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Enhanced High Voltage Stability of Spinel-Type Structured

LiNi, sMn, ;O, Electrodes: Targeted Octahedral Crystal Site

Modification

Jinshuo Zou,” Gemeng Liang,*™ Shilin Zhang,”” Lars Thomsen,” Yameng Fan,"
Wei Kong Pang,"¥ Zaiping Guo,” 9 and Vanessa K. Peterson* <

High-voltage spinel-type structured LiNiysMn, s0, (LNMO) shows
promise as a next-generation high-energy-density lithium-ion
battery cathode material, however, capacity decay on extended
cycling hinders its widespread adoption, underscoring an
urgent need for further development. In this work, we introduce
Zn at octahedral 16c¢ crystal sites in LNMO with Fd3m space
group to improve rate capability and reduce the rapid capacity
decay otherwise experienced during extended cycling. The
current work resolves the detailed influence of isolated
modification at octahedral 16c crystal sites, unveiling the

Introduction

Transportation electrification is critical in a societal low-carbon
energy transition. Lithium-ion batteries (LIBs) are the main
power supply for electric vehicles (EVs), and in comparison to
the internal combustion engine, EVs suffer from limited driving
range, originating from the limited energy densities of LIB
cathodes.!" Various high-energy battery cathode materials have
been explored to increase LIB energy density, with the high-
voltage spinel-type structured LiNiysMn,; 0, (LNMO) materials
regarded as promising cathode candidates for next-generation
LIBs, enabling a battery energy density of ~650 Wh kg™' with a
low fabrication cost and minor environmental impact.”
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mechanism for these performance improvements. We show
that occupation of Zn at previously empty 16c sites prevents
the migration of Ni/Mn to adjacent 16¢ sites, eliminating
transformation to a rock-salt type structured Nij,sMn, 50, phase
above 4.8V, preventing structure degradation and suppressing
voltage polarization. This study provides insights into the
fundamental structure-function relationship of the LNMO
battery cathode, pointing to pathways for the crystal structure
engineering of materials with superior performance.

Prior to their commercialization and potential widespread
adoption in high-energy applications, performance issues of
LNMO cathodes, including serious battery capacity decay, must
be addressed.”! Poor cycle stability and consequential short
service life of LNMO is known to originate from crystal structure
instability, notably during high voltage operation, ultimately
limiting battery energy density.” In detail, the LNMO structure
with Fd3m space group symmetry undergoes a solid-solution
reaction until 4.8 V, beyond which the Ni*"/Ni** redox couple
contributes to two-phase reactions that involve phase boundary
movement and stress, leading to electrode cracking, capacity
loss, and ultimately rapid battery capacity decay.”

Elemental substitution in the LNMO structure with Fd3m
space group symmetry has been widely explored to improve
structure stability, with the inclusion of Ti shown to improve
electrochemical performance, and the partially filled d orbitals
of Fe’" and Cr*" leveraged to improve LNMO performance
through their inclusion in the structure” Despite these
performance improvements, few studies have sought to under-
stand the fundamental relationship between the LNMO struc-
ture and performance as a cathode, limiting the progress of
materials design towards high-performance applications. In this
work, we build on our previous work investigating the
structure-function relationship of LNMO to unveil in detail the
crystallographic-site-specific engineering of LNMO to address
structural instability at high voltage.” Our previous results show
that modification at both tetrahedral 8a and octahedral 16¢
sites,”™ as well as at both octahedral 16c and 16d sites,”™ in
the Fd3m space group structure, enhance structure stability and
resolve the rapid capacity decay during cycling. The current
work resolves the detailed influence of isolated modification at
16¢ sites, unveiling the mechanism for structural stability
enhancement for the first time.

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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Herein, we report the effects of 16¢ site engineering of
LNMO electrodes on the mechanistic behaviour and electro-
chemical performance of LNMO within LIBs. In the unmodified
LNMO structure with Fd3m space group symmetry, octahedral
16¢ sites are empty.” In this work we introduce Zn with a
relatively large ionic radius (0.74 A) to occupy these normally
vacant 16¢ sites,” with the modified material having improved
battery cycle stability with a capacity retention of 77% after
1000 cycles at 1 C (1 C=147 mAg™"), alongside enhanced rate
performance. We use in operando synchrotron-based X-ray
powder diffraction (SXRPD) to confirm that Zn at 16c sites acts
as structural pillars to stabilize the structure and prevent two-
phase reaction at high voltage. Near-edge X-ray absorption fine
structure spectroscopy (NEXAFS) experiments confirm modifica-
tion to the state of Mn and O in LNMO at the fully charged state
by the inclusion of Zn in the structure. This work sheds light on

the importance of a fundamental understanding of the
structure-function relationship of battery materials in the
successful design of high-performance high-voltage spinel-type
structured cathodes for next-generation LIBs.

Results and Discussion

The nominal composition LiNiysMn; 45ZNn,0s0, of the modified
active material (Zn-LNMO) in which Zn is 1.67 atomic % of
cations is in good agreement with the ~1.9% determined from
inductively coupled plasma mass spectrometry (ICP-MS). The
morphology of unmodified LNMO and Zn-LNMO materials was
investigated using scanning electron microscopy (SEM, Fig-
ure 1a and 1b). A similar irregular polyhedral morphology is
found in both samples, showing that the introduction of Zn
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Figure 1. SEM images of (a) unmodified LNMO and (b) Zn-LNMO; (c) HAADF STEM image of the near-surface region of Zn-LNMO with corresponding line
profile intensity along (d) light green and (e) purple line in (c); (f) schematic of the unmodified LNMO and Zn-LNMO crystal structure with color coded Wyckoff
positions, and with Li excluded for clarity. Rietveld refinement profiles using NPD data of (g) unmodified LNMO with a weighted profile R-factor (R,,,) =4.62%

and goodness of fit (GOF) = 1.83, and (h) Zn-LNMO with R,,, = 5.06 % and GOF =
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into the LNMO does not modify the material morphology.
Aberration-corrected scanning transmission electron micro-
scopy (STEM) was performed in high-angle annular dark-field
(HAADF) mode, with the results shown in Figure 1c and S1. In
these data, only relatively heavy elements such as Ni, Mn, and
Zn, can be observed, and are seen as small bright dots."”
HAADF STEM images (Figure 1c and S1b) along the [110]
direction were recorded as per previous work, revealing
characteristic diamond shaped arrangements of higher intensity
in both samples, confirming the spinel-type structure of the
materials.”>“*' Additional intensity in the centre of these
diamond shaped arrangements is seen in Zn-LNMO (Figure 1¢),
corresponding to the atomic occupation of 16¢ sites.® Line
profile intensity of the HAADF STEM image (Figure 1d and 1e)
confirms the existence of atoms at 16¢ sites, absent in the
unmodified LNMO (Figure S1c). Rietveld refinement of structural
models for unmodified LNMO and Zn-LNMO in which Ni and
Mn share octahedral 16d sites, O occupies 32e sites, and Zn
occupies octahedral 16c sites in Zn-LNMO (as shown schemati-
cally in Figure 1f) was carried out against neutron powder
diffraction (NPD) data for both samples, and refinement profiles
are shown in Figure 1g and 1h with refinement results

Voltage (V)

(a) = 40 44 48

Time (minutes)

16.0 16.2

tabulated in Table S1. Zn-LNMO is found to have a larger lattice
parameter (a=8.1847(3) A) than the unmodified LNMO (a=
8.1761(2) A), further confirming the inclusion of Zn in the crystal
structure. A small amount of a rock-salt type structured phase
was found in both materials and is ignored in the following
discussion given the very low amount.

The structure-function relation of Zn-LNMO and unmodified
LNMO was investigated using in operando SXRPD, and data
shown as a contour plot with intensity in colour alongside the
corresponding voltage in Figure 2. The diffraction peaks at
approximately 8.35° 16.05°, and 25.3° in 260 correspond to the
111, 311, and 511 reflections of the Fd3m space group structure,
respectively.”? Of these reflections, the 111 reflection has the
strongest intensity, and in the unmodified LNMO (Figure 2a)
this reflection shifts gradually to higher 26 during charge from
open circuit voltage (OCV) to approximately 4.7 V, indicating a
solid solution behavior with contraction of the lattice parameter
during Li extraction. After approximately 4.7V, the 111
reflection amplitude abruptly drops and the width broadens.
When the operating voltage approaches 4.8 V, a new reflection
at approximately 8.52° appears, which can be indexed to the
111 reflection of the rock-salt type structured Ni,,sMng;50,

‘Max

164 250 252 254 256 2538

26 (°)

4.8

Time (minutes)
g 8

g

8.3 84 8.5 86 16.0 16.2

164 250 252 254 256 258

26 (°)

Figure 2. In operando SXRPD data shown as a contour plot with intensity in colour along with the corresponding voltage, in select 26 regions showing the
111 (left), 311 (middle), and 511 (right) reflections of the Fd3m space group structure for (a) unmodified LNMO and (b) Zn-LNMO.
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phase, indicating a two-phase reaction within the active
materials.”>’® This two-phase reaction induces intergranular
stress that results in cathode particle cracking and pulverization,
ultimately leading to active material loss and short cycle life."”
The two-phase reaction persists until discharge to approx-
imately 4.65 V where the LNMO 111 reflection returns to lower
20 corresponding to the reinsertion of Li into the structure. In
contrast, Zn-LNMO experiences a solid-solution reaction
throughout the cycle, as evidenced by the continuous shift of
the 111 reflection to higher 20 (Figure 2b) during charge and
back during discharge, without the appearance of the
Nig>sMny;50, 111 reflection. The absence of a two-phase
reaction in Zn-LNMO is attributed to the occupation of 16¢
octahedral sites by Zn, which serve as structural pillars within
spinel-type structure that impede the migration of Ni or Mn to
adjacent empty 16¢ sites, avoiding the initiation of a two-phase
reaction.
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Figure 3 compares the electrochemical performance of
batteries containing each cathode material, with cyclic voltam-
metry (CV) data of unmodified LNMO and Zn-LNMO shown in
Figure 3a and 3b, respectively. At a scan rate of 0.1 mV/s, both
samples exhibit a weak anodic feature peak A at approximately
4.0V, corresponding to the Mn®** to Mn** transformation.'
Anodic feature peak B and C are attributed to the Ni** to Ni**
(at ~4.7V) and Ni*" to Ni*" (4.8 V) transitions, respectively."!
Doubling the scan rate to 0.2 mV/s causes peaks B and C to
merge into a single broad feature in unmodified LNMO, while
these features arising from the Ni**/Ni** and Ni**/Ni*" redox
couples remain discernible in Zn-LNMO.

Zn-LNMO and unmodified LNMO deliver an initial battery
capacity of ~127 and ~113mAhg™' at 1C, respectively,
dropping to 98 mAhg™' (77 % retention) and 70 mAhg™' (62%
retention) after 1000 cycles (Figure 3c). Corresponding charge/
discharge curves at the 5™ and 1000™ cycle are shown in
Figure 3d. The electrochemical plateau at approximately 4.7 V
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Figure 3. CV curves of (a) unmodified LNMO and (b) Zn-LNMO at different scan rates; (c) cycle performance of Zn-LNMO and unmodified LNMO at 1 C and (d)
corresponding charge/discharge curves at the 5™ and 1000 cycle; (e) average operating voltage (discharge energy density/ discharge battery capacity) and (f)

rate capability of Zn-LNMO and unmodified LNMO.
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corresponds to the redox couples Ni**/Ni** and Ni**/Ni®*, with
that at approximately 4.0V associated with the Mn**/Mn**
redox couple, consistent with our CV observations.'" While the
unmodified LNMO exhibits significant voltage polarization
during cycling, the voltage polarization of Zn-LNMO is substan-
tially suppressed, albeit with some degradation over extended
cycling. The two-phase reaction above 4.8V experienced by
LNMO leads to the formation of the rock-salt type structured
Nig>sMny,50, phase and loss of active cathode, resulting in
voltage polarization that is avoided by the solid solution
reaction of Zn-LNMO (Figure 2). Structurally, Zn resides at
vacant 16c sites, serving to prevent the migration of Ni/Mn to
adjacent 16c¢ sites, eliminating the formation of the rock-salt
type phase, and preventing structure degradation and sup-
pressing voltage polarization. This insight into the influence of
the Zn at 16c sites underscores the importance of under-
standing such structure-property effects in the strategic design
of cathode materials. The higher discharge curve of Zn-LNMO
compared with LNMO is attributable to the reduced voltage
polarization, where voltage polarization is associated with the
discharge voltage and energy density. During discharge,
electrochemical reduction of Ni*" to Ni** occurs at approx-
imately 4.75 V, followed by further reduction of Ni*™ to Ni*™ at
approximately ~4.65V and reduction of Mn*' to Mn®" at
approximately 4.0 V. Severe voltage polarization in the unmodi-
fied LNMO cathodes lowers the discharge voltage of all redox
couples with consequential overlap between them. Figure 3d
shows the voltage overlapping between the Ni**/Ni** and
Mn*T/Mn®** redox couples, leading to a parabolic-type dis-
charge curve for LNMO, with less evident ~4.65V and ~4.0V
plateaus, in contrast to the three separate voltage plateaus
exhibited during discharge by Zn-LNMO.

Figure 3e compares the average discharge voltage for both
materials with the unmodified LNMO electrode rapidly drop-
ping from 4.51 to 4.37 V over 1000 cycles, compared to the Zn-
LNMO electrode that experienced a smaller decay from 4.57 to
449 V. The Zn-LNMO electrode exhibits better rate performance
with capacity of 124, 116, 113, 110, and 101 mAhg'at 1C, 2C,
3C 5C, and 10C, respectively, compared to the unmodified
LNMO that delivers 110, 105, 102, 100, and 94 mAhg™,
respectively. Li diffuses within spinel-type structured LNMO by a
jump diffusion mechanism from tetrahedral to octahedral to
tetrahedral sites. The inclusion of Zn at only 5% of 16¢ sites
widens the smallest aperture of this channel by ~0.13%, from
1.9530(3) to 1.9556(3) A, as well as increasing the jump length
between tetrahedral and octahedral sites from 1.77017(7) A to
1.77204(7) A, which both contribute to faster Li diffusion and
improved rate performance (Figure 3f).

Post mortem NEXAFS analysis of Zn-LNMO and unmodified
LNMO was performed in total electron yield mode to inves-
tigate the surface structure of materials. Figure 4a and 4c shows
NEXAFS data at the Mn L edge for unmodified LNMO and Zn-
LNMO at different states of charge, respectively. At OCV, the
spectrum from both samples exhibits a peak characteristic of
Mn**, with weaker peaks belonging to Mn®*, However, at the
fully charged state, the unmodified LNMO has a spectrum that
is significantly different, with increases in the intensity of peaks

Batteries & Supercaps 2024, 7, e202400123 (5 of 7)

characteristic of Mn?" and Mn** and a decrease in the intensity
of the peak characteristic of Mn**. This change in overall Mn
valence in the unmodified LNMO may be associated with the
phase transformation from the spinel-type to rock-salt type
structured phases as observed in the SXRPD data. The observed
valence reduction is consistent with the migration of Mn from
16d to 16c sites, as associated with Mn loss known to degrade
battery performance. In comparison, the spectrum of Zn-LNMO
is relatively unchanged at the fully charged state (Figure 4c),
which is consistent with the SXRPD observation of a solid-
solution reaction for the entire charge process. At the fully
discharged state, both electrodes show increased intensity in
peaks characteristic for Mn** and Mn?*, which is related to the
electrochemical reduction of Mn at approximately 4.0V (Fig-
ure 3d), although Zn-LNMO has a lower ratio of Mn** to Mn**
than the unmodified LNMO as a result of the absence of Mn**
formation at high voltage. The spectrum for long-cycled Zn-
LNMO is similar to that of the spectrum for Zn-LNMO after
initial discharge, confirming enhanced structural stability. In
contrast, the spectrum for long-cycled unmodified LNMO shows
a significant drop in the intensity of peaks characteristic for
Mn?* and Mn** compared to the spectrum after the initial
discharge, revealing substantial dissolution of Mn and loss from
the structure, while the intensity of the peak arising from Mn**
is relatively unaffected.

Figure 4b and 4d show the O K edge NEXAFS data of both
samples at different states of charge. Peak A relates to the
combination of spin-down t,; and spin-up e, states, while peak
B corresponds to spin-down e, states.™” Considering the
electronic configuration of Ni and Mn in LNMO (Mn®*: t3 %

2g~g’
Mn*™: £ &% Ni*™: 5 e2), peak A is assigned to the interaction

2 ! 2
betweengNgln 3d anngg 2p orbitals and peak B is associated with
the hybridization between Ni 3d and O 2p orbitals. Peak C is a
fingerprint for carbonate species of the solid electrolyte
interphase (SEI).'"" During charge, peaks A and B in both
samples undergo substantial changes, with peak A decreasing
in intensity and peak B increasing in intensity. Compared with
Mn**, Mn®" has less available space for the spin-down states of
activated oxygen electrons, and the reduction of Mn** to Mn**
therefore decreases the intensity of peak A. Disproportion of
unstable Mn*" leads to the formation of Mn*" and electrolyte-
soluble Mn?*, and therefore, the intensity decrease of peak A
can be linked to the dissolution of Mn. Oxidation of Ni leads to
the loss of e, electron orbitals, requiring additional activated
oxygen electrons to fill spin-down e, states, increasing energy
absorption and the intensity of peak B. At the end of the
discharge, peaks A and B in both samples exhibit notable
changes, signalling irreversible reactions. After 50 cycles, the
spectrum of the unmodified LNMO exhibits an increased
intensity of peak C, consistent with the formation of a thick SEI
layer that typically leads to slower insertion and extraction of Li.
In contrast, peak C following initial discharge of Zn-LNMO is
relatively unchanged after long-cycling. In summary, the
inclusion of Zn at 16¢ sites both reduced the dissolution of Mn
from the LNMO structure and the formation of a thick SEI
Despite these changes advantageous for battery performance,
substantial changes in the state of both Mn and O known
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Figure 4. Mn L edge NEXAFS data of (a) unmodified LNMO and (c) Zn-LNMO at different states of charge, with the spectra for Mn-containing reference
materials shown at the bottom and offset in y for clarity; O K edge NEXAFS spectra of (b) unmodified LNMO and (d) Zn-LNMO at different states of charge.

The inset shows the details of Peak C.

detrimental for battery performance in both samples highlight
the remaining need to understand the detailed influence of
structure modification on electrode behavior to guide materials
development towards stable battery performance.

Conclusions

We investigated the structure-function relationship of high-
voltage LiNijsMn,s0, (LNMO) cathodes with Zn at previously
vacant octahedral 16¢ sites in the spinel-type crystal structure
with Fd3m space group symmetry. Our results show that Zn at
16¢ sites acts as structurally-stabilizing pillars, mitigating the
two-phase reaction that occurs at high voltage that is
responsible for rapid capacity decay. Consequently, batteries
containing the Zn modified LNMO electrode exhibit improved
cycle stability and enhanced rate performance compared to
unmodified LNMO. We find that the addition of Zn at 16c sites
does not address entirely the problems of voltage polarization,
or loss of Mn or O from the structure upon extended cycling.
This work underscores the critical role of understanding the
fundamental structure-function relationship in driving battery
materials development and offers insight for the design of
high-performance, high-voltage spinel lithium-ion battery cath-
odes.
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