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Abstract: Sc and Zn were introduced into O3-NaMny sNipsO, (NaMN) using the combination of solution combustion
and solid-state method. The effect of Sc and Zn dual-substitution on Na* diffusion dynamics and structural stability of
NaMN was investigated. The physicochemical characterizations suggest that the introduction of Sc and Zn broaden Na*
diffusion channels and weaken the Na—~O bonds, thereby facilitating the diffusion of sodium ions. Simulations indicate
that the Sc and Zn dual-substitution decreases the diffusion barrier of Na-ions and improves the conductivity of the
material. The dual-substituted NaMno sNio.4Sco.04Zno.0402 (NaMNSZ44) cathode delivers impressive cycle stability with
capacity retention of 71.2 % after 200 cycles at 1C and 54.8% after 400 cycles at 5C. Additionally, the full cell paired
with hard carbon anode exhibits a remarkable long-term cycling stability, showing capacity retention of 64.1% after 250
cycles at 1C. These results demonstrate that Sc and Zn dual-substitution is an effective strategy to improve the Na*
diffusion dynamics and structural stability of NaMN.
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cost-effectiveness and abundant resources [5,6]. As
one of the critical factors in governing the
electrochemical performance of SIB, suitable
cathode materials is essential for the commercial

1 Introduction

The ever-growing demand for portable devices

and electric vehicles has contributed to the
tremendous success of lithium-ion Dbatteries
(LIBs) [1,2]. However, the scarcity and uneven
geographical distribution of lithium resources limit
future development of LIBs [3,4]. Sodium-ion
batteries (SIBs) have recently attracted extensive
attention, and are expected to emerge as a
promising alternative in the field of new energy
storage system. Despite a similar “racking-chair”
mechanism to LIBs, SIBs offer the advantages of

application of SIBs [7,8]. Among kinds of
candidates, including layer transition metal oxides
(Na,TMO,), polyanionic compounds, prussian
blue analogs and organics [9,10], Na,TMO, is
recognized as the most promising cathode material,
because of their abundant source, environmental
friendliness, simplicity of preparation, and excellent
electrochemical performance [11,12]. Compared to
the Na-poor P2 phase, the Na-rich O3 phase layered
oxide has a higher content of sodium and resulting
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higher specific capacity in the full cell,
thereby indicating its superior potential for
commercialization [13].

Typical O3-type Ni/Mn-based layer oxide
NaMng sNigsO> (NaMN) delivers high specific
capacity and average discharge voltage, which is
very attractive in large-scale energy storage field [14].
However, it still suffers from problems associated
with multiple phase transitions and sluggish Na*
transport kinetics [15,16]. On the one hand,
during Na* de/intercalation, TMO, slabs undergo
slip-induced irreversible phase transitions, resulting
in a volumetric change that can lead to cracks in
the grains and capacity degradation [17,18]. On
the other hand, the sluggish dynamics and
compromised rate performance can be attributed to
the large radius (1.02 A) of sodium and the strong
potential barrier that hinders diffusion of sodium
ions in the O3 phase [19]. In the past years, many
strategies, including structure fabrication [20],
surface modification [21] and ions substitution [22],
have been developed for overcoming
obstacles. Cation substitution, allowing the
formation of robust TM—O bonds and playing
a crucial role in structural stability, has been
considered as an effective pathway [23,24]. For
instance, HU et al [25] proved that Sn*" partially
replacing Mn*" could inhibit the irreversible
multi-phase transitions, enhance the structural
stability and stabilize the anion redox reaction.
PENG et al [26] found that the AI*" doping in
NaMngsNigsO, could alter the local chemical
environment, suppress the complicated phase
transitions and decrease the Na® diffusion energy
barrier. In addition, Li* [27], K [28], Mg* [29],
Zn** [30], Cu*" [31], and Ti*' [32] etc. have been
proven to mitigate phase transitions and enhance
electrochemical performance. However, single-
element doping is limited in terms of improvement
[33]. Co-doping of multiple elements can overcome
the limitations due to synergistic effect, further
improving the structural stability and electro-
chemical performance of layered oxides [34].

Hence, in this work, Sc and Zn were
introduced into NaMN using the combination of
solution combustion and solid-state method. And
we investigate the effect of Sc and Zn dual-
substitution on Na" diffusion dynamics and structural
stability of NaMN. It is noteworthy that the

these

introduction of Sc into layered oxides is reported
for the first time. Due to the special all-vacancy
(3d% extra-nuclear electron arrangement of Sc for
reducing lattice distortions [35] and disruption of
Zn for Na'/ vacancy ordering [36], the bonding energy
of Sc—O0O (671 kJ/mol) is much stronger than that
of Mn—O0 (402 kJ/mol) and Ni—O (391.6 kJ/mol),
indicating its ability for enhancing the structural
stability and cyclability. Meanwhile, introduction of
Zn can disrupt the Na*/vacancy ordering and reduce
the potential barrier of Na* diffusion, which has a
significant impact on the rate performance.
Therefore, the dual substitution cathode exhibited
impressive capacity retention of 54.8% at 5C after
400 cycles. Thus, the combined effect of these two
elements offers a promising avenue for material
design in achieving high-performance SIBs.

2 Experimental

2.1 Materials synthesis

The 0O3-NaMnosNipsO2 (NaMN), NaMngs-
Nig44Sc0.0402  (NaMNS4), NaMng sNio.46Z10.0402
(NaMNZ4), NaMIloA5NioA4SC0A04Zno_o402 (NaMNSZ44)
and NaMl’lo_sNiojSCo,ogZHo,ogOz (NaMNSZ88) WeEre
synthesized via the combination of solution
combustion and solid-state method. Specifically,
stoichiometric amounts of CsH¢MnO4-4H;0,
C4H6Ni04'4H20, SC(NO})}')CHzO, C4H604Zn‘2H20
and NaNO; (5% to compensate the
volatilization of sodium during sintering process)
were dispersed in 40 mL of deionized water and
stirred for 6 h until completely dissolved. Then, the
mixed solution was stirred and heated at 80 °C to
remove excess water through evaporation, resulting
in the formation of a gel. The gel underwent a
combustion reaction to obtain fluffy precursor.
After grinding, the powder precursor was calcined
at 450°C for 5h at a heating rate of 1 °C/min,
followed by heating to 850 °C for 20 h at a heating
rate of 5 °C/min. Then, the material was cooled
down to 150 °C in the furnace for eliminating any
interference of water and carbon dioxide in the air
on the material. Finally, all the samples were
preserved in an argon-filled glove box.

€XCEeSS

2.2 Characterization
X-ray diffraction (XRD) measurements were
conducted to characterize the crystal structure on a
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Rigaku SmartLab SE diffractometer with Cu K,
radiation in the 26 range of 10°—80°. The XRD data
were further refined by the GSAS and EXPGUI
software based on the Rietveld method to analyze
the lattice parameters. The morphologies of the
samples were observed by scanning electron
microscopy (SEM, JSM—-7610FPlus, JEOL).
Furthermore, Transmission electron microscopy
(TEM, JEM—F200, JEOL) equipped with energy-
dispersive X-ray spectrometer (EDS, Ultim Max 80)
was utilized to investigate the microstructural
information and elemental distribution. High angle
annular dark field scanning TEM (HAADF-STEM)
were conducted by a Double Corrected TEM
Spectra 300 (Thermo Fisher Scientific). X-ray
photoelectron spectroscopy (XPS, PHI VersaProbe
4, ULVAC-PHI) was used to detect the valence
states of the elements on the surface. Inductively
coupled plasma atomic emission spectrometry
(ICP-OES, ICAP 7000 SERIES) was carried out to
determine the specific compositions for different
cathode materials.

2.3 Electrochemical measurements

The cathode material, super P and poly-
vinylidene fluoride (PVDF) were mixed in a mass
ratio of 8:1:1 and then dissolved in N-methyl
pyrrolidone (NMP) solvent. After well dispersed,
the slurry was homogeneously cast onto aluminum
foil and dried at 110 °C for 12 h in a vacuum oven.
The coated foil was then punched into disc
electrodes with 12 mm in diameter and the average
loading of active material was 1-2 mg/cm?. The
preparation of hard carbon (HC) anode is the same
as that of cathode, except that the active material is
replaced with hard carbon. The N/P mass ratio was
controlled at about 1.2:1 in this work. In an
argon-filled glove box, the prepared cathodes were
assembled with hard carbon anode and sodium
metal in CR-2016 coin cell as half and full
cell, respectively. The fiber (Whatman, GF/F)
was applied to separating positive and negative
electrodes. The electrolyte was a solution of
1 mol/L NaPF¢ dissolved in propylene carbonate
(PC) with 5vol.% fluorinated ethylene carbonate
(FEC). The pre-sodiation was achieved by placing
the hard carbon anode electrode in direct contact
with the sodium metal in the electrolyte over-
night. Galvanostatic charge—discharge tests were
conducted at room temperature in the voltage

ranges of 2.0—4.0 V and 2.0-4.2 V (1C=200 mA/g)
on a NEWARE battery test equipment. Cyclic
voltammetry (CV) measurements were conducted
using an Arbin electrochemical workstation
(BT2000) in the voltage range of 2.0—4.2V at a
scan rate of 0.1 mV/s. Galvanostatic intermittent
titration technique (GITT) were utilized to estimate
the diffusion coefficient of sodium-ion. For the full
cell, the galvanostatic charge—discharge tests was
performed in the voltage window of 1.2—4.2 'V at
room temperature.

2.4 Density functional theory calculation

The first-principles  calculations  were
performed in the framework of the density
functional theory (DFT) with the projector
augmented plane-wave method, as implemented in
the Vienna ab initio simulation package (VASP).
The generalized gradient approximation of Perdew,
Burke, and Ernzerhof (PBE) is employed for the
exchange-correlation potential. The long range
vander Waals interaction is described by the
DFT-D3 approach. A Hubbard-U term is employed
to treat the strongly correlated d-electrons of Ni and
Mn atoms. The U parameters were taken from
reference, and the values were adopted as 6.3 and
4.95 for Ni and Mn, respectively. The plane-wave
basis with a kinetic energy cutoff of 500 eV and the
Monkhorst—Pack scheme with a k-point grid
spacing of 2nx0.05 A™!, were employed to ensure
the convergence of total energy. The converged
conditions for ionic and electronic optimizations
were chosen as 0.03eV/A and 1x1075eV,
respectively. For the NaNigpsMnosO, and NaNig.42-
Mno.5Zn0.04S¢0.0402 structure, the calculation was
based on the supercell obtained by 2x24/3 x1
expansion of the conventional cells. The Na*
diffusion corresponded to single Na migration
between two neighboring sites after removing a
Na atom. The Na diffusion energy barrier was
calculated using the climbing image nudged elastic
band method (cNEB).

3 Results and discussion

3.1 Materials characterization

To evaluate the effect of Sc and Zn dual-
substitution on NaMN materials, different
substituting ratios (4% Zn; 4% Sc; 4% Sc and 4%
Zn; 8% Sc and 8% Zn) were attempted. ICP-OES
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was carried out to determine the specific
compositions for different cathode materials. The
elemental ratios of all chemical components are
consistent with the experimental design components
within the permissible error range (Table S1 in
Supporting Information (SI)). The crystal structures
were characterized by XRD. As shown in Fig. S1
in SI, the diffraction peaks of all samples are in
good agreement with a-NaFeO, layered structure
with a space group R3m (PDF# 54-0887) [37].
Apparently, the XRD patterns of all the samples
show tiny peaks around 26=38° and 43°, which can
be corresponded to NiO. This arises from the
limited solubility of nickel in the O3 phase, leading
to the precipitation of some nickel as the NiO
impurities during the sintering process [38]. With
the increase of Sc and Zn content, the (003) peak
gradually shifts toward a lower Bragg angle, which
means that an expansion of d-spacing based on the
Bragg equation [39].

Besides, to learn more about the change of the
lattice parameters after Sc and Zn dual-substitution,
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the XRD data were further refined by the GSAS
software (Figs. 1(a, b)), while the detailed lattice
parameters calculated by the Rietveld method are
summarized in Tables S2 and S3 in SI. The errors
obtained from the refinement are all within
reasonable limits, suggesting the credibility of the
refinement data. The occupancy value of nickel
decreases with Sc and Zn dual-substitution,
indicating successful incorporation of Sc and Zn
elements into the lattice and replacement of Ni sites.
The lattice parameters a, ¢ and V' of NaMNSZ44
expand upon Sc and Zn dual-substitution compared
with those of the pristine NaMN, which can be
attributed to the fact that the ionic radius of Sc**
(0.745 A) and Zn?" (0.74 A) is larger than that of
Mn*" (0.53 A) and Ni** (0.69 A), resulting in lattice
expansion. The expansion of c-axis leads to an
increase in the sodium layer spacing, which is
conducive to improving the diffusion of Na* [40].
Meanwhile, the stronger bond energy of Sc—O
(671 klJ/mol) can enhance crystal structure stability
and inhibit the multi-phase transition due to the slip
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Fig. 1 XRD Rietveld refinement patterns of NaMN (a) and NaMNSZ44 (b); Schematic diagrams of crystal structure

model of NaNM and NaMNSZ44 (c)
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of the transition metal layers [35]. Figure 1(c)
shows the schematic diagrams of crystal structure
model of NaMN and NaMNSZ44.

The SEM images of samples are shown in
Figs. 2(a, b) and Fig. S2 in SI, demonstrating the
presence of a flat-like morphology. The observed
morphology is common in high-temperature solid-
phase synthesis for typical layered cathode
materials. It is worth noting that the particle size of
NaMNSZ44 sample appears to be larger than that of
NaMN, indicating that the introduction of Sc and
Zn elements can facilitate crystal growth during
sintering process. The decrease in specific surface
area is conducive to boost air stability and diminish
potential for side reactions with the electrolyte [41].
The HAADF-STEM images of NaMN and
NaMNSZ44 samples (Figs. 2(c, d)) exhibit clear
layered structure and good crystallinity. An increase
of the layer space from 0.554 nm in NaMN to
0.567 nm in NaMNSZ44 can be observed, which
is corresponded to the shift of (003) peak in the
XRD patterns. Additionally, to demonstrate the
homogeneity of the Sc and Zn dual-substitution, the
energy-dispersive X-ray spectrometer (EDS) was
utilized to measure the distribution of Na, Mn, Ni,
Sc and Zn (Fig. S3 in SI). The results show that all
elements are evenly distributed in the particles.

3.2 Charge compensation mechanism

To identify the influence of Sc and Zn
introduction on the valence states of different
elements in the cathode materials, XPS technique
was employed on NaMN and NaMNSZ44 samples.
Figure 3(a) demonstrates that the peak of Na ls
exhibits a shift towards lower binding energy,
which suggests the weakening of Na—O bond. The
Sc 2pi2 and Sc 2ps» peaks are observed at 399.6
and 404 eV (Fig. 3(b)), respectively, which is
corresponded to the Sc** state [42]. In Fig. 3(c), the
NaMNSZ44 sample exhibits the energy levels at
1018.9 and 1041.9 eV, indicating the presence of
the Zn element, and the valence state of Zn is
+2 [43]. As shown in Figs. 3(d, e), valence states of
Mn and Ni are present in both samples as +3 and +4,
and +2 and +3, respectively. Gaussian fitting was
performed to confirm the ratio of Mn** to Mn** and
Ni** to Ni** in the two samples. The proportion of
Mn?" decreases from 63.51% in NaMN to 56.66%
in NaMNSZ44, which could attenuate the Jahn—
Teller effect for the structure. Meanwhile, the
proportion of Ni** decreases from 35.07% in NaMN
to 33.67% in NaMNSZ44. The reduction in the
proportion of Ni** and Mn** can be ascribed to the
introduction of Sc** and Zn?', which breaks
the charge conservation. In order to maintain the

Fig. 2 SEM images of particles for NaMN (a) and NaMNSZ44 (b); HAADF-STEM images of NaMN (c) and

NaMNSZ44 (d)
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Fig. 3 XPS spectra of Na 1s (a), Sc 2p (b), Zn 2p (c), Mn 2p (d), Ni 2p (e) and O 1s (f) in NaMN and NaMNSZ44

equilibrium, and considering that the valence
states of Sc and Zn remain constant, the Ni*" and
Mn** contents decrease whereas the Ni** and
Mn*" contents increase. The change in chemical
properties of oxygen before and after the
substitution is compared in Fig. 3(f). Generally,
oxygen exists in two forms, namely lattice oxygen
and loose oxygen. The ratios of the lattice oxygen
and loose oxygen vacancies in both samples were
calculated by Gaussian fitting, suggesting a partial
escape of oxygen from the lattice in NaMNSZ44,
and correspondingly more oxygen vacancies are
generated.

3.3 Theoretical calculation of Sc and Zn dual-

substituted oxide compounds

To deeply investigate the role of Sc and Zn
dual-substitution on diffusion barrier of Na-ions,
density functional theory (DFT) calculations were
conducted to obtain Na-ions diffusion energy
barriers in NaMN and NaMNSZ44. The results
(Figs. 4(a, b)) show that the diffusion barrier for
Na-ions in NaMNSZ44 (1.562 e¢V) is lower than
that in NaMN (1.661 eV). Figure 4(c) illustrates the
Na-ions diffusion path for the NaMNSZ44. Na-ions
preferentially diffuse in two dimensions between

the TMO layers in both structures.

Furthermore, the total densities of states
(tDOS) for NaMN and NaMNSZ44 are shown in
Figs. 4(d, e). Since the electron transfer is mainly
compensated by the oxidative reduction of Ni ions,
the electronic states of the Ni 3d and O 2p orbitals
predominate the electronic states near the Fermi
level [44]. The forbidden bandwidths of the spin-up
and spin-down state densities of NaMN are 0.111
and 3.179 eV, respectively, while the total forbidden
bandwidth is 0.111 eV. For NaMNSZ44, there is no
bandgap in the spin-down state density, suggesting
that metallic features are formed [45]. This is due to
the significant reduction of the energy band after Sc
and Zn dual-substitution. It can be deduced that the
conductivity can increase in NaMNSZ44, which is
further proven in the electrochemical performances.
The results of simulations are in good agreement
with the XPS data.

3.4 Electrochemical performance

The electrochemical performances of samples
were evaluated by assembling sodium-ion half-cells
with metal sodium as the counter electrode. The
charge/discharge curves of samples during the
initial three cycles at a rate of 0.1C (1C=200 mA/g)
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Fig. 4 Na-ion diffusion energy barriers in NaMN (a) and NaMNSZ44 (b); Na-ion diffusion pathways in NaMNSZ44 (c);

Total densities of states for NaMN (d) and NaMNSZ44 (e)

at 2.0-4.2V are displayed in Figs. 5(a, b) and
Fig. S4 in SI. The loss of initial discharge
capacity is due to the introduction of inactive
elements of Sc and Zn. It can be seen that the curve
of NaMNSZ44 is smoother than that of NaMN.
Compared to the curves of NaMN with five
voltage plateaus, the curves of NaMNSZ44 have
only two voltage plateaus. Three voltage plateaus
above 3V disappear, which is related to
Na*/vacancy ordering and multi-phase transition.
Therefore, it can be inferred that the introduction of
Sc and Zn may significantly inhabit the irreversible

phase transition and disrupt the Na'/vacancy
ordering.

The rate performances from 0.1C to 10C of
samples are compared in Figs. 5(c) and Fig. S5 in
SI. With the increase of current density, the
NaMNSZ44 exhibits excellent rate performance,
maintaining capacities of 151.9, 135.86, 124.62,
114.38, 101, 78.81, 66.14, 60.22 mA-h/g at 0.IC,
0.2C, 0.5C, 1C, 2C, 5C, 8C and 10C, respectively.
Conversely, the discharge capacity of NaMN decays
rapidly, especially at high current densities, which
is consistent with the results of DFT calculation.
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Fig. S Initial three-cycle charge—discharge curves of NaMN (a) and NaMNSZ44 (b) at rate of 0.1C; Rate performance
of two samples at various rates (c); CV profiles for NaMN (d) and NaMNSZ44 (e) at scan rate of 0.1 mV/s; GITT
profiles for both samples (f); Long cycle performance at 1C (g) and 5C (h) for both cathodes

As shown in Figs. 5(d, e), five redox peaks
are observed in the CV of NaMN, which are
corresponded exactly to the five voltage plateaus in
the charge—discharge curves. The first major redox
peak around 2.8 V represents the highly reversible
O3—-P3 phase transition during the charge—
discharge process. The polarization potential AE; of
NaMNSZ44 i1s decreased, which is 0.38 mV for
NaMNSZ44 in contrast to 0.41 mV for NaMN.
Moreover, the redox peak close to 4.1 V exhibits a
lower polarization potential AE, for the P3—-03’
phase transition. These results above suggest that
the polarization is alleviated by Sc and Zn dual-
substitution, which can obtain highly reversible
electrochemical behaviors and reduce irreversible
capacity loss during the Na“ de/intercalation. The
galvanostatic  intermittent titration technique
(GITT) was performed to measure the Na* diffusion

coefficient in the voltage range of 2.0-4.2V
(Fig. 5(f)), which have been widely used to
calculate the diffusivities of sodium ions [46]. The
calculated Dna+ values of NaMN and NaMNSZ44
are 3.23x107° and 5.67x10°cm?/s, demonstrating
that NaMNSZ44 offers Na* dynamics performance
superior to that of NaMN.

Figure 5(g) and Fig. S6 in SI display the long
cycling performance of samples at 1C. The initial
discharge capacities of NaMN and NaMNSZ44 are
measured at 134.64 and 126.34 mA-h/g. After 200
cycles, the final discharge capacities are observed
to be 39.35 and 89.94 mA-h/g, with corresponding
capacity retentions of 28.2% and 71.2%. Figure 5(h)
further compares the cycling stability of NaMN
and NaMNSZ44 at a high current density of 5C.
After 400 cycles, the NaMNSZ44 exhibits 54.8%
capacity retention, whereas NaMN has only 27.3%
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capacity retention.

In addition, Fig.S7 in SI compares the
electrochemical performance of NaMN and
NaMNSZ44 in the narrow voltage window of
2.0-4.0 V. Similarly, the curve of NaMNSZ44
1s smoother than that of NaMN, as shown in
Fig. S7(a, b). The rate capacities from 0.1C to 5C
are shown in Fig. S7(c). NaMNSZ44 has better rate
performances for its larger Na“ transport channels,
which can obtain 125 mA-h/g at 5C, higher than
50.97 mA-h/g of NaMN. Figure S7(d) compares the
cycle performance of NaMN and NaMNSZ44. It
can be seen that the long cycle retention of Sc and
Zn dual-substituted cathode materials (80.7%) is
much higher than that of pristine materials (25.1%).

In addition to the above remarkable
electrochemical performances in sodium half-cell,
NaMNSZ44 also exhibits excellent full cell
performances, which initially demonstrates the
practical commercial viability of the modified
cathode. As shown in Figs. 6(a, b), the charge—
discharge curves undergo the same changes similar
to those of the half-cells. The curves of NaMNSZ44
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become smoother and have fewer voltage plateaus,
which further proves that the Na‘/vacancy ordering
is disrupted. Figure 6(c) displays that following 250
cycles at 1C, the NaMNSZ44 delivers the capacity
retention from 20.1% to 64.1%. This indicates that
Sc and Zn dual-substitution has an effective effect
on stability and the NaMNSZ44 has the potential
for practical applications.

3.5 Structure evolution

In order to further investigate the structural
degradation of the materials after cycling, XRD and
SEM analyses were carried out on NaMN and
NaMNSZ44 after cycling. The SEM images of both
materials in Fig. 7 before cycling and after 100 and
200 cycles suggest that, stepped edges come out on
the surface of the primary particles in NaMN after
100 cycles, while macroscopic cracks caused by
slippage are clearly observed after 200 cycles.
However, there 1is no obvious interfacial
degradation of the particles can be observed in
NaMNSZ44, which still retains the plate-like
morphology, but the edges become rough.
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Fig. 6 Electrochemical performances of full-cell tested at 1.2—4.2 V: (a, b) Initial three-cycle charge—discharge curves at

0.1C; (c) Long cycle performances at 1C
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Figures 8(a, b) display the XRD patterns of  disappear from the XRD spectrum of NaMN
both materials before cycling and after 100 and 200 electrodes, transforming to the sodium-deficient P3
cycles. After 200 cycles, the main peaks of (003) phase with a larger layer spacing, which indicates
and (104) belonging to O3 phase gradually the poor structural stability of the NaMN material.

Fig. 7 SEM images of NaMN (a—c) and NaMNSZ44 (d—f) electrodes at initial state (a, d), after 100 (b, d) and 200 (c, f)
cycles
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Fig. 8 XRD patterns of NaMN (a) and NaMNSZ44 (b) at initial state, and after 100 and 200 cycles
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In contrast, NaMNSZ44 still retains original O3
phase after cycling. This can be attributed to the
fact that the substitution of Sc and Zn stabilizes
the structure and suppresses the irreversible phase
transition.

4 Conclusions

(1) The introduction of Sc and Zn leads to
the expansion of the lattice parameters, which is
conducive to improving the diffusion of Na*. The
particle size of NaMNSZ44 appears to be larger
than that of NaMN, indicating that the material
has better air stability and less potential for side
reactions with the electrolyte.

(2) The results of the XPS suggest that
introduction of Sc** and Zn?>" breaks the charge
conservation and leads to changes in the ratio of
Mn* to Mn*" and Ni** to Ni**. The reduction of
Mn?" can attenuate the Jahn—Teller effect and boost
the structural stability.

(3) DFT calculation indicates that the Sc and
Zn dual-substitution decreases the diffusion barrier
of Na-ions and improves the conductivity of the
material.

(4) Electrochemical performance demonstrates
that NaMNSZ44 cathode delivers impressive cycle
stability. After 200 cycles at 1C, NaMNSZ44
exhibits 71.2% capacity retention. NaMNSZ44
delivers 54.8% capacity retention at a high current
density of 5C after 400 cycles, whereas NaMN has
only 27.3%. Additionally, the full cell paired with
hard carbon anode still exhibits a remarkable
long-term cycling stability, showing capacity
retention of 64.1% after 250 cycles at 1C.

(5) After cycling, NaMNSZ44 exhibits
good structural stability. No obvious interfacial
degradation of the particles and changes of structure
can be observed in NaMNSZ44.
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