbers. The minor increase in the 16d peak
intensity (Figure le) can be observed in the yellow region
and arises from the partial replacement of Ni/Mn by Ge (Ni,
Z=28; Mn, Z=25; Ge, Z=32). Additionally, in both yellow
and cyan regions, some center-filled diamonds could also be
observed, which corresponds to the occupation of 16¢ sites
within the spinel Fd3,”m structure by Ge dopants (Figur-
es 1b, c, and d).'""*"* Center-filled diamonds aggregate at
the particle surface with a thickness of ~20 nm (Figure 1c),
forming a “Ge-rich” region, with respect to “Ge-poor”
region in inner bulk, as confirmed by the results of the sub-
surface area (Figure 1d) and higher intensity ratios of
peak,s/peak,s, in Figure 1f than that in Figure le. To
conclude, the location of Ge dopants distributes across the
whole particle at both 16d and 16c¢ sites of the Fd3,”m
structure, while segregation of 16¢-seated Ge could be found
on the particle surface.

Neutron powder diffraction (NPD) at neutron wave-
lengths of 1.62147(2) and 2.43853(4) A, and laboratory X-
ray powder diffraction (XRPD) data of 4s-LNMO were
used in joint Rietveld refinement of the crystal structure,
with the refinement profiles shown in Figures 1g,h, and S3,
respectively. The corresponding Rietveld refinement profiles
using data of LNMO are shown in Figure S4. Detailed
refinement results are tabulated in Table S1. We note that
powder diffraction techniques probe the average bulk
information of the materials. The larger lattice parameter of
45-LNMO (a=8.16607(9) A, vs. a=8.1638(1) A of LNMO)
further reinforces the successful doping of Ge into the
spinel-type structure. Figure 1i shows the planar nuclear
density contour map (at z/c=0.5), which is reconstructed
against the observed structure factor of NPD data, alongside
the schematic structure. Detailed density maps of LNMO
and 4s-LNMO (Figures S5a and S5b, respectively) were
further analyzed using line profile analysis at x/a=0.5. While

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. a) Typical HAADF STEM image of 4s-LNMO, enlargement of the yellow (b) and green (c) areas in (a); d) enlargement of the green area in
(c); e) and f) line profile analysis along the yellow and blue lines in (b) and (d), respectively; joint Rietveld refinement profiles using g) NPD and
h) XRPD data of 4s-LNMO with weighted profile R-factor R,,,=4.80% and combined goodness of fit (GOF) =1.44; i) nuclear density contour map
of spinel LNMO with intensity shown in color from highest in yellow to lowest in blue, alongside its schematic crystal structure; j) normalized
nuclear density of the line profile results of LNMO and 4s-LNMO with the inset showing the details of the boxed area.

the two profiles resemble, a noticeable increase in intensity
at the 16d sites could be spotted in the inset of Figure 1j,
which is related to the different neutron coherent scattering
lengths of Ni (10.3 fm), Mn (—3.73 fm), and Ge (8.18 fm).
These findings validate the substitution of Mn by Ge at 16d
sites in the bulk sample, showing good consistency with our
STEM observations.

Figures 2a and S6 show the Ge 3d and 3p XPS spectra,
respectively, of 4s-LNMO and reference GeO,, where a
significant peak shift is observed in both figures, indicating
the lower valence of Ge in 4s-LNMO than that in GeO,
(Ge*"). The 3d spectral peak of 4s-LNMO (Figure 2a)
appears at approximately 31.5 eV, in accordance with that of
Ge** ([Ar] 3d"4s") as per previous work."! XPS is surface-
sensitive with a detection depth of less than 20 nm, and
these results, therefore, relate to the Ge-rich region
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exemplified in Figures 1c and d, indicating Ge at 16c sites
with a valence of +3. Figure 2b shows the Ge K edge XAS
data of 4s-LNMO and Ge references (GeO, and Ge). The
edge of 4s-LNMO lies between those of GeO, and metallic
Ge, further supporting the existence of Ge’' in the
structure. In transmission mode of Ge K edge measure-
ments, the detection depth can be estimated to be 20-40 pm,
reflecting the bulk average of Ge valence. The average
valence state of Ge in 4s-LNMO was calculated to be
approximately +3.56 (Figure S7), indicating the 16d-seated
Ge dopants to be Ge*" and the molar ratio of 44 %:56 %
between Ge’" and Ge'" in spinel 4s-LNMO. Accordingly,
the location/valence relationship of Ge dopants in the
structure has been unveiled, with Ge** and Ge** distribut-
ing at the 16¢ and 16d sites, respectively.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. a) Ge 3d XPS data of 4s-LNMO and GeO,; b) Ge K edge XAS data of 4s-LNMO and reference materials of GeO, and Ge. The inset
corresponds to the enlargement of the normalized absorbance from 0.3 to 0.9; projected density of states (PDOS) for the spinel materials with Ge
locating at ¢) 16¢c and d) 16d site, respectively. The inset in (c) and (d) is a schematic of Wyckoff sites in the spinel-type structure with Fd3,;m space

group symmetry shown along the [101] direction.

Further details of Ge at 16d and 16c sites of the spinel-
type structure were probed using density functional theory
(DFT) calculations. The calculated defect formation energy
(E)) of Ge at 16d site (E;=—0.55¢V) is significantly lower
(more energetically favorable) than that at 16c site (E;=
1.16 eV). Typically, E; of oxide defects, such as Li vacancies
in LiCoO, and anti-site defects in Na,;Fe;,Mn,,0,, ranges
from 3 to 4 eV.™ Our calculated E; for Ge indicates that
both 16¢ and 16d sites are favorable for Ge doping, with 16d
sites more likely to be occupied at equilibrium. The
calculated projected density of states (PDOS) of Ge at 16¢
and 16d sites in LNMO (Figures 2c and d) are significantly
different. For Ge at 16¢ site (Figure 2c), there is a large
contribution from the Ge s-states around the Fermi level,
which is not observed for the 16d site (Figure 2d). This
further supports that Ge** ([Ar] 3d'%4s') and Ge'" ([Ar]
3d") reside at 16¢ and 16d sites, respectively. Although a
significant difference in the Bader charges of Ge (gg.) at 16¢
(gge=2.29¢) and 16d (qg.=2.36¢) sites is not observed
from the simulations, a calculation for GeO, (gg.=2.40¢)

Angew. Chem. Int. Ed. 2022, 202201969 (4 of 11)

suggests that qg. of Ge at the 16d site is closer to the
common +4 valence state than Ge at the 16c¢ site, consistent
with our previous observations. Calculated Bader charges
are summarized in Table S2. To conclude, these calculations
probe the location/valence/function relationships of Ge
dopants within the LNMO structure, revealing that Ge at
16d sites owns a valence state of +4 ([Ar] 3d"’) and results
in 3d-2p orbital hybridization. In contrast, Ge at 16c¢ sites
uniquely shows a valence state of +3 ([Ar] 3d"4s") and
contributes to novel 4s—2p orbital hybridization. The con-
tribution of 3d—2p orbital hybridization generated by Ge**
dopants to improve the structural stability could be
summarized in two aspects. Firstly, it could help suppress
the notorious cooperative Jahn-Teller distortion and reduce
the parasitic Mn dissolution, thus maintaining the spinel
structural integrity.® Secondly, the Ge—O bond (Ge 3d-O
2p orbital interaction) has a higher bond dissociation energy
(662 kJmol ') than the Mn—O bond dissociation energy
(402 kJmol™),0'%! significantly strengthening the metal-oxy-
gen framework. On the other hand, the changes in the

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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structure brought by this 16d substitution could be trivial
due to the same valence state (+4), same ionic radius
(0.53 A), and similar interaction with oxygen orbitals (3d-2p
hybridization) of Ge** and Mn** ions.['”)

Comparison of the electrochemical performance of
modified LNMO with different Ge concentrations has been
made in Figure S8. It is obvious that the dopant concen-
tration plays a vital role in the electrochemical performance
of the active material, where modified LNMO with 2% Ge
(LiNiy sMn, 44Ge( 1,04, i.e. 4s-LNMO) delivers the highest
battery capacity alongside superior cycling stability. Re-
duced Ge concentration in the structure corresponds to
insufficient 4s—2p orbital interaction in the spinel structure,
thus failing to ensure a robust metal-oxygen framework
during charge/discharge. Meanwhile, excess Ge doping in
the spinel could lead to inferior battery performance,
probably because excess Ge*" dopants occupy the 16¢ sites
of Fd3,”m structure and sacrifice the active Li sites in the
spinel. We focus our comparison on the pristine LNMO and
high-performance 4s-LNMO. Cyclic voltammogram (CV)
results at different sweep rates reveal similar electrochem-
ical behavior of LNMO and 4s-LNMO (Figures 3a and b).
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Peaks at approximately 4.0 V arise from Mn®"/Mn**, while
peaks at about 4.7 V correspond to the Ni redox couples,
with lower (peak 1 and 4) and higher (peak 2 and 3) peaks
corresponding to Ni**/Ni*" and Ni**/Ni*" couples, respec-
tively, as consistent with previous work.*®! The linear
relationship between peak current i, and the square root of
the sweep rate (v'?) of the Ni-redox-related peaks (Figur-
es 3c and d) confirms the diffusion-controlled behavior of
the spinel electrode.'™ The lithium diffusion coefficient
(Dy;) of each peak could be calculated according to the
Randles—Sevcik equation,® with more calculation details
found in the Experimental Methods. The calculated Dy; of
each peak is shown in Figures 3c and d, revealing that 4s-
LNMO owns faster lithium transportation (about 70 %
higher for peak 1-3 and 136 % higher for peak 4) than
LNMO.

Figure 3e compares the cycling performance of LNMO
and 4s-LNMO at 1 C (1 C=147 mAg"). Obviously, initial
battery capacity of 133.4 mAhg™' is observed for 4s-LNMO,
much higher than those for LNMO (1149 mAhg™') and
other modified LNMOs in previous reports (Figure S9a),
demonstrating the superiority and importance of 4s-2p
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Figure 3. CV curves of a) LNMO and b) 4s-LNMO at different scanning rates; corresponding linear-fitted peak current vs. square root of the scan
rate for ¢) LNMO and d) 4s-LNMO; e) cycling performance of LNMO and 4s-LNMO at 1 C and f) corresponding charge/discharge curves of both
samples at the 5", 1000™, and 2000™ cycles; g) average discharge voltage of LNMO and 4s-LNMO at 1 C; h) rate capability of LNMO and 4s-

LNMO.
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orbital hybridization in our 4s-LNMO. Meanwhile, 4s-
LNMO delivers a high reversible capacity of 113.2 mAhg™'
after 1000 cycles, corresponding to high capacity retention
up to 84.9 %, significantly better than LNMO (86.9 mAhg ',
capacity retention of 75.7 %). Moreover, 4s-LNMO retains
71.4% of its initial capacity after 2000 long cycles, in sharp
contrast to LNMO (53.4%). Figure S9b further highlights
the superior cycling stability of 4s-LNMO over other LNMO
materials. Corresponding electrochemical curves at the 5,
1000™, and 2000™ cycles of the two samples are shown in
Figure 3f, in which three voltage plateaus during charge/
discharge are observed, in accordance with CV observations.
Severe voltage polarization is observed for LNMO as the
cycle number increases, in contrast to the relatively minor
polarization experienced by 4s-LNMO. Figure 3g shows the
average discharge voltage of LNMO and 4s-LNMO, where
LNMO suffers a rapid decay from 4.58 to 4.39 V during
2000 cycles, and 4s-LNMO decays from 4.60 to only 451V
over this period. In summary, the stable battery perform-
ance, significantly reduced voltage polarization, and high
output voltage of 4s-LNMO during cycling confirm a robust
metal-oxygen framework with excellent structural stability,
highlighting the benefits of 4s—2p orbital hybridization.

Energy densities of LNMO and 4s-LNMO at 1 C are
compared in Figure S10. As expected, 4s-LNMO delivers an
energy density of 613.5 Whkg!, much larger than that of
the undoped LNMO (526.3 Whkg™'). Additionally, after
2000 cycles, high energy density of 428.5 Whkg™' is main-
tained by 4s-LNMO, compared to the severe energy decay
experienced by LNMO (269.7 Whkg™'). Electrochemical
testing of LNMO and 4s-LNMO at lower current density
(0.1 C) are shown in Figure S11. As expected, 4s-LNMO
could deliver large reversible battery capacity up to
143 mAhg™ at 0.1 C (Figure S11a), much higher than that
of LNMO (131 mAhg™), and retain 95.8% of its initial
capacity after 150 cycles, in sharp contrast to LNMO
(78.2 %). Meanwhile, significant voltage polarization, similar
to that in Figure 3f, occurs in LNMO as the cycle number
increases, which is avoided by 4s-LNMO (Figure S11b),
again confirming the necessity and success of our proposed
4s-2p orbital interaction. Figure 3h compares the rate
capability of LNMO and 4s-LNMO, in which a superior rate
performance is observed for 4s-LNMO, delivering specific
capacities of 121.3, 117.2, 111.8, and 97.2 mAhg™" at 2, 3, 5,
10 C, respectively, in comparison to the equivalents of
LNMO (98.9, 96.2, 94.1, and 88.3 mAhg™', respectively).

Post-mortem NEXAFS analysis of LNMO and 4s-
LNMO electrodes (Figure 4) was carried out in total-
electron-yield mode, with detection depth of approximately
5nm. Figures4a, b, and S12 show O K edge NEXAFS
spectra, which originate from the 1s—2p dipole transition of
oxygen.!"” Peaks A and B in the pre-edge zone (528-534 eV)
arise from the hybridization between O 2p and localized Ni/
Mn 3d orbitals. The former corresponds to the combination
of spin-down t,, and spin-up e, states, while the latter relates
to spin-down e, states.'”! Peaks C and D are associated with
the hybridization of O 2p and metal 4s and 4p orbitals,
respectively.!'”"!
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O K edge spectra of LNMO and 4s-LNMO at open-
circuit voltage (OCV) (Figure S12a) appear similar, except
for the apparent increase at peak C, further confirming the
existence of the Ge-induced metal 4s-O 2p orbital hybrid-
ization in 4s-LNMO. All peaks evolve synchronously with
the states of charge of the electrodes. At fully charged
states, the spectra of both samples demonstrate similar
evolution, with decreasing intensity observed for peaks A
and B (Figure S12b). However, a significant change at peak
C is spotted in the unmodified LNMO (Figure 4a), where
the shape of peak C maintains well in 4s-LNMO (Figure 4b),
confirming the superior stability of 4s—2p orbital hybrid-
ization at the presence of Ge*" ([Ar] 3d'%s"). The difference
between LNMO and 4s-LNMO becomes more prominent at
fully discharged states. In the pre-edge zone, peak A is
barely observed in discharged LNMO. In contrast, peaks A
and B almost recover in 4s-LNMO after discharge. The
decay of peak A in LNMO indicates the loss of spin-down
t,, contribution, implying a significant reduction of Mn
content on the surface, the occurrence of Mn dissolution,
and the irreversible oxygen change. Moreover, impressively,
peak C in 4s-LNMO is well maintained together with the
distinguishable peak D, again evidencing a significant
contribution of the 4s—2p orbital interaction to oxygen
stability.

Peak E has been widely reported as the fingerprint of
carbonate species, critical components of the cathode-
electrolyte interphase (CEI). Excessive CEI on the particle
surface usually results in sluggish reaction kinetics.™™ It is
evident that LNMO suffers thick and continuous CEI
growth on the particle surface during cycling, while 4s-
LNMO is free of this hazardous issue during cycling. As
informed by Li et al.,* the well-stabilized surface oxygen in
the spinel structure could relieve the electrolyte decomposi-
tion at the electrode/electrolyte interphase. Therefore, the
enhanced oxygen stability at the particle surface induced by
the 4s—2p bond contributes to a stable and thin CEI in 4s-
LNMO. Meanwhile, Ge*" locates at partial 16¢ sites of 4s-
LNMO, forming local “rock-salt” phase within the structure,
in which the 16c-seated Ge®' act as structural pillars to
prevent the structural collapse at highly delithiated states,
therefore transforming hazardous two-phase reaction into
preferable solid-solution reactions (Figure 5). To conclude,
strongly anchored surface oxygen by intense 4s—2p orbital
interaction and the formation of rock-salt structure by 16c¢-
seated Ge’* contributes to the superior cycling stability of
4s-LNMO in Figure 3.

Figures 4c and d show Mn L edge spectra of LNMO and
4s-LNMO, respectively, before cycling and after 500 and
1000 cycles. Unsurprisingly, the spectra of cycled LNMO
electrodes show characteristic peaks of Mn’" and Mn?"
species, which are associated with the structural distortion as
a result of Jahn-Teller effects and the Mn disproportional
reaction that happened in the Mn-based spinel,**!! sup-
porting the observation of reduced Mn content in O K edge
results. Further, these undesirable reactions intensified with
cycling, as indicated by the increase in peak intensity, further
degrading the battery performance. In contrast, the spectra
of 4s-LNMO remain relatively unchanged even after

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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1000 cycles, with only a very minor Mn’** feature and no
noticeable Mn*" species. The reason for this significant
improvement could be ascribed to the enhanced stability of
the metal-oxygen framework by 4s—2p interaction, remark-
ably overcoming the structural strains induced during
repeated lithium insertion/extraction.

In operando sXRPD was used to investigate the phase
and structural evolution of LNMO and 4s-LNMO during
charge/discharge. The corresponding diffraction data are
displayed as a contour plot in Figures 5 and S13, alongside
corresponding electrochemical curves. We focus on the most
intense 111 reflection in the following discussion."!

From OCV to =~4.7V, the 111 reflection of LNMO
(Figure 5a) migrates gradually to higher 26, corresponding
to its lattice-shrinkage as a result of lithium extraction and
indicating a solid-solution reaction regime within the
particles. From ~4.7 to 4.9 V, the parental reflection shows
an intensity drop without a new reflection being found. On
discharge, a new reflection at around 8.53° suddenly
appears, which can be indexed to the 111 reflection of the
rock-salt-type Nij,sMn,,s0, (NMO) phase.” The intensity
of NMO 111 reflection keeps increasing at the beginning of
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discharge, and its asymmetric behavior during cycling
reveals undesirable hysteresis in the structural evolution of
LNMO."*Z1 1t js known that the formation of rock-salt
NMO involves the collapse of the oxygen framework and
synchronous cation rearrangement, which are unfortunately
not fully reversible and could result in the loss of active
material.'? When discharged to 4.6 V, the NMO reflection
disappears, and the intensity of LNMO 111 reflection
resumes. The 111 reflection shifts to low angles during
discharge as the lithium is inserted back to the framework.
Notably, a weak reflection could be found at around 8.37°
after charging to ~4.7 V and disappears at ~4.45 V during
subsequent discharge. The weak reflection could be attrib-
uted to the “incompletely-active content” in the electrode
material and probably resulted from the weak contact
between different battery contents (cathodes, separator,
anode, etc.) at the window for X-ray to penetrate.

Unlike LNMO, 4s-LNMO shows a continuous peak
evolution over the electrochemical testing (Figure 5b).
Obviously, Ge doping has significantly changed the mecha-
nistic behavior of the LNMO. The hazardous two-phase
reaction at highly-charged states is well suppressed, thus

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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¢) LNMO and d) 4s-LNMO at the 1% cycle, alongside their corresponding electrochemical data.

contributing to the superior cycle stability shown in Figure 3.
Meanwhile, the purely single-phase or solid-solution re-
sponse and the disappearance of NMO 111 reflection in 4s-
LNMO reveal significantly enhanced stability of the metal-
oxygen framework, which is achieved by the 4s—2p orbital
hybridization, showing good agreement with the NEXAFS
observations.

Further investigation into both samples at the 50™ cycle
was carried out, with the results shown in Figures S13a and
S13b. As expected, LNMO shows noticeable structural
degradation in the extended cycle. The non-continuous
structural evolution and drastic two-phase reaction at highly
delithiated states further aggravate the frangibility of the
metal-oxygen framework. Encouragingly, a continuous and
mild peak evolution with no detectable NMO 111 reflection
could still be observed for 4s-LNMO at the 50" cycle,
highlighting its strengthened oxygen framework and con-
firming the success of introducing 4s—2p interaction into the
material structure.

Results of sequential Rietveld refinements using the
sXRPD data are shown in Figures 5c, d, S13c, and S13d,
with a typical refinement profile shown in Figure S14, in
which all reflections are indexed to the spinel active
material. During initial lithium extraction, the lattice param-
eter of Li; NMO in Figure 5c decreases from the initial
8.159(1) to 8120(1) A before the formation of
Liys_,NiysMn, 50, (Liys_,NMO, 8.07(1) A) in a two-phase

Angew. Chem. Int. Ed. 2022, 202201969 (8 of 11)

reaction. However, it is noted that ~15 % of the Li,_ NMO
remains as “incompletely-active content” until ~4.45V in
discharge. Liys ,NMO turned into NMO (7.99(1) A) via a
second two-phase reaction at a higher voltage, and reversed
reaction happens at about 4.5V during discharge. At the
end of discharge, the Liys  ,NMO does not fully convert
back to Li;,_,NMO, and 10.4(1) wt % remains, revealing the
obvious irreversible structural changes of unmodified
LNMO during cycling.

4s-LNMO exhibits a monotonous decrease/increase dur-
ing charge/discharge (Figure 5d), respectively, indicating a
robust metal-oxygen framework that endures the harsh
delithiated state and tolerates the lattice strain and dis-
tortion caused by the lithium extraction/insertion across the
electrochemical reaction. Moreover, the lattice parameters
of 4s-LNMO before and after testing are almost identical
(around 8.16 A), confirming the fully reversible reaction
(lithium transportation) within the electrode material. More-
over, 4s-LNMO also shows a smaller maximal lattice change
(1.82(1)%) than the pristine LNMO (2.01(1)%), revealing
the origin of the superior cycling stability of 4s-LNMO
(Figure 3). Similar conclusions are found at the 50" cycle of
both samples (Figures S13c and S13d), again confirming the
success of the 4s—2p orbital interaction in stabilizing the
oxygen framework.

To further understand the stabilization of the oxygen
framework in spinel-type oxides, the oxygen vacancy for-
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mation energy (Ef,) was calculated in LNMO with differ-
ent Ge locations (Figure 6a). The full range of Ey, in
LNMO is 1.65-2.27 eV (Figure 6b), in which creating an
oxygen vacancy next to two Mn, one Ni, and one Li in
LNMO (Figure 6a) results in the lowest defect formation
energy of 1.65¢eV. It is worth noting that all the oxygen
vacancy sites in LNMO have relatively low formation
energies, indicating that the oxygen vacancy content in
LNMO would be significant at equilibrium conditions, as
shown in Table S1. Hence, the calculated Ejy,, values above
2.27 eV in modified LNMO indicate that the oxygen frame-
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work is stabilized. To assess this further, we calculated the
Ej(, for an oxygen vacancy next to and 10 A from a Ge
site, by removing an oxygen from the structure. For an
oxygen vacancy next to Ge at 16d site, Ey,,, increases to
2.52 eV (Figure 6b), whereas Ejy,, for an oxygen vacancy
next to Ge at 16¢ site shows an even higher increase to
3.39 eV (Figure 6b). Moreover, an oxygen vacancy forma-
tion energy of 2.56 eV vs. 1.92 eV is found at 10 A away
from Ge at 16¢ and 16d site, respectively, revealing that Ge
at the 16c¢ site induces a more long-range effect on the
stabilization of oxygen lattice. Hence, it can be concluded
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that the Ge 4s-O 2p orbital hybridization indeed stabilizes
the oxygen framework of LNMO. The impact of an oxygen
vacancy on the electronic structure of the spinel materials
was also investigated, where significant differences between
modified LNMO systems with Ge locating at 16¢ and 16d
sites, respectively, were observed (Figures 6¢c—f). The ob-
served Ge s state remains in the modified LNMO with 16¢-
located Ge (Figures 6¢ and d), while it is hardly observed in
16d-located Ge (Figures 6e and f). The simulation results
indicate that Ge at the 16c¢ site stabilizes the oxygen
framework of the spinel structure by increasing the Ey, for
both neighboring and distant oxygens, with the favorable 4s
states as shown from the experimental measurements.

Conclusion

As the most popular and promising cathode materials for
LIBs, oxides have gained enormous research attention in
recent decades. To realize their full battery performance at
high voltage, an oxygen lattice with high stability is
undoubtedly the key, where the interactions between cations
and oxygen within the structure play a vital role. Except for
the charge-carrier Li™, 3d transition metals such as Ni, Mn,
and Co, have been the most common cations in the oxide
electrodes, forming 3d-2p orbital interaction with oxygen.
As these bonds are unfortunately not strong enough to
ensure a robust oxygen framework, various dopants, domi-
nantly nd (n=3, 4, 5) elements, have been introduced into
the oxide structures with limited performance improve-
ments. Here, we demonstrate a detailed orbital-level under-
standing of the representative high-voltage LNMO oxides
and propose a novel and efficient orbital-focused modifica-
tion that strengthens the oxygen lattice by introducing
intense Ge 4s5—O 2p orbital hybridization. Consequently, the
LNMO material with 4s-2p orbital hybridization exhibits
extraordinarily durable battery performance, maintaining
84.9% and 71.4% of its initial capacity after 1000 and
2000 cycles, respectively, at 1 C. Importantly, our orbital
hybridization approach is extendable to other oxide elec-
trode materials more generally, which benefits from the
similarity of the oxygen lattice between oxides. This work
opens new opportunities to boost the performance of oxide
electrodes through orbital interaction modification, which is
expected to accelerate the development of next-generation
high-energy-density LIBs.
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