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Unleashing the Kinetic Limitation of Co-Free Li-Rich
Mn-Based Cathodes via lonic/Electronic Dual-Regulation

Kai Wang, Youqi Chu, Zhencheng Huang, Hang Yang, Ming Yang, Yongbiao Mu,
Xinhua Tan, Guanjie He, Mingjian Zhang, Lin Zeng,* Biao Li,* Feng Pan,*

and Jiangtao Hu*

Li-rich Mn-based oxide (LRMO) are promising cathode candidates for
next-generation Li-ion batteries with combined cost-effectiveness and high
specific capacity. Designing Co-free LRMO can further leverage the low cost of
this class of cathodes given the capacity can be maintained. However,
implementing cobalt-free LRMO cathode materials are hampered by their
sluggish kinetics, resulting in low capacity and poor rate performance that
underperform compared with their Co-containing counterparts. Here, it is
confirmed that the slow kinetics of Co-free LRMO originates from the
structural disorder caused by transition metals (TMs) migration at high
voltages (above 4.5 V Vs. Lit /Li) and consequent irreversible oxygen redox
process. Aware of this, Na* /F~ is introduced in surficial lattice to alleviate
these issues, ultimately achieving improved discharge voltage (0.2 V above
1C,1C =0.25 A g '), exceptional cycle stability in pouch-type cell (95.1%
capacity retention in 1 C after 400 cycles at 25 °C, and 80.9% capacity
retention after 300 cycles in 0.5 C at 45 °C) and excellent C-rate performance
(=150 mA h g~" at 5 C). The newly developed Na* /F~ gradient design
unleashes the surficial charge transfer kinetics limitation and greatly improves
the lattice structure stability, consequently providing valuable guidelines for
future high-capacity LRMO cathode design.

1. Introduction

The development of high-specific capacity
cathode materials is essential for enhanc-
ing the energy density of lithium-ion batter-
ies (LIBs), and thus extending the driving
range of electric vehicles and enabling grid-
scale energy storage.'?] Currently, widely
used layered oxide cathodes in commer-
cial LIBs are either LiCoO, (LCO) or Ni-
rich Li[Ni,Co, (Al or Mn),_,_,]O, (NCA or
NCM). However, these materials face chal-
lenges such as high cost due to cobalt re-
serves, insufficient capacity, and poor cyclic
stability at high voltage.>] To address the
cost issue, the Co-less/Co-free cathode sys-
tems are being widely explored recently.l®*]
Among the alternative TMs, Mn is by far
the most attractive option due to its signif-
icantly lower cost compared to Co and its
non-toxic nature.!!!l Consequently, there
has been a surge of interest in Mn-based
layered oxides. Particularly, the LRMO with
the chemical formula of Li; ,Ni,Co,Mn,0,,
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(x +y + z = 1-a) have garnered great attention owing to their
impressive reversible specific capacity (~280 mA h g=!) and ex-
cellent energy density.[122¢]

It has been discovered that the presence of Co** in Li,MnO,
component can enhance its electrochemical activation and pro-
mote the participation of anions in the reaction, resulting in in-
creased capacity compared to Co-free compounds.'”] Neverthe-
less, Co®* is more effective than Ni** in mediating the kinetics as
it promotes greater migration of TMs, resulting in less cationic
redox but more oxygen redox, more O, release, poorer cycling
performance, and more severe voltage decay.') Hence, future de-
sign of LRMO cathode materials could be along the lines of in-
creasing the Ni content, and decreasing the Co content, and even
fully eliminating the use of Co.

The energy density of Co-free LRMO is greatly limited at
higher current densities due to impeded interfacial kinetics,
which restricts their application in scenarios such as fast charg-
ing devices and grid-scale energy storage.!'8! The poor rate ca-
pability of LRMO generally originates from sluggish kinetics of
anionic redox that constitutes more than half of the capacity.
This can be inferred from the more suppressed redox capacity
and more increased overpotential in monitoring the evolution of
dQ/dvV plots by varying the cycling rates.[? The underlying ori-
gin of such sluggishness of anionic redox is rooted at the struc-
tural rearrangement, such as O-O dimerization, cation migra-
tion, and octahedra distortion, that largely lags behind electron
transfer. The poor rate performance could be aggravated by re-
moving Co from LRMO as Co is better than Ni in mediating the
structural reorganization kinetics. Other alternative explanations
also exist to explain the limited kinetics in LRMO. Previous re-
ports have uncovered that, when Li* are constantly removed from
the LRMO, oxygen evolution occurs to compensate for the de-
creased positive charge in the lattice.?%! This leads to instability
of the oxygen-bonded TMs and induces a structural rearrange-
ment, known as layered-to-spinel phase transition. Consequently,
this phase transition hinders easy Li insertion and reduces capac-
ity during subsequent discharge,?! which is considered as the
main reason for poor rate performance.?22*] Moreover, the rapid
delithiation occurring at high current densities can easily cause
local structural transformations that restrict the diffusion rate of
Li*, thereby inhibiting the rate capability.?*] Conventional inert
coating layer can significantly reduce the charge transfer kinetics
at the interface,!?>2¢] while the active materials offers limited as-
sistance in enhancing interfacial kinetics due to lattice mismatch
or poor cladding uniformity.?”?8] Therefore, it is imperative to
consider the design strategies during material synthesis in order
to enhance the kinetics of Co-free LRMO cathodes.

Here, the typical Co-free LRMO cathodes (Li, ,Ni,,Mn, O,)
are tailored by introducing a trace amount of Na* and F~ into
LRMO using a concentration gradient doping strategy to improve
its kinetics. Through theoretical calculations and advanced char-
acterizations, it can be concluded that the Na*/F~ enriched sur-
face inhibits the local structural transformation in high state of
charges (SOCs), alleviates the TMs migration and lattice oxygen
release, thus resulting in an improved recovery of discharge volt-
age. Moreover, the enhanced Li layer spacing through Na* doping
and the improved electronic conductivity facilitated by F~ doping
successfully compensate for the kinetic deficiencies inherent in
Co-free LRMO cathodes. This results in superior rate capability,
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outstanding structural stability, and better kinetics due to direc-
tional element substitution, providing insights into interface en-
gineering to unleashing the kinetic limitation in Co-free LRMO
cathodes.

2. Results

2.1. Na* and F~ Occupation Sites Investigation

The pristine Li,,Nij,Mn,;O, (NMPR) was obtained by ox-
alic acid co-precipitation, and Na*/F~ co-doping sample
Li; 5 x/100Nax/100Nig .M 60, 100 Fxj100 (NMCD-X, X =1, 2,
3) was synthesized by adding stoichiometric Na*/F~ sources
into the late stage of co-precipitation (Figure S1, Supporting
Information). Scanning electron microscopy (SEM) images
revealed that both NMPR and NMCD-X consisted of irregular
secondary particles, with a size ranging from 2 to 3 ym (Figure
S2, Supporting Information). The Ni, Mn, Li, and Na contents
in NMPR and NMCD-X were determined using inductively
coupled plasma atomic emission spectrometry (ICP-AES) (Table
S1, Supporting Information). Meanwhile, fluorine content was
validated by the F ion selection electrode. (Table S2, Supporting
Information). These results demonstrate that the synthesis
process does not result in any loss of elements. To confirm the
occupancy site of Na*/F~ in NMCD-X, the crystal structure
of NMPR and NMCD-2 were characterized by powder X-ray
diffraction (XRD) (Figure S3, Supporting Information) and
neutron powder diffraction (NPD) (Figure 1a,b). The results of
joint Rietveld refinement analysis (Tables S3-S8, Supporting
Information) indicate that Na* occupies the Li site in the alkali
metal (AM) layer, while F~ replaces the O*~ site. The success-
ful incorporation of Na and F is further corroborated by the
increased c-parameter and decreased a-parameter as obtained
in the refinement results (Figure S4, Supporting Information),
since Na* has larger ionic radii than Li* while F~ is smaller than
o*.

High-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) technique was utilized to examine
the local structure of NMPR and NMCD-2 (Figure S5, Supporting
Information). The corresponding fast Fourier transform (FFT)
patterns of the surface area reveal a distinct spinel layer (~2—
3 nm thick). This layer visible at the surface of both NMPR and
NMCD-2 may be attributed to the segregation of Ni**.[?) The
electron energy loss spectra (EELS) mapping performed on the
surface regions of NMPR and NMCD clearly reveals Ni enrich-
ment (Figure S6, Supporting Information). By performing the
inverse fast Fourier transform (IFFT) of the NMPR and NMCD-
2 bulk phase regions shown in Figures S7 and S8 (Supporting
Information), the interlayer spacing of the TMs layer can be ex-
panded from 0.471 nm (NMPR) to 0.473 nm (NMCD-2) after co-
doping with Na* and F~. The multi-scale characterizations pro-
vide collective evidences to the increased layer spacing due to the
co-doping.

Atomic contrast measurements were conducted on the AM
layer, which is proportional to Z? (Z = atomic number).?% The
identified quantified regions are highlighted by a red rectangle in
Figure 1c,d. Due to that only TMs atoms can be visualized in the
HAADF image, a uniformly spaced atomic arrangement can be
observed in the AM layer of NMPR, which can be attributed to the
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Figure 1. Atomic-level observation of NMPR and NMCD-2. a,b) NPD Rietveld refinement results, including NMPR (a) and NMCD-2 (b). c,d) HAADF-
STEM images of NMPR (c) and NMCD-2 (d) at the near-surface area. e,f) Corresponding intensity profiles of selected Li slabs of NMPR (e) and NMCD-2
(f), marked by the red-line frames in (c) and (d). g,h) GPA patterns of NMPR (g) and NMCD-2 (h), deduced from the corresponding HAADF-STEM
images in (c) and (d). i) The cross-section HRTEM-EDS image of NMCD-2. Scale bar: 100 nm. j) the O K-edge, Mn L-edge and Ni L-edge EELS spectra
of NMCD-2 derived from Figure S16b (Supporting Information) and the ratio of white line of Mn L3/L2 by non-linear least squares (NLLS) analysis.

anti-occupancy of Li* and Ni?* (Figure 1e). In NMCD-2, atomic
columns within the AM layer exhibit two distinct contrast lev-
els in the HAADF-STEM image (Figure 1f). Based on Z-contrast
principles, the weaker intensity regions are attributed to Na atom
columns, while the stronger features correspond to antisite Ni
atoms occupying AM positions. This assignment is further cor-
roborated by atomic contrast line scan along different direction
(Figure S9, Supporting Information).

Geometric phase analysis (GPA) was conducted on atomic-
resolved HADDF-STEM images of NMPR and NMCD-2
(Figure 1c,d) to investigate the effect of co-doping on stress
distribution. As shown in Figure 1gh, there is a slightly lower
internal strain in NMCD-2 as compared to NMPR, which
may be attributed to decreased Li/Ni mixing. Moreover, scan-
ning transmission microscopy-energy dispersive spectroscopy
(STEM-EDS) was utilized to monitor the distribution of ele-
ments in NMCD-2, revealing successful doping of Na* and F~
ions (Figure S10, Supporting Information). The Na* and F~
elements aggregate on the surface of the particles, which is
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confirmed by cross-section focused ion beam (FIB) (Figure 1i).
Additionally, surface-sensitive and chemically selective X-ray
photoelectron spectroscopy (XPS) was performed with etching
to further confirm these findings. The signal of Na 1s (Na—O
bonding energy: ~1071.27 eV)BU F 1s (Li—F bonding energy:
~685 eV)l*! gradually weakens from the surface to the bulk
phase, indicating a gradient distribution characteristic (Figures
S11 and S12, Supporting Information). The stronger Mn**
signals (Mn**-O binding energy: ~642.5 nm) and Ni?* signals
(Ni2*-O binding energy: ~854.6 nm)[33] of NMCD-2 in the XPS
spectra further confirm the substitution of F atoms for O atoms
(Figures S13 and S14, Supporting Information) as a result of
charge compensation as F~ carries less negative charges.

To illustrate the valence distribution of TMs in the two cath-
odes, EELS were collected. EELS of NMPR from surface to the
bulk (yellow arrow) is presented in Figure S15 (Supporting Infor-
mation). The ratios between L3 and L2 of Mn remain constant
from surface to bulk and exceed 1.5. Concerning NMCD-2, the
pre-peak of the O K-edge gradually increases from the surface to
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Figure 2. Electrochemical performance of NMPR and NMCD-X. a) Capacity-voltage profiles of NMPR and NMCD-X at 0.1 C. b) C-rate performance of
NMPR and NMCD-X. c) Average discharge voltage at different current densities for NMPR and NMCD-2. d) Cycling stability of NMPR and NMCD-2 at
0.5 Ciin half cell. e,f) Selected charge—discharge curves of NMPR (e) and NMCD-2 (f) in the 200 cycles at 0.5 C. g) Pouch-type cell cycling performance
of NMPR and NMCD-2 with graphite as anode at 1 C, 25 °C. h) Pouch-type cell cycling performance of NMPR and NMCD-2 with graphite as anode at

0.5 C, 45 °C.

the bulk, suggesting an increased covalency of TM—OPB*! bonds
(Figure 1j; Figure S16, Supporting Information). This finding is
consistent with the gradient distribution characteristics of the F~
and verifies that there are more TM-F bonds on the surface. Addi-
tionally, the L3/L2 ratios of Mn were quantified, which gradually
decrease from the surface to the bulk with a value less than 1.5.
The result indicates that NMCD-2 exhibits lower valence state of
Mn elements on the surface area, due to the gradient substitution
from the F~ element.*]

2.2. Superior Cycle Performance and Improved Rate Capability
The electrochemical performance of NMCD-X and NMPR was

first evaluated using Li-metal as the negative electrode in coin
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cells. Figure 2a displays the initial charge-discharge voltage
curves of the prepared LRMO cathodes at 0.1 C (1 C = 250 mA
g7!). NMCD-X materials exhibit a longer oxygen oxidation
plateau than NMPR, and larger discharge capacities overall, as
well as an increase in the average discharge voltage due to Na* /F~
doping. Among the four cathodes, NMCD-2 exhibits the high-
est discharge capacity (273.11 mA h g™') and discharge average
voltage (3.61 V). Moreover, the NMCD-X cathodes show signifi-
cantly optimized rate performance compared to NMPR, partic-
ularly NMCD-2, which retains a specific capacity of 143.9 mA
h g7! even at 5 C (Figure 2b). Furthermore, the cyclic voltam-
metry (CV) test conducted at varying scan rates indicates that
NMCD-2 has a fast Li* diffusion rate (Figures S17,S18, and
Note S1, Supporting Information). A comparison was made be-
tween the average voltages of NMPR and NMCD-2 at different
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C-rates. The results indicate that NMCD-2 demonstrates an im-
proved average discharge voltage exceeding 0.15 V as the cur-
rent density increases to 0.5 C or higher (Figure 2c). NMCD-
2 exhibits the best cycling performance among the NMCD-
X cathodes. (Figure S19, Supporting Information). Figure 2d,
Figures S20 and S21 (Supporting Information) present a com-
parison of the long-term cycling performance between NMPR
and NMCD-2 at various current densities. After 400 cycles at
0.5 C with a cut-off voltage of 4.8 V, the capacity of NMPR
decreased to 94.67 mA h g=!, which corresponds to a capac-
ity retention of 57.2% relative to its initial capacity. In con-
trast, NMCD-2 exhibits 89.1% capacity retention after 400 cy-
cles. By comparing the half-cell performance of Li, ,Ni, ,Mn, (O,
with those reported recently,*#1 NMCD-2 shows significant
superiority (Figure S22, Supporting Information). The charge—
discharge curves of NMPR and NMCD-2 were compared dur-
ing the initial 200 cycles at 0.5 C, as illustrated in Figure 2e,f.
The results showed that NMCD-2 effectively suppressed volt-
age and capacity attenuation. Furthermore, the dQ/dV curves
of NMPR and NMCD-X were also plotted and compared, in-
dicating that NMCD-2 exhibited minimal voltage decay during
the first 400 cycles at 0.5 C and 4 C (Figures S23 and S24,
Supporting Information). CV tests of NMPR and NMCD-2 af-
ter 2 and 200 cycles at 0.5 C were also performed (Figure S25,
Supporting Information). For NMPR, the reduction peak for
Ni*+/3+/*+ gshifted significantly towards lower potentials, and a
distinct reduction peak linked to spinel (at ~2.8 V) appeared
in the discharge curve after two cycles. In contrast, NMCD-2
showed an almost unchanged reduction peak with no visible
spinel peak, demonstrating its remarkable structural stability
during cycling. The long-term cycling performance of NMPR
and NMCD-2 was analyzed at 4.0 C. NMCD-2 exhibited supe-
rior performance, retaining 91.2% of its capacity after 1000 cy-
cles, compared to 80.4% of its capacity of NMPR after the same
cycles (Figure S26, Supporting Information). Notably, NMCD-2
exhibited a voltage decay rate of merely 0.72 mV per cycle, signif-
icantly lower than the 0.94 mV per cycle observed in NMPR. Ad-
ditionally, NMCD-2 shows a discharge capacity that exceeds the
NMPR by over 50 mA h g~! at 4 C, accompanied by more sym-
metrical charge and discharge curves (Figure S27, Supporting
Information).

NMPR and NMCD-2 were further evaluated in a full cell con-
figuration, with graphite as the anode, in a 0.6 A h pouch-type
cell (Figure 2g). Specific details of the pouch-type cell parame-
ters can be found in Table S9 (Supporting Information). Notably,
NMCD-2 presented minimal capacity decay in the 400 cycles at 1
C (95.1%), surpassing that of NMPR (80.4%). Our NMCD-2 sam-
ple exhibited the top level in terms of capacity retention compared
to recently reports at room temperature, both in half cells and
pouch cells (Figure S28 and Table S10, Supporting Information).
The high-temperature cycling performance of the two cathodes
at 45 °C in pouch-type cells were also assessed (Figure 2h), and
NMCD-2 cell maintained at a practical level of reversible cycling
(80.9% retention after 300 cycles in 0.5 C), while NMPR only re-
tained 26.4%.

As demonstrated in Figure S29 and Note S2 (Supporting
Information), the surface Na‘* retained after cycling exhibits
dual stability: it neither participates in Li* extraction pro-
cesses nor migrates into the vacancies within the TM layer.
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This inherent stability effectively mitigates lattice distortion and
consequently prevents material degradation through structural
collapse.

2.3. Redox Processes and Structural Change

Operando Differential Electrochemical Mass Spectrometry
(DEMS) was performed to detect the gas evolution in the coin
cells with NMPR and NMCD-2 as the cathode, respectively.
The results demonstrated that O2 generation was roughly three
times higher in NMPR compared to NMCD-2. The NMCD-2
electrode releases oxygen at 4.51 V during the first charge, but it
is 4.48 V in the NMPR, implying greater stability of lattice oxygen
in NMCD-2.I*!l (Figure 3a,b). In addition, TMs dissolution was
confirmed by in situ Ultraviolet-Visual (UV-vis) spectra, which
were obtained from an assembled cuvette cell (Figure S30 and
Note S3, Supporting Information). UV-vis absorption spectra
of NMPR and NMCD-2 were collected at different SOCs during
the initial cycle. The broad peak associated with TMs dissolution
was observed within the range of 380-430 nm.[*!] To amplify the
changes, the data underwent first-order differential processing.
As depicted in Figure 3c,d, NMCD-2 exhibited a significantly
less TMs dissolution signal during the initial cycle. Reduced
dissolution of TMs reflects fewer interfacial side reactions and
phase transitions at the surface.l*]

The in situ galvanostatic electrochemical impedance spec-
troscopy (GEIS) measurements, with distribution of relaxation
time (DRT) analysis, tracked the impedance evolution of NMPR
and NMCD-2 at different SOCs in the initial cycle. The peaks
observed in the range of 107! to 10% s are attributed to the
charge transfer impedance (R,) at the cathode/electrolyte in-
terface (CEI), and the peaks ranging from 1073 to 1072 s are
attributed to the impedance of CEI (Rg).*Y As shown in
Figure 3e, the impedance varies with the SOCs mostly in the
low and mid-frequency ranges. As the cell is charged from the
open-circuit voltage (OCV) to 4.8 V (Vs. Li*/Li), the R, increases
from 250 to 2000 Q in NMPR. By contrast, NMCD-2 displays
only minor modifications in impedance in the low-frequency
area. Meanwhile, its R, increases from 20 to 720 Q through-
out charging, which is far below the variation observed in NMPR
(Figure 3f). This result indicates that the interfacial diffusion ki-
netics of NMCD-2 cathode is more rapid than those of NMPR.
The corresponding Nyquist plots and electrochemical curves are
illustrated in Figures S31 and S32 (Supporting Information).

To gain deeper insight into the structural transformations in-
duced by Na*/F~ doping and their impact on the structural ro-
bustness of this material during the cycling process, in situ XRD
was measured. As shown in Figure 3gh, in situ XRD data were
collected on NMPR at 0.3 C in initial cycle (3—4.8 V Vs. Li*/Li).
The lattice parameter refinement was carried out using the (003)
and (101) peaks with a space group of R-3m. During the charging
process, the c-axis increases while the a-axis shrinks due to the
oxidation of the TMs, and the opposite tendency occurs during
the discharging process. NMCD-2 shows a flatter c-axis change in
plateau region, implying a smaller local structural changes dur-
ing oxygen redox reactions (Figure 3h).[1! The improved struc-
ture stability of NMCD-2 enabled by the presence of Na* and
F~ was further validated by the c-axis expansion value during the

© 2025 Wiley-VCH GmbH
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Figure 3. In situ characterizations in the initial cycle. a,b) The result of gas evolution during the first cycle of NMPR (a) and NMCD-2 (b). ¢,d) In situ
UV-vis absorption spectroscopy at different SOCs during the initial cycle of NMPR (c) and NMCD-2 (d) and corresponding electrochemistry curves. e,
f, DRT analysis transformed from GEIS of NMPR (e) and NMCD-2 (f) during the initial cycle. g,h) In situ XRD spectra and the corresponding Rietveld

refinement results of NMPR (g) and NMCD-2 (h).

first cycle, which was 0.004 A, lower than that in the NMPR cath-
ode (0.006 A).[*3!

2.4. TM—O and TM-TM Bonds Evolution

The normalized X-ray absorption near edge structure (XANES)
was used to analyze TMs (Ni, Mn) at various SOCs, including
OCYV, a fully charged state of 4.8 V (Ch-4.8 V), and a fully dis-
charged state of 2 V (Disch-2 V), in order to explore the effect of
Nat*/F~ doping on TMs redox reactions, local coordination envi-
ronments, and oxygen redox (Figure 4a—d). It is evident that the
Mn and Ni K-edge of NMCD-2 at OCV and discharge states well
superimpose together, indicating excellent reversibility and effec-
tive suppression of Mn?* /Mn3*.14] Figure 4e-h shows the fitted
extended X-ray absorption fine structure (EXAFS) for each TM el-
ementin the first cycle. Compared to NMPR, NMCD-2 effectively

Adv. Mater. 2025, 37, 2504642
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restored the local order of both TM—O and TM-TM after the first
cycle. The significant minimization of TM—O and TM-TM coor-
dination environment changes in NMCD-2 suggests that Na* /F~
substitution effectively reduces the irreversible migration of TMs
and enhances the lattice oxygen stability.

The EXAFS data was fitted to analyze the chemical bond length
and Debye-Waller factors (Note S4, Supporting Information). It
is evident that the doping of Na*/F~ considerably lessens the al-
teration of the TM—O and TM—TM bond length. In addition, the
variability of bond length is more reversible in NMCD-2, notably
for Ni (Figure 4i-l). The Debye-Waller factor of o2, shows
a slight increase during the initial cycle in NMCD-2 (Figure
S33a and Table S11, Supporting Information). This results in
the prevention of elevation of oxygen release and angular distor-
tion of TM—O ordering. 6%, v 62xico» and 62y, increased
during the charging, but partially recovered during discharg-
ing, indicating a more reversible TMs migration in NMCD-2

© 2025 Wiley-VCH GmbH
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Figure 4. X-ray absorption spectroscopy analysis of NMPR and NMCD-2. a—d) Fitted Mn and Ni K-edge XANES spectra of NMPR and NMCD-2 at OCV
(blue), Ch-4.8 V (orange), and Disch-2.0 V (green), respectively. e-h) Fitted Mn and Ni EXAFS spectra of NMPR and NMCD-2 at OCV (blue), Ch-4.8 V
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NMPR (m) and NMCD-2 (n) based on R-3m space group.

(Figures S33b,S34, and Table S12, Supporting Information).
Figure 4m,n and Figure S35 (Supporting Information) depict the
results of the wavelet transforms (WT) fitting of Mn and Ni EX-
AFS spectra, which confirm the involvement of Na*/F~ doping
in the reversible migration of TMs and oxygen redox in initial
cycle.

High-resolution transmission electron microscopy (HRTEM)
images of the post-cycled NMPR and NMCD-2 were performed
(Figures S36 and S37, Supporting Information). The surface of
NMPR and NMCD-2 remained in a layered structure after the
first cycle. However, after 400 cycles, a distinct surface recon-

Adv. Mater. 2025, 37, 2504642
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struction from layered to Rock-salt was noticed in NMPR, while
NMCD-2 maintained its primary layered structure with only a
~10 nm Spinel layer being detected. The main peaks in the XRD
patterns of the cycled NMPR cathode exhibit a significant de-
crease in intensity and broadening upon cycling, whereas the cor-
responding peaks in NMCD-2 remain sharp and intense, indicat-
ing the excellent crystallinity and structural integrity (Figure S38,
Supporting Information). As shown in Figure S39 (Supporting
Information), the resistance data of NMPR and NMCD-2 further
confirms the observed phase change captured by the HRTEM
images.

© 2025 Wiley-VCH GmbH
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Figure 5. Theoretical Calculations and Schematic Illustration of Kinetics Enhancement. a) The V, formation energies in the Li-O-Li configuration of
NMPR and NMCD. b) The migration energy barriers of TM ions along the c-axis in NMPR and NMCD. c) The energy barrier of the o-t-o migration path in
AM layer in NMPR and NMCD. d) The pDOS curves of LigMn3NiO4 and LisNaMn; NiOgF. ) Schematic pDOS of LigMn; NiO; and LisNaMn3; NiOgF.
f) Schematic diagram of the mechanism of role of Na* /F~ in suppressing voltage hysteresis and maintaining the stability of the structure.

2.5. First-Principles Calculations

The effect of Nat/F~ substitution on oxygen vacancies (V,) and
TMs migration was investigated using first-principles calcula-
tions to elucidate the observed discrepancy in kinetic improve-
ments. It is known that the occupation of Li* in the TMs layer
changes the local electron distribution of O and forms a Li-O-Li
configuration. Since Li* is weakly bonded to the neighboring O
2p, the lattice O~ is more prone to lose electrons at high voltages,
thereby inducing the anion redox reaction and irreversible local
structural transitions.*”] Hence, the formation energy of V,, is an
indicator of the structural stability of the LMRO. The V, at differ-
ent sites in the NMPR and NMCD lattice in the delithiation state
were evaluated (V, are preferentially generated in Li-O-Li config-
uration in delithiation state),[*®] and their corresponding forma-
tion energies are 3.87 eV (OLiMn2), 2.88 eV (OLiNiMn), 3.91 eV
(NaOLiMn2), 3.05 eV (NaOLiNiMn), and 3.11 eV (NaOLiMnNi),
respectively (Figure S40 and Note S5, Supporting Information).

Adv. Mater. 2025, 37, 2504642 2504642

It is clear that the introduction of Na*/F~ hinders the formation
of V, in the Li-O-Li configuration by enhancing O 2p bonding,
resulting in the stabilization of the lattice oxygen.

To further investigate the effect of Na*/F~ substitution on the
migration of TMs, the migration barriers of Ni and Mn along the
c-axis from the TMs layer to the Li layer (tetrahedral site) were
calculated by first-principles nudged-elastic band (NEB) methods
(Figure S41, Supporting Information). The migration barriers of
Mn in NMPR and NMCD are 1.44 and 2.24 eV, and the migra-
tion barriers of Niin NMPR and NMCD are 1.87 and 3.42 eV, re-
spectively (Figure 5b). This indicates that the migration of TMs
in NMCD is considerably more challenging compared to that in
NMPR. Hence, the limited TMs migration into the Li layer con-
tributes to the maintenance of a stable crystal structure and the
reversible oxygen redox reaction.

The Li* diffusion kinetics in the AM layer was also evaluated by
the NEB calculations. The Li* transport follows a tetrahedral site
hopping (TSH) mechanism,[*! wherein the Li* hops from one

(8 of 10) © 2025 Wiley-VCH GmbH
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octahedral site to another through an intermediate tetrahedral
site (0-t-0).1**) The migration barrier of Li* during the o-t-o trans-
fer decreases from 0.24 eV in NMPR (Li,Mn;NiO,,) to 0.17 eV
in NMCD (Li_;NaMn;NiOyF) (Figure 5c; Figure S42, Support-
ing Information), which is conducive to increasing the rate per-
formance. As shown in Figure S43 (Supporting Information), the
diffusion barrier for Na* within the alkali metal layer is calculated
to be 0.42 eV, significantly higher than that of Li* (0.17 eV). This
stark contrast in energy barriers explicitly confirms the prefer-
ential deintercalation of Li* over Na* during electrochemical cy-
cling. Moreover, density of states (DOS) calculations indicate that
F doping results in an increased DOS at the Fermi energy level for
Li,MnO,-like structural units (Figure 5d). This increase in DOS
enhances the electrical conductivity of NMCD, leading to a fur-
ther increase on the rate capability.*®) The enhanced conductivity
can be attributed to the symmetry breaking of MnO, caused by F
doping, which introduces the Jahn-Teller effect. As a result, one
of the orbitals moves below the Fermi energy level to maintain en-
ergy conservation (Figure 5e). Consequently, there is a reduction
in bandgap and an enhancement in electronic conductivity.l>!)

3. Conclusion

By employing in situ characterization and calculations, we
have successfully confirmed that the sluggish kinetics in
Li, ,Niy,Mn, (O, primarily stem from the structure transforma-
tions occurring at high SOCs, as demonstrated in Figure 5f. The
introduction of Na* and F~ ions effectively suppresses the mi-
gration of TMs while enhancing the bonding of O 2p, thereby
significantly mitigating phase transitions at high SOCs and con-
sequently improving interfacial kinetics. Furthermore, co-doping
with Na*/F~ significantly enhances both ionic and electronic
conductivities in LRMO cathode, leading to a remarkable en-
hancement in rate capability and exceptional cycle stability. As
demonstrated here, we have successfully prepared stable and
high power Co-free LRMO cathodes through gradient co-doping
of Na*/F~, which were tested in LRMO||Graphite pouch-type
cells, exhibiting 95.1% capacity retention at 1 C after 400 cycles
at 25 °C and 80.9% retention after 300 cycles at 0.5 C at 45 °C.
These findings offer promising prospects for the application of
Co-free LRMO materials in future industries such as grid-scale
energy storage and electric vehicles.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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