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Long-Range Cation Disorder Enhances Comprehensive
Performance in Mn-Rich Layered Sodium Cathodes

Maolin Yang, Tingting Yang, Mingjie Dong, Zhongyuan Huang, Yuguang Pu, Lei Jin,
Rui Wang, Yuxi Luo, Tao Zeng, Yonglin Tang, Jun Chen, Rafal E. Dunin-Borkowski,

Ziwei Chen,* Yu Qiao, and Yinguo Xiao*

Mn-rich layered oxides (MRLOs) are promising low-cost cathode materials for
sustainable sodium-ion batteries (SIBs). However, the low Mn** /Mn3* redox
potential limits their energy densities, and the Jahn-Teller distortion that occurs
surrounding Mn3* at low voltages destabilizes the structure. Additionally,
complex ordered structures inherently present in MRLOs hinder Na™
migration. In this study, new types of cation ordering structures are discovered
in common MRLOs. By regulating oxygen vacancy formation, the transition
from short-range to long-range cation ordering is disrupted, effectively
mitigating cooperative Jahn-Teller distortion and achieving a 95.3% capacity
retention over 1 000 cycles at 8 C. The maximum entropy method (MEM)
analysis is performed based on neutron diffraction data, which visualizes
significantly optimized Na™* diffusion pathways in long-range disordered
cathode with enhanced Na™* diffusion kinetics. Furthermore, the formation

of oxygen vacancy elevates the Mn** /Mn3* redox potential, resulting

in a competitive energy density of 626 Wh kg~ within 1.5-4.5 V in a half-cell
configuration. This work offers a multiscale approach to precise elucidation
of the cathode crystal structure and provides a feasible pathway to optimize
sodium-ion cathodes by disrupting long-range cation ordering, ultimately
facilitating substantial improvements in electrochemical performance.

mainstream lithium-ion batteries (LIBs) is
facing limitations including finite resources
and high costs. All these challenges create
a reasonable opportunity for developing
more sustainable large-scale energy storage
devices.?] These alternative solutions are
urgently needed to meet the rapidly grow-
ing energy storage demands. Among the
promising options, sodium-ion batteries
(SIBs) have emerged as strong candi-
dates in the sustainable energy storage
due to their cost advantages and com-
petitive electrochemical performance.l®!

Akin to LIBs, the cathode material plays a
pivotal role in SIBs.) Among various cath-
ode materials, manganese-rich layered ox-
ides (MRLOs) have garnered significant in-
terest for their comprehensive performance
and cost-effectiveness.l’! Generally, MRLOs
can be categorized into two types (that is,
P2 and O3) depending on their coordi-
nation environments of sodium ions and
stacking forms of transition metal (TM)

1. Introduction

With the continuous evolution of sustainable clean energy
technologies, effective energy storage has become increas-
ingly essential.l'l However, the further market expansion of

layers.[®] Sodium ions occupy spacious pris-
matic sites in P2-type structures, which con-
tributes to more facilitated Na* diffusion
kinetics than that of O3-type cathodes. Despite these merits,
state-of-the-art P2-type MRLOs can barely meet the demand for
high-power applications.””] Additionally, the low redox potential
of the Mn**/Mn3* couple results in low energy density.[®) Com-
pounding these challenges, the presence of ordered structures in

M. Yang, T. Yang, M. Dong, Z. Huang, Y. Pu, Y. Luo, T. Zeng, Z. Chen,
Y. Xiao

School of Advanced Materials

Peking University Shenzhen Graduate School

Peking University

Shenzhen 518055, China

E-mail: chenziwei@zju.edu.cn; y.xiao@pku.edu.cn

J.Chen, Z. Chen

Institute of Zhejiang University-Quzhou

Quzhou 324000, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202500984

DOI: 10.1002/adma.202500984

Adv. Mater. 2025, 37, 2500984

2500984 (1 of 11)

T. Yang, L. Jin, R. E. Dunin-Borkowski

Ernst Ruska-Centre for Microscopy and Spectroscopy with Electrons
Forschungszentrum Jilich GmbH

52428 Julich, Germany

R. Wang

Department of Engineering

University of Cambridge

Cambridge CB30FS, UK

Y. Tang, Y. Qiao

State Key Laboratory of Physical Chemistry of Solid Surfaces
iChEM (Collaborative Innovation Center of Chemistry for Energy
Materials)

Department of Chemistry

College of Chemistry and Chemical Engineering

Xiamen University

Xiamen 361005, China

© 2025 Wiley-VCH GmbH


http://www.advmat.de
mailto:chenziwei@zju.edu.cn
mailto:y.xiao@pku.edu.cn
https://doi.org/10.1002/adma.202500984
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202500984&domain=pdf&date_stamp=2025-05-08

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

MRLOs, including Na-vacancy!®! and various cation ordering,!1°!
retards Na* diffusion, meanwhile, limits the insertion/extraction
capacity of sodium ions and the redox activity of TMs. For
instance, House et al. demonstrated that honeycomb-ordered
Na, 55[Lij,sMny, 55]O, and ribbon-ordered Na, [Li,,Mn,]O, ex-
hibited inferior cation redox activity in the 2-4.5 V range.[1%!
Most TM-Mn ordered structures, however, can only be distin-
guished by neutron diffraction, unless they feature significant
atomic number differences, such as Li-Mn and Mg-Mn.[1%11] No-
tably, neutron diffraction data of some MRLOs from previous
works exhibit peaks indicative of TM-Mn ordering, which are of-
ten overlooked, suggesting that cation ordering may be prevalent
in MRLOs.['?] Such long-range ordered structures exacerbate the
cooperative Jahn-Teller distortion of Mn?**, especially in low volt-
age regions, accelerating structural degradation.3! Tremendous
efforts have been dedicated to disrupting the ordered cationic ar-
rangements within TM layers by exploiting elemental doping and
high entropy strategies,['%!*] substantial challenges persist. This
is largely due to the intricacies of the driving force of such cation
ordering. Specifically, the mechanisms of the cation ordering in
both long- and short-range structures remain elusive, as well as
their impacts on the electrochemical performance of MRLOs.[*%]

In this work, we study a series of MRLO cathode materials
with progressively increasing dopant concentrations. It should
be noted that we adopt sustainable doping element—Fe, in this
study. In addition, considering the beneficial effects of Cu dop-
ing on the structural and air stability of MRLOs, all synthesized
samples were doped with 10% Cu in the TM layer.[') The im-
pact of temperature on material structures was investigated using
high-temperature (HT) neutron diffraction. The results indicate
the dependence of long-range cation ordering on annealing tem-
perature. Further analyses, including Rietveld refinement against
neutron powder diffraction (NPD) patterns, electron paramag-
netic resonance (EPR), and X-ray photoelectron spectroscopy
(XPS), unanimously revealed an inverse relationship between
the degree of long-range cation order and the concentration of
annealing-introduced oxygen vacancy. Moreover, theoretical cal-
culations suggested that bulk oxygen vacancies could elevate the
Mn*/Mn?* redox potential, achieving a competitive energy den-
sity of 455 Wh kg~! within 2—-4 V. Additionally, maximum entropy
method (MEM) simulations based on neutron diffraction data
illustrated differences in Na* migration paths between ordered
and disordered samples. Concretely, the aggregation of Na* at
specific Na sites in ordered samples impedes the formation of
diffusion pathways with adjacent Na sites.

Neutron Pair Distribution Function (nPDF) demonstrated that
modified samples retained short-range cation ordering, but the
introduction of oxygen vacancies effectively prevented further
propagation of cation ordering throughout the lattice. The disrup-
tion of cooperative Jahn-Teller distortion surrounding Mn>* leads
to reduced lattice strain even at higher sodiated states. Overall, we
employed multiscale structural analysis to corroborate that ad-
justing annealing methods can suppress the expansion of short-
range cation ordering into long-range ordering, thereby improv-
ing the energy density and cyclability of MRLOs and, meanwhile
optimizing Na* diffusion pathways.
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2. Results and Discussion

2.1. Structure Analysis of As-Synthesized Samples

A series of TM layered oxides, i.e., Na, ;Mn, o, Fe,Cu,,0, (x =
0.1, 0.2, 0.3), were synthesized using a conventional solid-state
method. The products are denoted as 811-O (x = 0.1), 721-O (x
= 0.2), and 631-O (x = 0.3) depending on the content of Fe. As
shown in Figure S1 (Supporting Information), XRD patterns of
all synthesized samples can be indexed to a P2-phase layered
structure without any impurities. SEM images (Figure S2, Sup-
porting Information) show a typical micron-scale lamellar mor-
phology for all samples. However, variations in XRD peak inten-
sities suggest some appreciable differences in their crystal struc-
tures. Thanks to the non-linear correlation between neutron scat-
tering length and atomic number, Neutron diffraction is a pow-
erful method to distinguish adjacent TMs. In this light, we em-
ployed NPD to perform accurate structural analysis. The charac-
teristic peak at d ~#4.03 A in 811-O indicates a honeycomb-like su-
perstructure in TM layers, which has commonly been observed
in reported structures such as Li@Mn,, Ni@Mn,, and Mg@Mn,
(Figure 1a).'% The presence of this peak indicates a new super-
structure with cation ordering forms within 811-O. Rietveld re-
finement results in Figure 1a suggest a satisfactory fit of this new
honeycomb superstructure to a P6; symmetry of Fe@Mn, and
Cu@Mny units. Furthermore, the corresponding modified sam-
ples were synthesized by adjusting the annealing process and
are denoted as 811-D, 721-D, and 631-D, respectively. The ICP-
OES results in Table S7 (Supporting Information) indicate that
the chemical compositions of the samples are generally consis-
tent with the designed ratios. The XRD patterns and SEM images
of modified samples are displayed in Figures S3 and S4 (Sup-
porting Information), respectively. In contrast to 811-O, the NPD
patterns of 811-D sample (Figure 1b) do not show any character-
istic peak of cation ordering. As shown in Figure 1c, the samples
with cation ordering exhibit a TM@Mn, (IM = Fe or Cu) super-
structure in corresponding TM layer. The presence of this super-
structure changes the Na; site (the Na sites sharing faces with
TMO, octahedrons, while Na, site-centered polyhedrons share
edges with TMO, octahedrons) from one in the disordered phase
to three in the ordered phase, which inevitably affects Na* diffu-
sion behavior.'”] The TM ionic sites in this honeycomb super-
structure can be categorized into three different types, namely,
T™M,,, TM,;,;, and TM,,,. The TM,,; site is the center of the hon-
eycomb superstructure, meaning that a higher proportion of Cu
or Fe occupying the TM,,; site corresponds to a higher degree
of order in the TM layer. As shown in the inset of the Figure S5
(Supporting Information), The TM ,, and TM ,, , sites correspond
to two pairs of equiv. positions on the periphery of the honey-
comb superstructure.l'! Herein, a parameter DoO(TM @Mn)
can be proposed to quantify the degree of cation ordering in the
TM layer, which can be defined as:

DoO (TM@Mny)

_ Occ. (TM, 2b1)
"~ Occ. (TM, 2a) 4 Occ. (TM, 2b1) + Occ. (TM, 2b2)

X 100% (1)
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Figure 1. The initial long-range and short-range structures of as-synthesized samples. Rietveld NPD refinement results of 811-O a) and 811-D b); )

Crystal structure schematics with TM ordered and disordered arrangement
811-D and the corresponding standard oxide samples; e) Refinement result

along [001] zone axis; d) Normalized Mn K-edge XANES spectra of 811-O,
s of nPDF for 811-O within short-range with P6; symmetry and long-range

with P63 symmetry; f) Refinement results of nPDF for 811-D within short-range with P6; symmetry and long-range with P6;/mmc symmetry.

Figure S5 (Supporting Information) shows the calculated
DoO(TM@Mn,) based on the refinement results for as-
synthesized samples (Figure S6a—d, Supporting Information).
According to the Equation (1), the closer this value is to 33%,
the more disordered the sample is. Conversely, the closer this
value is to 100%, the more ordered the TM layer is. It shows
nearly disordered arrangement for 811-D and significant order-
ing for 811-O (Figure S5, Supporting Information). Therefore,
811-O and 811-D were selected as the primary research targets for
this study. In addition, increasing Fe content leads to decreased
cation ordering. As indicated in the refinement results shown in
Tables S1-6 (Supporting Information), the variation of cation or-
dering may be related to the concentration of oxygen vacancy. The
higher oxygen vacancy concentration refers to a lower cation or-
der degree. Furthermore, X-ray absorption spectroscopy (XAS)
was carried out to analyze the electronic structure of the sam-
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ples. Normalized Mn K-edge XANES spectra (Figure 1d) indicate
that 811-D exhibits lower Mn valence, which is corresponding to
its higher concentration of O vacancies. Additionally, the weaker
pre-edge peaks for 811-D corresponding to fewer stacking faults,
which are detrimental to structural stability during electrochemi-
cal cycling.[*®! Fe and Cu K-edge XANES spectra of both samples
(Figure S7, Supporting Information) show similar initial valence
states for Fe and Cu.

The above analyses are based on their long-range structures
so that further investigation of the short-range structure is nec-
essary to better understand their true structural arrangements.
Therefore, nPDF analysis was conducted to extract short-range
structural information. As demonstrated in Figure 1e and Figure
S8 (Supporting Information), 811-O exhibits cation ordering in
both short-range and long-range structures. Despite showing
a disordered structure in neutron diffraction, 811-D displays

(3 of 11) © 2025 Wiley-VCH GmbH
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ordered cation arrangement in the short-range region (r = 1.5
4.5 A, Figure 1e). For the long-range region (r = 4.5-25 A), the
fitting results are consistent with NPD, indicating that the short-
range ordering is disrupted in 811-D (Figure 1e; Figure S9, Sup-
porting Information). This long-range ordering will affect Na*
diffusion kinetics and induce cooperative Jahn-Teller distortions
in Mn-based layered oxides, significantly impacting the electro-
chemical performance.['?]

A detailed microstructure analysis of as-synthesized samples
was further conducted. Figure S10a (Supporting Information)
presents a high-resolution atomic HAADF-STEM image of 811-
D along the [100] zone axis, revealing a clear layered structure.
Unfortunately, stacking faults along the interlayer direction are
often unavoidable in typical layered cathode materials.[?] There-
fore, the large view field within the low-magnification STEM im-
age of 811-O in Figure S11a,b (Supporting Information) displays
clear stacking faults, which will tend to propagate during sub-
sequent electrochemical processes, leading to interlayer crack-
ing and failure of the layered cathode.?!! The 811-D with signif-
icantly decreasing DoO(TM@Mny), reduces the cooperative ef-
fects in the crystal structure, effectively suppressing the forma-
tion of stacking faults (Figure S11c,d, Supporting Information).
Due to the similar atomic numbers of Cu, Fe, and Mn, it is hard
to determine their specific sites based on contrast differences in
high-resolution atomic images along the [001] zone axis (Figure
S10b, Supporting Information). However, cation-ordered super-
structures, characterized by new periodic TM ions arrangements,
can be distinguished through electron diffraction.”! As shown
in Figure S12a,b (Supporting Information), simulated electron
diffraction pattern of cation-ordered sample exhibits new peri-
odic diffraction spots that differ from that of disordered sample.
This simulation aligns with experimental results, confirming the
presence of the TM@Mn, superstructure in 811-O (Figure 2a,b).

Although the above discussion has clearly confirmed the pres-
ence of long-range cation ordering in 811-0, its formation mech-
anism remains unclear. Motivated by the Rietveld refinement re-
sults based on NPD, which reveal a negative correlation between
oxygen vacancy concentration and DoO(TM @Mny), a detailed in-
vestigation of the oxygen framework structure is also crucial. EPR
is a widely utilized technique for exploring oxygen vacancies in
cathode materials.[??! As depicted in Figure 2¢, compared to 811-
O, 811-D exhibits a much stronger oxygen vacancy signal at g =
2.003. The EPR spectra also confirm that the DoO(TM@Mny) of
samples is negatively correlated with the concentration of oxy-
gen vacancies. To explore the spatial distribution of oxygen states
in more detail, O K-edge EELS spectra were obtained from dif-
ferent regions within the bulk of 811-O and 811-D. As shown in
Figure 2d-g, the first peak, located at 530 eV (the pre-peak), is
associated with electron transitions from the Is core level to un-
occupied 2p orbitals that are hybridized with the 3d metal states.
The second peak, around 542 eV (the main peak), corresponds to
electron transitions from the Is core level to hybridized O 2p and
metal 4sp orbitals.[?*] To ensure consistency, each spectrum was
normalized to the intensity of the main peak. In the bulk regions,
811-D consistently shows a lower pre-peak intensity compared to
811-0, indicating a higher concentration of oxygen vacancies in
811-D (Figure 2e,g). These results suggest that controlling oxy-
gen vacancy concentration can reduce the DoO(TM@Mny). In
addition, experiments conducted by Dahn group indicate that
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during the cooling process of cathode materials from the calci-
nation temperature to room temperature, there is a stage where
oxygen is absorbed.[?’] This process can eliminate oxygen vacan-
cies formed during HT sintering.[?! Inspired by these findings,
this work simulated the synthesis process of 811-O and similarly
observed a weight gain during the cooling stage through thermo-
gravimetric analysis (TGA), confirming the elimination of oxy-
gen vacancies in 811-O (Figure S13, Supporting Information). In
contrast, for 811-D, the rapid air cooling process limits the diffu-
sion of oxygen into the crystal lattice, thereby preserving the oxy-
gen vacancies formed at high temperatures. The etched O 1s XPS
results in Figure 2h also confirm a negative correlation between
the DoO(TM@Mn,) and the concentration of oxygen vacancies
in the bulk (Figure S14, Supporting Information).?? These results
further support the notion that the air cooling step facilitates the
retention of oxygen vacancies in the bulk. The presence of oxygen
vacancies drives a partial reduction of Mn*" to Mn3* to maintain
overall charge neutrality (Figure 1d). Furthermore, since the ionic
radius of Mn?** is more comparable to those of Fe** and Cu?*
than that of Mn**, a more uniform and random distribution of
cations within the TM layer is favored,['*¥) thereby reducing the
DoO(TM@Mny).

To further substantiate that oxygen vacancies promote cation
disordering, this work designed a TGA-MS (Mass Spectrome-
try) experiment on the 811-O sample. A significant weight loss
was observed in Figure 2i when it was heated to %400 °C, ac-
companied by the release of oxygen. Subsequently, HT-NPD ex-
periments revealed that the cation disorder in the TM layer was
eliminated right after oxygen release (Figure S15, Supporting In-
formation). These results confirm that the formation of oxygen
vacancies promotes cation disorder in the TM layer. This im-
plies that artificially generating or preserving oxygen vacancies
formed during the calcination process can effectively reduce the
DoO(TM@Mny).

2.2. Electrochemical Performance and Charge Compensation
Mechanism

To investigate the impact of cation disorder on the electrochemi-
cal performance of cathode materials, a series of electrochemical
characterizations were conducted. It should be noted that all the
following electrochemical characterizations were tested in half-
cells assembled with a metallic sodium anode. Figure 3a shows
the initial galvanostatic charge discharge (GCD) curves of 811-
O and 811-D at 0.1C within a voltage range of 1.5-4.5 V. The
curves exhibit significant differences in shape, particularly in dis-
charge capacity, with 811-D demonstrating a discharge specific
capacity ~#32 mAh g™! higher than that of 811-O. Further differ-
ential analysis of the first and second GCD curves reveals the dQ
dV~! plots in the inset of Figure 3a. The 811-D sample exhibits a
significantly enhanced Mn*"/Mn** redox couple (2.21 V/2.11 V
vs Na*/Na), indicating higher cation redox activity in the disor-
dered sample. Notably, both samples show plateaus above 4.0 V
related to phase transitions and oxygen redox reactions, which
are detrimental to prolonged electrochemical cycling.'!! Fur-
thermore, Galvanostatic Intermittent Titration Technique (GITT)
tests within 1.5-4.5 V reveal that both samples exhibit signifi-
cant kinetic hysteresis above 4.0 V, with the Na* diffusion coef-
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Figure 2. The initial oxygen structures of as-synthesized samples. SAED images of 811-O a) and 811-D b) along [001] zone axis. Inset of (a) is the
enlarged image of the rectangle region; c) EPR spectra of as-synthesized samples at initial state; d) STEM-HAADF image of 811-O; e) O K-edge EELS
spectra acquired along the trajectory marked by the arrows inside the dashed box in (d); f) STEM-HAADF image of 811-D; g) O K-edge EELS spectra
acquired along the trajectory marked by the arrows inside the dashed box in (f). h) The calculated oxygen vacancy radios of as synthetized samples base
on their integral area in O 1s XPS spectra; i) In situ TGA-MS measurement of 811-O during heating process.

ficient (Dy,) dropping by two orders of magnitude (Figure S16,  This difference is comparable to that observed in the 1.5-4.5V,
Supporting Information). Furthermore, both samples exhibit ex-  indicating that the impact of ordering on the charge compensa-
tremely limited capacity in the 1.5-2 V (Figure 3a), which, how-  tion mechanism is primarily due to differences in cation redox
ever, increases the risk of structural distortion and electrolyte de-  activity. The dQ dV~! plots within 2—4 V also exhibit significantly
composition over a wider voltage window.?®! Therefore, to avoid ~ enhanced Mn**/Mn?** redox peaks for 811-D in Figure 3c.

the complex factors of structural distortion, phase transitions and Further, hard XAS was used to analyze the charge compensa-
oxygen redox reactions while ensuring substantial capacity, this ~ tion mechanisms of 811-O and 811-D. As shown in Figures S17
study focuses on the voltage window within 2-4 V. As shown in  and 18 (Supporting Information), 811-D exhibits higher Mn re-
Figure 3D, 811-D delivers a reversible discharge specific capacity ~ dox activity, achieving reversible transitions between Mn*#* and
of 181 mAh g~! within 2-4 V, 40 mAh g~! higher than 811-0.  Mn*%*."¥] In contrast, 811-O can only change valence within
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Figure 3. Electrochemical performance and charge compensation mechanism. a) Typical GCD curves of 811-O and 811-D during the first cycle within
1.5-4.5 V; The inset shows the dQ dV~" curves derived from the differential analysis of their first two GCD cycles; Typical GCD curves b) and the dQ
dV~T curves c) of 811-O and 811-D during the first cycle within 24 V; d) Schematic band diagrams derived from projected DOS of the Mn 3d orbitals
in 811-O and 811-D. The bottom part is the 3d orbital electronic configurations of Mn3* and Mn**; e) A comparison chart is presented between the
performance of 811-D and other representative SIBs cathodes as well as typical LIBs cathodes. The x-axis represents specific capacity, while the y-axis
depicts energy density. All data presented in the figure were collected in a half-cell configurationl?627]; f) The rate performance comparation of 811-O
and 811-D at various rates; g) GITT curves of 811-O and 811-D at initial cycle within 2-4 V, and corresponding Dy,+ calculated via GITT tests.

Mn393* and Mn?73*, which significantly impacts the capacity of
Mn-rich cathodes (Figures S17 and 18, Supporting Information).
Furthermore, the etched Mn 2p XPS results shown in Figure S19
(Supporting Information) corroborate the XAS results, indicat-
ing enhanced Mn**/Mn>* redox activity in 811-D. The Cu and
Fe valence variation trends are similar for both samples (Figure
S20, Supporting Information). Electrochemical tests on 721-D
and 631-D further support the enhancement of cation redox activ-
ity (particularly for Mn) due to cation disorder (Figure S21, Sup-
porting Information). Beyond specific capacity, redox voltage sig-
nificantly influences energy density. Notably, in Figure 3c, 811-D
shows a higher Mn redox voltage (2.22/2.11 V vs 2.18/2.05 V for
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811-0), which is advantageous for improving the energy density
of Mn-rich layered cathodes. The elevated Mn redox voltage in
811-D is closely associated with bulk oxygen vacancies. Figure
S22a,b (Supporting Information) compares the electronic struc-
tures of Mn 3d orbitals in 811-O and 811-D through density of
states (DOS) analysis, with schematic band diagrams presented
in Figure 3d. The Mn 3d eg states (spin-up) split into occupied
states in the valence band and unoccupied states in the conduc-
tion band. As cation disorder increases, the energy of the occu-
pied Mn 3d eg states shifts farther from the Fermi level, widen-
ing the energy gap between the Mn redox states and the Na*/Na
reference (Figure S22, Supporting Information). This shift is pri-
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marily caused by the presence of oxygen vacancies, which reduce
the local symmetry of the Mn-O ligands from a cubic or tetrago-
nal arrangement. This symmetry reduction induces local orbital
coupling, lowering the energy level of the Mn 3d orbitals, which
contributes to the elevated redox voltage.'8] Benefiting from the
enhanced cation redox activity and the elevated Mn** /Mn3* re-
dox voltage due to oxygen vacancy, the 811-D cathode exhibits
highly competitive energy density. Within a voltage range of 2—
4V, it achieves an energy density of 455 Wh kg~!, surpassing
most reported layered SIBs cathode materials in the same voltage
window (Figure 3e). Furthermore, in the broader voltage range
of 1.5-4.5 V, the energy density of 811-D reaches an impressive
626 Wh kg~!, outperforming the majority of reported SIBs cath-
ode materials and even rivaling some benchmark lithium-ion
cathode materials such as LiFePO, and Li,MnO,. Furthermore,
full cells were assembled by pairing the cathodes with hard car-
bon (HC). As shown in Figure S23 (Supporting Information),
at 1C and within a voltage window of 1.9-3.9 V (vs HC, since
HC has a potential of 0.1 V vs Na*/Na), the 811-D||HC delivers
an energy density of 333 Wh kg™', which is significantly higher
than the 275 Wh kg ! achieved by 811-O||HC. These results high-
light 811-D’s exceptional potential for practical applications. In
addition, long-term cycling performance tests were conducted.
As shown in Figures 24 and 25 (Supporting Information), 811-
D delivers a reversible specific capacity of 140 mAh g=! at 1C
within 2—4 V, with a capacity retention of 87% over 100 cycles,
significantly higher than the control groups. In situ XRD anal-
yses of both samples were conducted to elucidate the superior
cycling stability of 811-D observed in the long-cycle tests (Figure
S26, Supporting Information). Benefiting from the cation disor-
dering on structural evolution, 811-D exhibits structural strain
comparable to or even lower than that of 811-O, thereby enhanc-
ing its cycling stability. At the rate of 8C, 811-D maintains a ca-
pacity retention of 95.3% compared to the 64.1% of 811-O after
1 000 cycles, further demonstrating the significant enhancement
in structural stability due to cation disorder (Figure S27, Support-
ing Information). In addition, cation disordering also effectively
enhances the air stability of the electrodes, which is regarded as
one of the core issues for SIB cathodes in practical applications
(Figure S28, Supporting Information).

Moreover, the cation ordering within the TM layers alters the
Na* occupancy sites in the Na layers, which significantly impacts
Na* diffusion behavior. As illustrated in Figure 3f, 811-D deliv-
ers a discharge capacity of 81 mAh g~! ata 10C rate, while 811-O
only achieves 32 mAh g~!. This enhanced rate capability indicates
that the cation disorder has improved Na* diffusion kinetics. Ad-
ditionally, GITT analysis reveals that 811-D maintains a Dy,. &5
times higher than that of 811-O throughout the charge-discharge
cycles (Figure 3g). In contrast, 631-D shows similar Dy, values
to 631-O (Figure S29a,b, Supporting Information), further con-
firming that the kinetic optimization arises from cation disorder.
The following analyses will delve deeper into how cation disorder
influences Na* diffusion dynamics.

2.3. Optimized Mechanism of Na+ Diffusion
Based on the electrochemical results, despite 811-D inserting

and extracting more Na* (~0.16 mol) compared to 811-0, it still
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demonstrates superior Na* diffusion kinetics. Moreover, there
are differences between their crystal structures, attributed to the
reduced symmetry caused by cation ordering, resulting in the
Wyckoff position within the TM layer dispersing from a single
2a site to three sites (2b1, 2b2, and 2a). Similarly, the Wyckoft po-
sition of Nay, initially at the 2b site is dispersed to the 2b1, 2b2,
and 2a sites (labeled as Na;1 Na2 and Na3, respectively). This
undoubtedly affects the Na* diffusion pathways.

The MEM is considered a reliable approach for evaluating
3D scattering densities from finite information by maximizing
information entropy under constraints.”) Herein, the nuclear
distribution of sodium was calculated by MEM using room-
temperature NPD data, which can be used to visualize the possi-
ble Na* diffusion paths.!**] As illustrated in Figure 4a,b, positive
nuclear density maps can describe the probable Na* migration
pathway for 811-D due to the positive neutron scattering length
of Na*. Since the NPD data were measured at room tempera-
ture, the nuclear density distribution of sodium is mainly con-
centrated at its initial sites, but connectivity pathways between
different Na* sites within the disordered phase can still be ob-
served. As shown in Figure 4b, Na* migration between adjacent
Na, and Na; prismatic sites might not pass through the face cen-
ter of the shared face but rather occurs at about one-third of the
distance from the prismatic edge. Similarly, MEM simulated the
Na* diffusion path for 811-O (Figure 4c,d). Due to the presence of
the TM@Mn, superstructure, the Na* at the Na, sites is concen-
trated near the Na(1 site, significantly reducing the connectivity
between the Na, site and the remaining two Na; sites (Na;2 and
Nag3). The lack of connectivity between adjacent Na, and Nag2(3)
sites corroborates the poorer Na* diffusion kinetics in 811-O. To
further investigate the impact of cation disorder on Na* diffu-
sion, first-principles computations were employed based on den-
sity functional theory (DFT) to map Na* migration pathways and
assess their energy barriers. As illustrated in the inset of Figure 4e
and in Figure S30 (Supporting Information), Na* diffusion path-
ways in both 811-D and 811-O were analyzed based on MEM re-
sults and optimized DFT models. According to climbing nudged
elastic band (cNEB) calculations (Figure 4e), the migration bar-
rier for Na* in the 811-D crystal is ~#0.36 eV, whereas for 811-O,
this barrier increases to 0.60 eV. This suggests that cation dis-
order induced by the honeycomb superlattice of the TM layers
leads to Na* accumulation around the Na, sites near Na,1, which
obstructs Na* connectivity across the 2D planes and impedes
diffusion kinetics.

Furthermore, insights from the in situ neutron diffraction ex-
periment on 811-O during heating indicate that examining Na*
diffusion transitions across varying temperatures can illuminate
how cation disorder affects the spatial arrangement of Na* sites
(Figure 4f). The MEM applied to neutron diffraction data under
temperature variation highlights the evolution of Na* pathways
during the cation disorder transition. Figure 4g depicts the de-
velopment of positive nuclear scattering density as the ordered
cation phase is gradually heated, simulating the transition in Na*
diffusion paths. It can be observed that as the cation ordering
decreases, the positive nuclear scattering density at the Na, sites
gradually diffusion, forming channels with adjacent Na;2(3) sites.
By the end of the heating process (upon 600 °C), the positive
nuclear scattering density distribution closely resembles that of
the cation-disordered structure. This in situ heated experiment
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Figure 4. Visualization of Na* migration pathways. a) Crystal structure of 811-D with two types of Na* sites along the [001] zone axis based on NPD
refinement; b) MEM reconstructed positive nuclear density maps of 811-D at pristine state; c) Crystal structure of 811-O with two types of Na™ sites
along the [001] zone axis based on NPD refinement; d) MEM reconstructed positive nuclear density maps of 811-O at pristine state; e) The migration
barrier for Na*t in the 811-D and 811-O base on DFT calculation. Inset is Na* diffusion pathways in both 811-D and 811-O based on MEM results and
optimized DFT models; f) In situ NPD patterns of 811-O during the heating process; g) MEM reconstructed positive nuclear density maps of 811-O

during the heating process.

further verifies that adjusting the annealing process helps main-
tain the cation-disordered structure at high temperatures, which
is beneficial for Na* diffusion behavior in layered oxides.

3. Conclusions

Overall, this work discovered a new type of honeycomb long-
range cation ordering, TM@Mn; (TM = Cu or Fe), in MRLOs.
By regulating the annealing process to introduce oxygen vacancy,
the degree of this long-range ordering was reduced. Addition-
ally, the introduction of oxygen vacancy lowered the local sym-
metry of Mn-O ligands from cubic or tetragonal to C,, in the
cation-disordered 811-D, resulting in local orbital coupling and
enhancing the Mn redox potential. Consequently, 811-D deliv-
ers a highly competitive energy density of 626 Wh kg™ within
1.5-4.5 V in a half-cell configuration. Additionally, long-range
cation ordering significantly impacts Nat diffusion kinetics.
Cation ordering reduces crystal symmetry, dispersing the single
Nas site into three distinct Na; sites. The aggregation of Na* at
the Na, site disrupts connectivity with adjacent Na; sites, hin-
dering Na* diffusion and reducing cationic redox activity due
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to kinetic delays. In situ NPD experiments during heating pro-
cess further revealed the evolution of Na* diffusion pathways
from cation-ordered to cation-disordered states, demonstrating
the significant influence of cation disordering on Na* diffusion.
Last, the disruption of the transition from short-range to long-
range cation ordering in 811-D reduced the cooperative Jahn-
Teller distortion effect at low voltages. This maintained low struc-
tural strain despite higher Na* (de)insertion compared to 811-O,
significantly enhancing structural stability. Consequently, 811-D
retained 95.3% capacity after 1 000 cycles at 8C.

By analyzing the formation mechanisms, diffusion path-
ways, and cationic charge compensation mechanisms in cation-
ordered MRLOs, we propose a long-range cation disordering
strategy that fundamentally improves the overall electrochemical
performance. This strategy holds promise for broad application
in the industrial optimization of sodium-ion layered cathodes.

4. Experimental Section

Materials Synthesis: A series of Mn-rich layered oxide (MRLO)
materials in this paper were synthesized through regulating the
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proportion of elements and the annealing process in the solid-state syn-
thesis reaction. Specifically, there are three kinds of slowly cooled materi-
als, Nag g7Mng g..Fe,Cug 10, (where x = 0.1, 0.2, 0.3 and are respectively
designated as 811-O, 721-O, 631-O), and three air cooling materials that
are respectively designated as 811-D, 721-D, 631-D. Na,CO; (Sinopharm
Chemical, 99.8%), Fe,O5 (Aladdin, 99.9%), CuO (Sinopharm Chemical,
99%), and Mn,O; (Sinopharm Chemical, 98%) were blended in a high-
energy ball mill in accordance with the relevant stoichiometric values. The
resultant three types of mixed materials with different element ratios were
sintered in a muffle furnace, heated to 900 °C at a rate of 3 °C min~!, then
remained at 900 °C for 20 h in air, and finally cooled to room temperature
at a rate of 1°C min~', thereby obtaining the ordered series materials. In
the same manner, the mixed materials with three distinct element ratios
were heated to 900 °C, and held for 20 h. The disordered series materi-
als were obtained through directly exposing the HT sintered samples to
ambient room-temperature air, thereby achieving air cooling.

Electrochemical Measurement: In this paper, all electrochemical prop-
erties were compared and studied through the utilization of coin-type cells
(2032). The slurry composed of 80 wt.% active material (as-synthesized
cathode materials or HC anode material), 10 wt.% polyvinylidene fluoride
(PVDF), 10 wt.% acetylene black, and an appropriate amount of N-methyl-
2-pyrrolidone (NMP) was uniformly dispersed on a 10 um thick aluminum
foil to prepare the working electrode. After drying in an oven at 80 °C, the
electrode plates were cut into discs with a diameter of 10 mm. The as-
prepared cathode electrodes have an active material loading of ~#1.8 mg
cm™2 and a thickness of 10 um. To balance capacity (with an N/P ratio of
~2),the anode’s active mass loading is maintained at ~1mg cm™2, with an
additional 10% of HC added to compensate for capacity loss. Furthermore,
they were dried in a vacuum oven at 110 °C for 12 h to eliminate all traces
of solvent, and then transferred to an argon-filled glove box (Mikrouna Su-
per 1220, H,O and O, < 0.01 ppm) for cell assembly. Sodium foil was
employed as the counter electrode, and glass fiber (GB-100R, ADVANTEC
Co., Japan) was used as the separator. The 1 M NaClO, was dissolved in
ethylene carbonate/diethyl carbonate (EC/DEC, with a volume ratio of 1:1)
and fluoroethylene carbonate (FEC) with a volume ratio of 5% served as
the electrolyte. The assembled coin-type half-cells (2 032) were conducted
to typical galvanostatic discharge/charge tests in the voltage window of
1.5-4.5V, 1.5-4.0V, and 2.0-4.0 V respectively on a Neware Battery Tester.
The GCD tests were conducted at a constant temperature of 25 °C. Prior
to the long-term cycling test at 1C, an initial activation step at 0.1C was
performed. For the long-term cycling test at 8C, a segmented activation
process at 1C, 2C, and 5C was implemented to meet the requirements
for high-rate testing. During each charge-discharge interval, a 1-min rest
period was implemented to reduce electrochemical polarization. Cyclic
voltammetry (CV) experiments were carried out using the OCTOSTAT200
electrochemical workstation (IVIUM Instrument). GITT, which at a cur-
rent rate of 0.1C for 15 min followed by a 90 min rest, was carried out on a
Neware Battery Tester. For the diffusion coefficient of Na* (Dy,+), which
can be calculated using Equation (2),

4 (mgVy \? [ AE,\? 12

e 2 (2 (32 (< )
where 7 represents the duration time of the current pulse (s), mg is the
mass of the active material (g), V), is the molar volume of the material
(cm® mol=), My is the molecular weight of the active material (g mol™"),
S is the contact area at the interface between the electrolyte and the elec-
trode (cm?), AE, is the steady-state voltage change, AE, is the total voltage
change during the current pulse, L is the diffusion length (cm), and Dy,+
is the chemical diffusion coefficient of Na* (cm? S77).

Structural Characterization: The exploration of the crystal structures of
the samples was carried out through X-ray and neutron diffraction mea-
surements. The X-ray diffraction (XRD) patterns of the powder samples
were obtained by the Bruker D8-Discover diffractometer at room temper-
ature with the utilization of Cu Ka radiation. Regarding in situ XRD re-
search, the experiment was conducted on the same XRD diffractometer
in combination with the in situ device. The NPD experiment was imple-
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mented on the Time-of-Flight (TOF) diffractometer Multi-Physics Instru-
ment (MPI) (https://csns.cn/31113.02.CSNS.MPI) of the China Spallation
Neutron Source (CSNS) (https://csns.cn/31113.02.CSNS). Afterward, the
Fullprof program was employed to analyze the crystal structures by means
of the Rietveld refinement methods. The morphology, atomic-resolution
images and elemental distribution of the samples were investigated by
means of scanning electron microscope (SEM, ZEISS SUPRA 55), scan-
ning transmission electron microscope (STEM, JEM-3200FS, 300 keV),
and energy dispersive spectrometer (EDS, OXFORD, X-MaxN TSR). HT
neutron diffraction experiment: HT neutron diffraction experiment was
conducted on Wombat, which is a high-intensity neutron diffractometer
situated in the OPAL Neutron Guide Hall of Australia. The 811-O was ini-
tially heated from room temperature to 100 °C at a rate of 7 °C min~', and
then further heated to 600 °C at a rate of 1°C min~'. The neutron diffrac-
tion data were logged throughout the entire process through continuous
data extraction. Synchrotron XAS measurements: The electrodes were dis-
assembled from the coin cells that were charged or discharged to various
potentials. Due to its high penetration and low absorption, Synchrotron X-
ray accurately reflects the structural properties of the bulk sample, which
is advantageous when observing minute phase changes that are typically
not discernible in laboratory-scale X-ray diffraction because of poor back-
ground noise. The hard X-ray absorption spectroscopy (hXAS) of these
samples was carried out on the hard X-ray general spectroscopy beamline
(BL11B) of the Shanghai Synchrotron Radiation Facility, Shanghai, China.

DFT Calculations: All the DFT calculations were implemented in
the Vienna Ab-initio Simulation Package (VASP)[?] with the projector-
augmented method. The electron wave function of valence electrons was
expanded using the Projected Augmented Wave (PAW) base set. The
Generalized Gradient Approximation (GGA)1] level of DFT+D3 with the
Perdew-Burke-Ernzerhof (PBE)3'! exchange-correlation functional was
employed to describe the exchange-correlation effects in this study. The
plane wave truncation energy of 520 eV and the system’s total energy of
less than 1.0 x 107> eV were utilized for all the calculations. To describe
on-site Coulomb interactions, all elementary reaction steps were calcu-
lated using the DFT+U method, with a U value of 3.9 eV for Mn-3d, 4.0 eV
for Fe-3d, 4.0 eV for Cu-3d, which was determined using the tetrahedron in-
tegration method. The Gamma k-point sampling method was carried out
for all calculations with 2 x 2 X 1k-point samplings. The cNEB method
was utilized to investigate the transition states and migration pathways of
lithium ions in the solid solution. In the cNEB framework, a series of im-
ages representing the reaction pathway were generated between the two
Na-ion sites.

Supporting Information

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