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Redox and structural stability for sodium-ion batteries

through bond structure engineering

Xingyu Li?°, Yi Li?b, Qinwen Cui®®, Minghui Zhong?®, Xiaolin Zhao™® and Jianjun Liu*abc

With the advancement of sodium-ion batteries, layered manganese-based sodium-ion batteries have garnered significant
attention due to their high safety and cost-effectiveness, positioning them as strong contenders for grid-scale energy storage
solutions. However, the slow kinetics of sodium ions and the complex phase transitions during charge/discharge cycling
hinder the application by decreasing rate capability and cycling performance. In this study, bond structure engineering is
employed to regulate the elemental composition of TMO, slabs by analyzing the bond strength differences within TMO,
slabs. The aim is to enhance the structural stability and suppress the phase transition by increasing the layer spacing of the
Na layer and the shrinkage of the TM layer, thereby improving the Na+ ion transport kinetics and mitigating the effects of
Na*/vacancy  ordering and Jahn-Teller  distortion. Consequently, the designed high-entropy 03-
NaNig ,Feq,Mng3Mgg1Cug 1SN 10, (HE) exhibits improved rate capability and cycling performance. It shows 83.8% capacity
retention after 200 cycles at a 3C current density and can stably cycle for 500 cycles at 5C with 75.3% capacity retention.

This work provides a new approach for the design of high-entropy manganese-based sodium-layered oxides for energy

storage systems.

Introduction

Sodium-ion batteries have garnered significant attention due to the
widespread availability of sodium resources and their reliable safety,
positioning them as crucial supplementary technology in renewable
energy storage and as key complements to lithium-ion batteries.!3
Layered transition metal oxides are considered promising cathode
materials for sodium-ion batteries due to the high energy density and
simplified synthesis methods. These materials are typically
represented by the formula Na,TMO,, where x denotes the sodium
content and TM represents the transition metal ion. At relatively high
sodium contents (0.8 < x < 1), layered transition metal oxides
generally form O3-phase structures with Na* ions in octahedral
coordination. Conversely, at lower sodium contents (0.4 < x <0.8), it
tends to form P2-phase structures with Na* ions in prismatic
coordination.* > Higher sodium content usually imparts greater
reversible capacity to the material, which explains the significant

attention garnered by O3-phase layered transition metal oxides.
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Owing to the inherently high sodium content, these materials exhibit
potential commercial value, especially in the field of energy storage,
where are anticipated to be the key components of high-
performance sodium-ion batteries.”

The economic viability and environmental compatibility of
manganese enable O3-phase manganese-based cathode materials to
be highly cost-effective and eco-friendly, making them especially
attractive for large-scale energy storage systems. Nevertheless,
significant challenges remain in successfully applying these materials
in practical energy storage devices. One primary challenge is the slow
sodium ion kinetics in O3-phase manganese-based materials. In the
0O3-type structure, sodium ions occupy octahedral sites, and the size
of the interlayer spacing directly affects the ease of sodium ion
migration.® ° Narrower interlayer spacing increases the migration
barrier, hindering the rapid migration of sodium ions and impacting
the battery’s rate performance. Additionally, the structural evolution
during the sodiation/desodiation process poses a significant
challenge. As sodium ions are extracted, the electrostatic repulsion
between oxygen atoms within the O3 structure intensifies. This force
drives the sliding of the transition metal layer, inducing a phase
transition from O3 to P3.1% 11 Repeated phase transitions accumulate
stresses and eventually lead to the formation of cracks within the
material. This seriously affects the mechanical stability and
electrochemical properties of the electrode.

In 03-phase manganese-based materials, this situation is
exacerbated by unstable redox reactions and the Jahn-Teller effect
with Mn3*, This interaction amplifies the sliding tendency and
structural distortions of the TM layer, further compromising the
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material’s long-term utilization efficiency and structural stability.
Thus, addressing these inherent limitations and engineering TM
layers with enhanced structural stability is essential to advancing
sodium-ion batteries development. The previous studies reveal that
phase modulation and high-entropy strategies effectively address
the slow kinetics of sodium ion transport and the complexity of phase
The
interlocking effect between phase boundaries in 03/P2 phase

transitions in layered manganese-based materials.1216
manganese-based materials designed by phase modulation can
generate forces that inhibit the sliding of TMO, slabs. This is crucial
for reducing structural strain, mitigating TMO, slabs slip and
suppressing phase transformation.’-1% In addition, the combination
of multiple transition metal elements in high-entropy materials has
been demonstrated to effectively modulate charge distribution. The
inhibition of Na*/vacancy and charge ordering can suppress
interlayer slip and phase transitions, thereby enhancing structural
stability.2022 Thus, the selection of elements and modulation of
TMO;, slabs are critical for designing O3-phase high-entropy sodium
cathode materials.

In this work, we select the layered manganese-based 03-
NaNig  Feq,Mng g0, (NFM) as the research subject. The alkali metal
Mg2* and the transition metal Cu?* are screened to regulate the
electron distribution of the structure based on the differences in Na-
0O and TM-O bond lengths among different transition metal elements
in the Na-O-TM configuration, aiming to modulate the TMO, slabs.
To compensate for the impact of partial capacity loss on energy
density, Sn** is used to increase the average voltage of the material,
thereby maintaining its energy density. The designed O03-
NaNig 2Feq,Mng3Mgg.1Cug1Sng 10, (HE) with an enlarged Na layer
spacing can improve the dynamics of Na* transport. The contracted
TMO, slabs alleviate the Jahn-Teller effect of Mn3* and the
detrimental impact of Na*/vacancy on structural stability. The
prepared high-entropy material exhibits reversible phase transitions
and low volume strain (2.6%). HE material has a reversible capacity
of 117 mAh/g, and maintains good rate performance and cycling
stability at high rates of 3C and 5C, with capacity of 96 mAh/g (83.8%
retention after 200 cycles) and 92 mAh/g (75.3% retention after 500
cycles), respectively. At a full cell 5C current density, it retains 77.1%
of its capacity after 100 cycles.

Results and discussion

Fig.1a illustrates the schematic structure of layered O3-type
manganese-based NaNig,Feq,Mng¢0, (NFM) (see Fig.S1 for the
calculated crystal structure). The primary challenges faced during
electrochemical cycling, including structural distortion, Na*/vacancy
ordering, and high sodium ion mobility barriers, are directly related
to the decrease in poor rate performance and cyclic stability. To
address these issues, we employ a strategy by investigating the
changes in the Na-O-TM configuration, specifically the TM-O and Na-
O bond strengths, by substituting different alkali metals and 3d
transition metals at the Mn sites in NFM (Fig.S2). Fig.1b presents the
-ICOHP values of different elements in the Na-O-TM configuration as
a reflection of the bond strengths. Stronger TM-O bonds facilitate the
stabilization of the material structure, where Mg-O bonds in alkali
metals have the highest bonding strength, enhancing the structural

2| J. Name., 2012, 00, 1-3

stability of the TMO, slabs. Weaker Na-O bonds  facilitate, the
extraction/insertion of Na ions, while CuXubstit@tom4nAehe24d
transition metal results in the Na-O-Cu configuration with the lowest
Na-O bond strength, which helps to increase the spacing of the Na
layers and thus enhances sodium ion transport kinetics. To
compensate for the partial capacity loss and maintain energy density,
Sn** is selected to increase the average voltage.23-26

The high-entropy 03-NaNig,Feq,Mng3Mgg1Cug1Sng 10, (HE)
material based on the above selected elements exhibits a
configurational entropy of 1.7R through the equation S1. Compared
to NFM, HE demonstrates significant structural optimization: d(o-na-0)
expands from 3.2A to 3.3A, while dip-1m.0) contracts from 2.26A to
2.21A (Fig.1c). The increased interlayer distance of sodium and the
decreased TMO, slabs spacing contribute to a reduction in the Na*
diffusion barrier from 0.604 eV (NFM) to 0.497 eV (HE), as shown in
Fig.1d (See Fig.S3 for migration pathways). This lowered barrier
facilitates the transport kinetics of Na* and improves the
electrochemical performance of the material. To illustrate the impact
of multi-element combinations on the structure, the Electron
Localization Function (ELF) is used to quantify the charge localization
in the oxygen layers (Fig.S4). As shown in Fig.le, the Sn and Cu
elements exhibit significant electronic localization, except for Ni, Fe,
and Mn. This indicates that more electrons are anchored on the
TMO, slabs, thereby inhibiting phase transitions caused by TMO,
slabs slip during the Na extraction/insertion process.

HE and NFM were synthesized using conventional solid-state
reaction method. Fig.2a and Fig.S5 exhibit the X-ray diffraction (XRD)
patterns, and the crystal structures are characterized by the space
group R3m (detailed refinement results were listed in Table S1 and
Table S2). To further investigate the microstructure, scanning
electron microscopy (SEM) was employed for morphological
analysis. The SEM images in Fig.2b and Fig.S6 illustrate that both HE
and NFM exhibit the flake-like morphology. The elemental
composition of the electrode materials was confirmed by inductively
coupled plasma mass spectrometry (ICP-MS), with results consistent
with the chemical formulas provided (detailed information is in Table
S3). High-resolution transmission electron microscopy (HRTEM) was
performed to examine the layered distribution and interlayer spacing
of the HE electrode material. Fig.2c and Fig.S7 exhibit the layered
structural features of HE and NFM, respectively. The d(y04) interlayer
distance of HE electrode material is 2.20A (NFM is 2.17A). The
selected area electron diffraction (SAED) pattern in Fig.2d confirm
the rhombohedral hexagonal structure of the HE cathode material,
indicating excellent crystallinity. Elemental mapping performed
using high-resolution energy-dispersive X-ray spectroscopy (EDS)
shown in Fig.2e and Supplementary Fig.S8, demonstrate the uniform
distribution of elements within the electrode material. X-ray
photoelectron spectroscopy (XPS) was utilized to determine the
oxidation states of the various transition metal elements in HE. The
results, depicted in Fig.2f, show that Ni exists in the oxidation states
of +2 and +3, Fe is in the oxidation state of +3, Mn exists in the +3
and +4 oxidation states, Mg, Cu and Sn are the valence states of +2,
+2 and +4 respectively.

This journal is © The Royal Society of Chemistry 20xx
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Fig.1 Structural comparison of NFM and HE materials. (a) The schematic crystal structure of NFM and corresponding interlayer distances
between the sodium layer and TM layer. (b) Variation of bond strengths (TM-O and Na-0O) in the Na-O-TM configuration after alkali metal
and 3d transition metal substitution at the Mn site. (c) The schematic crystal structure of HE and corresponding interlayer distances between
the sodium layer and TM layer. (d) The sodium ion migration barriers of NFM and HE. (e) The oxygen layer charge localization of HE.
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Fig.2 Structural and morphological features of the HE electrode material. (a) Refined XRD results of HE. (b) SEM image and (c) HRTEM image
of HE. (d) SAED patterns projected from the [001] zone axis. (e) EDS elemental mappings of Na, Ni, Fe, Mn, Mg, Cu, Sn, and O. (f) XPS of
different transition metals in the HE material.
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The prepared HE and NFM electrode materials were assembled
with sodium metal to form a half-cell for evaluating electrochemical
performance (Detailed information was provided in Table S4). Fig.3a
and Fig.3b demonstrate the initial charge-discharge curves of the HE
and NFM electrode materials at a current density of 0.1C within the
voltage range of 2-4 V (1C = 120 mA/g), respectively. HE exhibits a
discharge capacity of 117 mAh/g, whereas NFM reaches a discharge
capacity of 136 mAh/g. This difference was mainly attributed to the
higher content of variable-valence element Mn in NFM. However,
the charge-discharge curves of NFM reveal multiple voltage plateaus

Journal Name

View Article Online

and Na*/vacancy ordering during sodium deiRtelrdalatioh PAMéh pose
a challenge to the cyclic stability of the electrode material. In
contrast, HE demonstrates smoother charge-discharge curves. The
results of dQ/dV comparison indicates that the redox reaction of HE
is more reversible, with elevate redox potentials (2.97 V/3.1 V),
contributing to the altered voltage profile and increased average
voltage (as shown in Fig.3c). Fig.3d and Fig.S9 illustrate the average
discharge voltage decay for HE and NFM, where HE material
maintains a higher average discharge voltage and lower voltage
decay, further confirming the stability of redox reaction.
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Fig.3 Comparison of electrochemical performance of electrode materials. First charge-discharge curves of (a) HE and (b) NFM at a current
density of 0.1C within the voltage range of 2-4 V. (c) Comparison of dQ/dV curves. (d) The average discharge voltage variation of HE at 0.3C
current density. (e) First charge-discharge curves of HE at different rates. (f) Comparison of rate performance of the materials. Cyclic

performance of HE and NFM at (g) 3C and (h) 5C current densities.

The first charge-discharge curves of HE electrode materials at
different current densities are depicted in Fig.3e. HE delivers
discharge capacities of 117, 113, 107, 101, 98, and 94 mAh/g at 0.1C,
0.3C, 0.5C, 1C, 3C, and 5C rates, respectively. Benefiting from the
effect of the adjustment of the layer spacing on the Na* migration
barrier reduction, Na* diffusion coefficients of HE is consistently
higher than those of NFM as shown in the experimental analysis of

GITT (Galvanostatic Intermittent Titration Technique) curves,

4| J. Name., 2012, 00, 1-3

indicating superior sodium ion diffusion kinetics in HE (Fig.S10). The
positive impact of this enhances transport kinetics can be directly
observed through rate capability testing (Fig.3f). The HE electrode’s
discharge capacities change to 117, 116, 113, 107, 101, 96, and 90
mAh/g as the current density transitions from 0.1C, 0.3C, 0.5C, 1C,
3C, 5C, back to 0.1C. In contrast, the discharge capacities for NFM
change to 134, 124, 110, 91, 84, 61, 42, and 103 mAh/g under the
same rate transitions. It is worth noting that when the current

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta05924g

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

Open Access Article. Published on 01 2024. Downloaded on 2024/10/2 14:13:44.

lournal of:-Materials' Chemistry A

Journal Name

density returned to 0.1C, the discharge capacity of the HE material is
almost unaffected, indicating a significant improvement in rate
performance.

To assess the high-rate performance improvement of high-
entropy materials, the cyclic performance of both materials is tested
at current densities of 1C, 3C and 5C within the voltage range of 2-4
V. Fig.S11 and Fig.3g illustrate that the capacity retention is 86% after
100 cycles at 1C. After 200 cycles at 3C, the capacity retention of HE
is 83.8%, while NFM is only 40.2%. Fig.3h focuses on the performance
testing at a current density of 5C, where HE initially has a capacity of
94 mAh/g and still retains a capacity retention rate of 75.3% after
500 cycles, outperforming NFM with a capacity retention rate of
34.9%. In summary, the HE material demonstrates significant
performance improvement in both rate performance and high-rate
cycling stability, underscoring the significant potential of high-
entropy positive electrode materials designed through layered
structure modulation

ARTICLE

to enhance material rate capability and cycling performance. . o ine

To gain a deeper comprehension on theifed o%-MéehanismoerHE
electrode material, XPS tests are conducted on the HE electrode
material at different charge-discharge states. Fig.4a and Fig.4c
exhibit the variations of the Ni 2p core spectra during the charge-
discharge process and the relative content changes of Ni in different
valence states. In the initial state, the peaks at 854.5 eV and 856.6 eV
in the Ni core spectra correspond to Ni?* and Ni3*, respectively.?”- 28
Upon initial charging to 4V, a new peak appears at 859.8 eV in the
core spectra, indicating the coexistence of Ni?*, Ni3*, and Ni** valence
states, with Ni3* comprising approximately 57%. As the voltage is
discharged to 2V, the intensities of the Ni>* and Ni** peaks decreases
while the proportion of Ni?* increases, indicating a reduction reaction
of Ni#/3*/2*_ |n the subsequent charge-discharge process, Ni
undergoes a reversible redox reaction between Ni2*/3*/4*_ Fig.4b and
Fig.4d depict the changes in the Mn 2p core spectra and the
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Fig.4 Redox mechanism of HE electrode material. (a) Changes in Ni 2p and (b) Mn 2p core spectra during the charge/discharge process, and
the corresponding relative content changes of (c) Ni and (d) Mn in different valence states.

proportions of different valence states at different charge-discharge
states. Initially, the peaks at 641.1 eV and 642.3 eV in the Mn core
spectra represent Mn3* and Mn*, with Mn3* accounting for
approximately 69%.2% 30 Upon initial charging to 4V, Mn3* is oxidized
to Mn*, increasing the proportion of Mn* to 78%. During the
subsequent discharge process, Mn** is reversibly reduced back to
Mn3*, with the proportion of Mn** decreasing to 36%. Throughout

This journal is © The Royal Society of Chemistry 20xx

the following charge-discharge cycles, Mn exhibits a stable Mn3+/4+
redox reaction. Thus, during the cycling process, the stable and
reversible redox reactions of Ni2*/3*/4* and Mn3*/4* contribute to the
reversible capacity of HE. Fig.512 illustrates the evolution of the Ni
and Mn 2p core spectra in the NFM during the charging process. The
primary contributors to the reversible capacity are the oxidation
processes of Mn3*/4* and Ni2*/3/4*  The proportion of capacity
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contributed by the redox reactions of Ni2*/3*/4* is 35% and 49% in
NFM and HE materials. In addition, the increase in the proportion of
high valence Ni** in HE (from 15% to 22%) brings about an increase
in the average valence of the Ni element, which contributes to the
increase in the average voltage in HE.

To elucidate the effects of TMO, slabs modified by bond
structure engineering on the structural stability, in-situ XRD is
employed to visualize the phase transitions occurring during the
charging and discharging cycles. As illustrated in Fig.5a, the primary
peak (003) of the HE material progressively shifts towards lower
angles during the charging phase, which coincides with the
transformation from the O3 phase to the P3 phase. Upon completion
of charging, the (003) peak had shifted by 0.7° compared to its initial
position. During the subsequent discharging phase, the (003) peak
gradually migrates back towards higher angles, eventually returning

a

2 Theta (degree)

42

Journal Name

to its original location. Throughout this entire process, the lattice
constants a, c and V undergo subtle variations@f 295, %B3%3182.6%;
respectively. In comparison, the NFM material also experiences a
reversible 03-P3-03 phase transition (Fig.5b). However, the (003)
peak demonstrates a larger angular displacement of 0.9° during the
charging and discharging cycles, indicating a more pronounced phase
transformation. Concurrently, the lattice constants a and ¢, along
with the cell volume V change by 3.8%, 4.6%, and 5.3%, respectively.
The greater degree of structural change in the NFM material
highlights the improved structural stability and suppression of phase
transition in the HE materials. This finding underscores the
effectiveness of bond structure engineering in optimizing the
structural integrity and phase behavior of TMO, slabs, which is
crucial for improving the electrochemical performance and longevity
of sodium-ion battery cathode materials.
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Fig.5 The structural evolution during Na* extraction/insertion. (a) The phase transition process of HE and the variation of lattice constants.
(b) The phase transition process of NFM and the variation of lattice constants.

In order to exhibit the improved structural stability of the HE
material under repeated sodium removal/embedding processes, the
electrode material with 100 cycles is employed for XRD testing as a
means of comparing the structural changes. Fig.S13 illustrates that
after 100 cycles, HE still maintains the O3 phase structure, while the

6 | J. Name., 2012, 00, 1-3

NFM is in a mixed phase of O3 and P3. This indicates that the
structure of the NFM cannot remain stable as HE after multiple cycles,
and part of the P3 phase during the phase transition fails to be
reversibly changed to the O3 phase. For this phenomenon, EIS and
GITT test are employed to detect the impedance change to analyse

This journal is © The Royal Society of Chemistry 20xx
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its effect on the performance of the battery (Fig.514). The resistance
of HE decreases from 545 Q to 172 Q, while NFM only decreases from
707 Q to 316 Q. The diffusion coefficients of sodium ions of HE
remains stable and higher than those of NFM after ten cycles.
Furthermore, SEM images of the materials after cycling reveal that
the HE materials retains the bulk morphology, demonstrating
improved structural stability (Fig.S15). In contrast, the NFM shows
significant cracking. These observations confirm the enhanced
structural stability of the HE material, which can withstand the
stresses generated by repeated insertion and extraction of sodium
ions without causing significant structural damage. This structural
stability justifies the effectiveness of bond structure engineering in
optimizing the structure of the TMO, slabs, thereby improving the
integrity and overall electrochemical performance of the particles.
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To evaluate the practical application potential of HE electrode
material, it was paired with hard carbon (HOPand assemBled td @
full cell, as schematically illustrated in Fig.6a. Fig.6b displays the
charge-discharge curves of the full cell within a voltage window of
0.5-4 V at a current density of 0.1C. Under these conditions, the HE
electrode material exhibits an initial discharge capacity of 115 mAh/g.
Fig.6c further reveals the first cycle charge-discharge curves of the
material at different current densities, with initial discharge
capacities of 115, 114, 105, 101, 97, and 95 mAh/g at 0.1C, 0.3C, 0.5C,
1C, 3C, and 5C current densities, respectively. Fig.6d presents the
cycling performance of HE at 5C, indicating that it retains a discharge
capacity of 78.6 mAh/g after 100 cycles, with a capacity retention
rate of 81.8%. These results prove that the HE electrode material
possess good electrochemical performance in practical applications.

4.0

35

3.0+

254

1.04 1st !
0.5-4V 0.1C

___2nd

0 20 40 6 8 100 120
Specific capacity (mAh g™

wat 100 _
120 =
L80 2
100 - HE || HC full cell 5
0.5-4V 5C 81.8% D
60- 2
40 2
40- s
=
20
20- S
0 T T T T 0
0 20 40 60 80 100

Cycle number

Fig.6 Electrochemical performance of HE full cell. (a) Schematic diagram of the full cell. (b) Charge-discharge curves of the material at 0.1C
current density in the voltage range of 0.5-4 V. (c) Electrochemical curves of the material at different current densities. (d) Cycling plot of HE

for 100 cycles under 5C conditions.

Conclusions

In this study, the TMO, slabs are rationally modified by analyzing the
differences in bond strengths of different elements in the Na-O-TM
configuration, leading to structural contraction, while the enlarged
Na layer spacing reduces the Na* diffusion barrier. This structural
change positively impacts the electrochemical performance,
effectively enhancing the rate performance of the material. In
addition,
introduction of multiple elements allows more electrons to be

the charge rearrangement brought about by the

immobilized in the TMO; slabs, thus suppressing the slippage of the

TMO, slabs during the desodiation/sodiation process. The

This journal is © The Royal Society of Chemistry 20xx

synthesized high-entropy electrode material HE exhibits better
structural stability and significant performance enhancement in half
battery (75.3%/500t) and full battery (81.8%/100%) at 5C. This study
emphasizes the potential of bond strength modulation in improving
the phase transition and structural stability degradation in
manganese-based electrode materials, and provides new design
sodium

ideas for designing high-entropy manganese-based

electrode cathode materials.
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