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Abstract

Alluaudite-type Na,ioxFe,(SO4); has been a promising cathode material for sodium-ion batteries
(SIBs) due to its high operating voltage and stable structure. However, its actual electrochemical
performance suffers from intrinsic sluggish kinetics and poor electronic conductivity. In this work, for
the first time, we propose a Na, 43(Feg goMgo 03S10.04)1.76(SO4)3 cathode material via Mg/Sn co-doping
strategy. Inactive Mg?" stabilizes the structure, while Sn** inhibits the decomposition of electrolytes
under high voltage. The Mg/Sn co-doping strategy enhances the kinetics of sodium ion diffusion
reactions, leading to improved electrochemical properties, especially at low temperatures. The optimal
NFMS/C-Sn0.03 cathode exhibits a long-term cyclability of remaining 91.6% after 1500 cycles at SC
and outstanding reversible capacity of 74.3 and 58.3 mAh g ! at 10C and even at 50C, respectively.
Furthermore, NFMS/C-Sn0.03 cathode demonstrates a high-capacity retention of 95.5% at —5 °C and
88.4% at —15 °C, with a remarkable capacity retention of 93.9% after 1000 cycles at room temperature
and 85.5% after 700 cycles at —15 °C, respectively. The electron paramagnetic resonance (EPR) and
atomic force microscopy (AFM) techniques confirmed that the unpaired electronic information and
enhanced electronic conductivity could be attributed to the Mg/Sn co-doping. This work provides a
feasible approach for designing low-cost, durable, low-temperature, and high-performance cathode

materials for SIBs.

Keywords: Na,.,Fe; «(SO4);, Mg/Sn co-doping, sodium-ion battery, polyanionic cathode material,

microsphere
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Energy storage devices, including lithium-ion batteries (LIBs), supercapacitors, flow batteries,
compressed air energy storage systems, etc, are the key to the utilization of renewable energy, such as
solar, geothermal energy, wind and hydropower, which are intermittent and volatile.!* In the past
decade, LIBs have attracted widespread attention owing to their advantages of reliability, long service
life, and high energy density.>-8 Unfortunately, the escalating market demand has exacerbated concerns
regarding the rising costs and uneven distribution of lithium resources.’”!? In response to these
challenges, numerous supplements of LIBs have been developed. Notably, sodium-ion batteries (SIBs)
are regarded as one of the most promising candidates due to their electrochemical similarities to LIBs,
superior wide temperature performance, potential low prices, and huge abundance of Na resources
globally.!3-13

The cathode materials are pivotal factors influencing the energy density, operating voltage, and cost
of SIBs.!6-!8 Currently, various cathode materials have been proposed and studied extensively,
covering polyanionic compounds,'®?! layered transition metal oxides,?>?* and Prussian blue
analogues.?> 2 Layered transition metal oxides exhibit high specific capacity and a relatively simple
synthesis process. However, the strong O—O and Na—Na electrostatic repulsion during the
insertion/extraction of Na* ions induces anisotropic lattice displacements and gliding of TMO, slabs
and Na'*/vacancy rearrangement in NaO, slabs, thereby leading to complex phase transitions and
electrochemical deterioration.?’ Prussian blue analogues possess acceptable long cycling life, but the
challenging issue of crystalline water and low tap density of these materials hinders their practical

applications.?® In contrast, polyanion compounds exhibit comparatively high operational voltage and
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superior cycling stability, attributed to their intrinsic inductive effect and the stabilizing presence of
covalent polyanions in the structure. Among the polyanion materials, iron-based polyanionic
compounds emerge as one of the best options, owing to their cost-effectiveness and exceptional
abundance of Fe resources 2’

Inrecent years, various iron-based polyanionic compounds have garnered significant attention, such
as NayFe3(PO4),P,0,,%° Na,FeP,0,,3° Na,FePO,F,*! and Na,.,Fe, (SO4); (NFS).32 Among these
cathode materials, alluaudite-type Nay,yFe, (SO4); exhibits the highest redox potential of ~3.8 V (vs.
Na*/Na) and impressive theoretical energy density of 456 Wh kg™! (based on the cathode mass).3? The
framework of NFS is made up of Fe,O;( groups formed by edge-sharing pairs of FeO4 octahedra and
corner-sharing sulphate groups, which offers a potentially long service life. However, the practical
electrochemical performance of NFS, especially low-temperature performance, suffer from the poor

intrinsic electronic conductivity and inevitable impurity.3* A few investigations have proved that an
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excess amount of sodium sulfate in the precursor mixture, the incorporation of carbon naterials. and,
anion doping can partially address these issues.>*3¢ However, the enhancement achieved in NFS
remains suboptimal. Currently, the strategy of cation doping has not attracted considerable attention
for improving the electrochemical performance of NFS material, especially at low temperature.
Furthermore, the underlying mechanisms of such doping strategy are still in the nascent stages of
exploration. The quest for effective doping strategies remains a significant challenge.

Herein, for the first time, we successfully designed a Mg/Sn co-doped spherical
Nay 48(Fe.8oMgo.035n0.04)1.76(SO4)3 (NFMS/C-Sn0.03) material via a spray-drying approach. The
prepared NFMS/C-Sn0.03 cathode exhibits excellent reversible capacity of 71.5 and 58.3 mAh g at
10 C and 50 C, respectively, with a long-term cyclability of remaining 91.6% after 1500 cycles at 5 C.
Furthermore, NFMS/C-Sn0.03 shows higher discharge-specific capacity than that of NFS/C and
NFMS/C at =5 °C, —15 °C, and 45 °C. In particular, NFMS/C-Sn0.03 exhibits satisfactory capacity
retention (based on the reversible capacity at room temperature) of 95.5% at —5 °C and 88.4% at —15 °C.
The Rietveld X-ray diffraction (XRD) results show that the substitution of Mg and Sn increases the
average Nal—0, Na2—0, and Na3—O bond lengths from 2.5669, 2.4670, and 2.7194 A to 2.5699,
2.5152, and 2.7214 A, respectively, indicating easier Na® ions migration and improved rate
performance. The atomic force microscope (AFM) and X-ray photoelectron spectroscopy (XPS)
results indicate that the long cycle life of NFMS/C-Sn0.03 cathode could be attributed to the thin and
stable CEI film. In summary, this work provides a feasible path to develop cathodes for SIBs with

wide-temperature performance, cost-effectiveness, and long-term cycling stability.

2. Experimental section
2.1 Synthesis of NFMS/C-Sn cathode materials

NFS/C, NFMS/C, and NFMS/C-Snx (x=0.01, 0.03, and 0.05) in this study were synthesized using
a designed spray-drying and solid-phase synthesis approach. In a typical process, 13.72 mmol of
FeSO4 7H,0 (Aladdin, AR, 99%), 20 mmol of Na,SO, (Aladdin, AR, 99%), 0.28 mmol of
MgSO,-7H,0 (Aladdin, AR, 99%), and 0.45 g Super P (Hefei Kejing Material Technology Co., Ltd)
were distributed in deionized water (Aladdin, AR), referred to as solution A. In addition, 0.15 g
ascorbic acid (Aladdin, AR, 99%) was incorporated into solution A to prevent Fe?" from being readily
oxidized, referred to as solution B. Solution B was then pumped into a spray dryer to obtain a spherical
solid precursor. Finally, the precursor was transferred into a tube furnace (OTF-1200X, Hefei Kejing
Material Technology Co., Ltd.), where it underwent treatment under an Ar atmosphere at 350 °C for

24 h. The material obtained by calcination was denoted as NFMS/C. To synthesize Sn-doped NFMS/C,
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SnO; (Aladdin, AR, 99%) was added in solution B before the spray-drying process The,resalting
NFMS/C with different Sn** contents of 1%, 3%, and 5% were denoted as NFMS/C-Sn0.01, NFMS/C-
Sn0.03, and NFMS/C-Sn0.05, respectively.

2.2 Material characterizations

The surface morphological features were obtained using scanning electron microscopy (SEM, Zeiss
Sigma 360). The energy dispersive spectrometer (EDS, Oxford EMAX attached to the SEM) was used
to confirm the elements and contents in the materials. The microstructures and components of NFS/C,
NFMS/C, and NFMS/C-Sn0.03 were further examined by TEM (FEI Tecnai G2 F20). X-ray
diffraction (XRD, PANalytical X Pert3 Powder) analysis was performed using a diffractometer
equipped with Cu-Ka radiation (A = 0.15406 nm) on the prepared samples to determine the crystal
structures with a scanning rate of 2° min~!. Rietveld refinement of XRD was conducted using GSAS.
X-ray photoelectron spectroscopy (XPS, Thermo Esca Lab 250Xi) was employed to characterize the
surface of the samples. Fourier transform infrared (FTIR, Frontier) spectra were collected in the range
0f 4000-400 cm™!. The specific surface area of NFS/C, NFMS/C, and NFMS/C-Sn0.03 was conducted
by Brunauer-Emmett-Teller (BET) tests. A laser particle size analyzer was used to obtain the particle
size distribution. The local electrical conductivity of the sample was tested under a bias of 5 V using

atomic force microscopy (AFM, Dimension Icon).

2.3 Cell assembly and electrochemical tests

The CR2032 coin-type cells were produced in an Ar-filled glovebox with O, and H,O < 0.01 ppm.

Published on 04 August 2025. Downloaded by Y unnan University on 8/24/2025 5:40:38 PM.

The mixture of 80% active material, 10% super P, and 10% poly (vinylidene fluoride) (PVDF) was
dissolved in the appropriate amount of N-methyl-2-pyrrolidone (NMP) solvent and milled for 30 min

to form a slurry. 80% hard carbon, 10% super P, and 10% PVDF were dissolved in the appropriate
amount of NMP to prepare an anode electrode. Subsequently, two kinds of slurry were applied to
carbon-coated Al foil and dried overnight at 120 C in an oven, respectively. Na metal foil was used
as the negative electrode for the half-cell. The cathode and anode electrodes were punched into disks
with a diameter of 12 and 14 mm, respectively. The mass of the active substance of the cathode is
about 2 mg cm™!. The electrolyte used was NaClO4 (1 M) in propylene/ethylene carbonate (PC/EC)
(1:1 by volume) with 5% fluoroethylene carbonate (FEC) as an additive. A Whatman GF/D was used
as a separator. All cells were aged 8 hours before further testing. The cells were tested on a Land
battery tester (Land, Wuhan) in the voltage range of 2-4.5 V at 27 °C. The cells were tested at rates of
0.1C,05C,1C,2C,5C,10C,20C,30C,and 50 C (1 C=120 mA g!) to analyze the rate capability.
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Cyclic voltammogram (CV) studies and electrochemical impedance spectroscopy; (EIS)Ete s
performed on a CHI660a CHI760E electrochemical analyzer (Chenhua Instrument Co. Ltd., Shanghai).

Galvanostatic intermittent titration technique (GITT) measurements were conducted at 0.1 C.

3. Results and discussion

The synthetic route and crystal structures of NFS/C, NFMS/C, and NFMS/C-Snx (x=0.01, 0.03, and
0.05) are shown in Fig. 1. Fe?*, Na*, Mg?", SO4>", and SnO, were uniformly dispersed in a precursor
solution using deionized water as a solvent, which was rapidly converted into spherical precursor

during the spray-drying process and then sintered into NFS/C, NFMS/C, and NFMS/C-
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Fig. 1 The schematic diagram of the synthetic route and crystal structure of NFS/C, NFMS/C, and NFMS/C-Sn0.03.

Sn0.03 (details in the experimental section).

The XRD pattern results of all samples are shown in Fig. Sla. It can be observed that the diffraction
peaks of prepared materials are all made of an alluaudite structure (monoclinic phase with C2/c
symmetry).3¢ The radius of Mg?* ions (0.72 A) and Sn*" ions (0.69 A) is close to that of the Fe?* ion
(0.78 A) and much smaller than that of the Na* ion (1.02 A), facilitating their occupation of iron sites.3
In the Mg-doped samples, a shift of the characteristic peak near 15.5° (200 crystal plane) to a higher
angle is observed, which indicates that Mg is incorporated into the bulk phase with no apparent
variations in the NFMS/C peak.3® However, distinct impurity peaks at about 26.56° and 33.86° in the
Mg/Sn co-doped samples are attributed to SnO, that is not completely decomposed during calcination.
The specific position of Mg?* and Sn** in the NFS lattice is determined using the following equation’:

DM1(2):|(XM'XM1(2)) /XMl(Z)I + [(ru-Tm12)) /TM1(2)|

Xum /Xwmi) and ry/rvio) represent the electronegativity and ionic radius of the dopant (M) and
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substitution ion, respectively. Notably, the occupation tendency reverses depending on the Dy Yallies,
If Dy, exceeds Dy, the dopant preferentially occupies M, sites due to minimized lattice distortion
energy. In contrast, the dopant will be more inclined to occupy the M; site under the condition that
Dy, is less than Dy;,. Through calculation, we found that the Dg, and Dy, values for Mg?* doped Na, 45
Fey 76 (SO4); are 0.361 and 0.509, respectively, indicating a tendency for Mg to replace Fe sites. For
Sn** doped Na, 43 Fe1 76 (SOy)s, the calculated results reveal Dr,is 0.186 and Dy, is 1.431, suggesting
a driving force for Sn** to replace Fe sites over Na sites. The detailed crystallographic parameters of
NFS/C, NFMS/C, and NFMS/C-Sn0.03 are recorded in Tables S1, S2, and S3. Low error factors in
Fig. S1 and Fig. 2 give reliability to the refinement of XRD data. It is clear that NFMS/C-Sn0.03
exhibits a smaller ¢ value than that of NFS and NFMS/C, indicating a shorter Na* diffusion distance.
In addition, according to Rietveld refinement results (Table S4), Mg/Sn co-doping plays a positive role
in enhancing structural stability and improving sodium ion diffusion kinetics of NFS. The average
Nal-O, Na2—-O, Na3—-O bond lengths of NFMS/C-Sn0.03 is 2.5699, 2.5152, and 2.7214 A,
respectively. However, the average Nal—0O, Na2—0O, Na3—O bond lengths of NFS/C is only 2.5669,
2.4670, and 2.7194 A, respectively, indicating that the migration of sodium within NFS lattice is less
impeded by oxygen after Mg/Sn co-doping.*® Furthermore, the average S—O bond length is shortened
from 1.4908 to 1.4277 A after Mg/Sn co-doping, which augments the structural robustness of NFS,

thereby facilitating an improvement in its cyclic stability.40 4!
The morphology of NFS/C, NFMS/C, NFMS/C-Sn0.01, NFMS/C-Sn0.03, and NFMS/C-Sn0.05
samples were analyzed by SEM (Fig. 2¢ and Fig. S2). The results show that all materials are

homogeneous spherical particles. In addition, the EDS maps in Fig. 2d and Fig. S3 exhibit a uniform

Published on 04 August 2025. Downloaded by Y unnan University on 8/24/2025 5:40:38 PM.

distribution of all elements, which further confirms Mg and Sn incorporation into the NFS lattice
interior. A minor accumulation of Sn in some areas of the samples containing Sn is attributed to the
incomplete decomposition of SnO,. The morphology and microstructure of NFS/C, NFMS/C, and
NFMS/C-Sn0.03 particles are characterized by TEM, high-resolution TEM (HRTEM), and the
corresponding fast Fourier transform (FFT) technique. All particles show typical spherical
morphologies with a uniform internal coloration, indicating a solid structure (Fig. 2e and Fig. S4).4?
Furthermore, NFS/C, NFMS/C, and NFMS/C-Sn0.03 exhibit well-defined lattice fringes in Fig. 2f and
Fig. S4, with lattice spacings of 0.2511, 0.2508, and 0.2507 nm, respectively, corresponding to the
(42-2) plane. The lattice spacing of the NFMS/C-Sn0.03 sample exhibits a slight reduction compared

to that of NFS/C and NFMS/C. This decrease could be ascribed to the partial substitution of Fe sites
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by smaller Mg?" ions and Sn*" ions.*? DOI: 10.1039/DSNR02216A
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Fig. 2 Structural and morphology characterizations of NFS/C and NFMS/C-Sn0.03 materials. (a and b) XRD and
Rietveld plots of NFS/C and NFMS/C-Sn0.03 samples. (c and d) SEM image and TEM-EDS mappings, (e and f)
TEM and HRTEM images of NFMS/C-Sn0.03 sample.

The particle size and particle size distribution were ascertained via a laser particle analyzer (Fig. 3a
and Fig. S5). The D10 and D90 of the NFS/C, NFMS/C, NFMS/C-Sn0.01, NFMS/C-Sn0.03, and
NFMS/C-Sn0.05 samples are 5.24, 5.22,4.95, 4.82, and 4.78 um, respectively and 18.9, 18.78, 16.77,
16.3, and 16.2 pum, respectively. Noticeably, the Mg/Sn co-doping samples show a smaller particle

size than that of NFS/C and NFMS/C, which is attributed to the insoluble SnO, in the precursor
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solution providing additional nucleation sites for the precipitation of the precursor.*> The BET:spewifie!oA
surface areas and corresponding pore size distributions of NFS/C, NFMS/C, and NFMS/C-Sn0.03 are
shown in Fig. S6, Fig. 3b, and Fig. 3c¢. The N, adsorption/desorption curves of the three samples
belong to a well-defined type-IV isothermal curves.**# In addition, the specific surface area value of
NFMS/C-Sn0.03 (11.70 m? g!) is slightly higher than that of NFS/C (10.79 m? g'') and NFMS/C
(10.67 m? g1, which could promote electrolyte penetration.

The structural characteristics of NFS/C, NFMS/C, and NFMS/C-Sn0.03 samples are disclosed by
FT-IR spectrometer (Fig. 3d). Three samples exhibit stretching vibration of the Fe-O bond, the
symmetric/asymmetric variable angular vibration and antisymmetric stretching vibration of the
S—0/0O—S—0 bonding in the SO, tetrahedral groups, and stretching vibration of C=C bond in the range
of 550-700, 900-1500, and 1550-1650 cm™!, respectively.*® The broad band at 3500 cm™! is symmetric/
asymmetric stretching of OH™ species, which is related to the exposure of the sample to air before the
test.?6 The form of carbon in prepared NFS compounds was studied by Raman spectroscopy (Fig. 3e).
The characteristic peaks of magnesium and tin were detected in the XPS results of NFMS/C-Sn0.03
(Fig. S7), indicating the success of the Mg/Sn co-doping strategy. The intensity ratios (/p/Ig) of NFS/C,
NFMS/C, and NFMS/C-Sn0.03 are 0.59, 0.61, and 0.56, respectively. In addition, the
thermogravimetric analysis (Fig. S8) revealed that NFS/C and NFMS/C-Sn0.03 exhibited a carbon

content of 14.9% and 14.5%, respectively, indicating that the amorphous carbon proportion and carbon

Published on 04 August 2025. Downloaded by Y unnan University on 8/24/2025 5:40:38 PM.

content of NFS@C and NFMS@C-Sn0.03 are essentially consistent.*’” The electron paramagnetic
resonance (EPR) is a powerful tool for accurately detecting the asymmetric electron configuration of
the material.*® In Fig. 3f, NFMS/C-Sn0.03 exhibits the most unpaired electronic information, which
could contribute to stimulating more active sites and optimizing the electrochemical performance.?!
Furthermore, the visual local electronic conductivity of NFS/C and NFMS/C-Sn0.03 samples was
tested by the atomic force microscopy (AFM) technique (PeakForce TUNA). To ensure the reliability
of the results, the samples were pressed into thin sheets under a pressure of 20 MPa. The 2D current
maps of NFS/C and NFMS/C-Sn0.03 were measured under a bias of 5 V (Fig. 3g and Fig. 3h).*’ The
measured passing current intensity of NFMS/C-Sn0.03 (from 2.9 to 3.2 pA) is significantly higher

than that of NFS/C (from 1.1 to 1.4 pA). In addition, the current of the select line (d;-d,) of two samples
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is shown in Fig. 3i. The measured passing current intensity of NFMS/C-Sn0.03 is mostly ‘@bove 3 pAziea

On the contrary, the measured passing current intensity of NFS/C is only ~ 1.3 pA. Based on the similar

graphitization degree of the carbon in two samples, the enhanced electronic conductivity could be

attributed to the Mg/Sn co-doping.

Transimittance (a.u.) Q

100 —~20 -
3
NFMS/C-Sn0.03 = NFMS/C-Sn0.03  —s— Adsorption | (] NFMS/C-Sn0.03
L 0 o— Desorption ¢ 3E-3
i 80 ‘Tm 154 f g
D10=4.82 || o« /1 <
D90=163 [ _ /= -
| 80 RS Vi o 263
5 101 o/ £
Tl ‘ o2 o/ s "
i | 40 0L ~ a e
| 2 - S 1eadl
1l 0 < et 3 ;QP
chj 8 et Surface Area=11.70 m? g! %’""‘““"“---‘w-ﬂ.,__&
: 0o 20 r : . . . 0E+0 . x ——
1 10 £ oo 02 04 0.6 038 1.0 0 20 40 60 80
: - elative Pressure ore Diameter (nm
Particle Diameter (um) Relative P PPo Pore Diamet
——NFS/C | ——NFS/IC
-4 e —— NFMSIC G-band f 3z Al NFMS/C
@ z —— NFMS/C-8n0.03 o o] —— NFMS/C-5n0.03
5 & e @ - >
P SN T = £
8/ \/ S - ) 5
V \& = Io/15=0.56 A 2
vV B /_J;/' g
& Ipf15=0.61 ot \ i=] J
T e N A $ Vi 1
—— NFMS/C-Sn0.03 o N
— NFMS/C 15/15=0.59 w g=2.002 ‘j
NESC 3480 3500 3520 3540
1000 2000 3000 4000 500 1000 1500 2000 Magnetic Field (G
1 . 1 agnetic Field (G)
Wavenumber (cm™) Raman Shift (cm™) g
/C-S0 S |
NFMS/C-Sn0.03
1.4 pA 3.2pA 3
<
2
T2
2
5 NFS/C
QP RSP A AN L M A i A
1
1.1pA 2.9 pA
0

2 3 4
d,-d, (um)

Fig. 3 (a) The particle size distribution image, (b and c) N, adsorption/desorption isotherms and aperture distribution

curve, (d) FT-IR spectra, (¢) Raman spectra, (f) EPR spectra, (g-i) Current maps and PeakForce TUNA current of d;-
d, along x-axis of NFS/C, NFMS/C, and NFMS/C-Sn0.03 samples.

The electrochemical performances of NFS/C, NFMS/C, NFMS/C-Sn0.01, NFMS/C-Sn0.03, and

NFMS/C-Sn0.05 as cathode electrodes were evaluated using galvanostatic charge-discharge

measurements. Fig. 4a displays the charging and discharging profiles of all samples at 0.1 C (1 C=120

mAh g!) within 2-4.5 V.32 The discharge-specific capacities of five cathodes are 84.3, 83.8, 83.6,

82.0, and 80.5 mAh g, respectively. The relatively low initial capacity of doped samples can be

attributed to the substitution of Fe?* by the electrochemically inactive Sn** and Mg?*.>° Fig. 4b exhibits
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the rate capability of the NFS/C, NFMS/C, NFMS/C-Sn0.01, NFMS/C-Sn0.03, and NEMS/C28n(r 05164
cathodes at different current rates (0.1, 0.5, 1, 2, 5, 10, 20, 30, and 50 C). The NFS/C cathode shows
the highest initial reversible capacity. However, as the current density increases, its discharge-specific
capacity declines sharply (only 62.1 mAh g! at 10 C and 44.2 mAh g ! at 50 C). The Mg-doped
cathode (NFMS/C) displays an enhanced reversible capacity of 68.6 mAh g™! at 10 C and 48.9 mAh
g ! at 50 C, albeit this enhancement remains insufficient. In accordance with the NFMS/C framework,
we incorporated SnO, to further elevate the rate performance of NFS, denoting the composites as
NFMS/C-Sn0.01, NFMS/C-Sn0.03, and NFMS/C-Sn0.05. Notably, NFMS/C-Sn0.03 cathode exhibits
the best capacity retention at each rate than that of NFS/C, NFMS/C, and NFMS/C-Sn0.01, which
could be attributed to a smaller Na* diffusion distance, with a discharge-specific capacity of 74.3 and
58.3 mAh g! at 10 C and 50 C, respectively. Upon further increasing the doping level to NFMS/C-
Sn0.05, an excessive accumulation of electrochemically inactive Sn occupies the lattice sites of Fe,
ultimately resulting in a comparatively lower capacity. Therefore, it is imperative to maintain an
optimal concentration of Mg/Sn co-doping. Charge/discharge curves of NFS/C, NFMS/C, NFMS/C-
Sn0.01, NFMS/C-Sn0.03, and NFMS/C-Sn0.05 at different current densities exhibit no evidence of
severe electrochemical polarization (Fig. S9), indicating that all electrodes prepared by the designed
spray-drying approach possess a strong ability to adapt to large current shocks.

Fig. 4c shows the first-cycle CV curves of NFS/C, NFMS/C, and NFMS/C-Sn0.03 electrodes at a

Published on 04 August 2025. Downloaded by Y unnan University on 8/24/2025 5:40:38 PM.

scanning rate of 0.1 mV s™! in the voltage window of 2-4.5 V. All electrodes exhibit two pairs of
noteworthy redox peaks, which could be attributed to the slow Na* diffusion kinetics and structural
change of the NFS material in the first cycle.’® The best reaction kinetics were observed in the
NFMS/C-Sn0.03 sample with the lowest polarization. The cycling stability of NFS/C, NFMS/C,
NFMS/C-Sn0.01, NFMS/C-Sn0.03, and NFMS/C-Sn0.05 electrodes was tested at 5 C and 10 C (Fig.
4d-f). The NFMS/C-Sn0.03 cathode exhibits the highest reversible capacity of 77.5 mAh g at 5 C
and 75.0 mAh g! at 10 C, with an excellent capacity retention of 91.6% after 1500 cycles and 88.3%
after 2000 cycles, respectively. Moreover, when the mass loading was elevated to ~ 7 mg cm™, the
NFMS @ C-Sn0.03 cathode exhibits a discharge specific capacity of 74.0 mAh g™' at 5 C (Fig. S10).

In addition, Fig. 4g and Fig. S11 show the electrochemical performance of the materials at low
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temperatures. At —5 °C, the voltage platforms of NFS/C, NFMS/C, and NFMS/C-Sn003cathodesoat oA
0.1 C showed similar performances, with capacity retention (based on the reversible capacity at room
temperature) of 77.8%, 80.3%, and 95.5%, respectively. When the temperature drops to —15 °C, only
the NFMS/C-Sn0.03 cathode could remain a distinct voltage platform, with a capacity retention (based
on the reversible capacity at room temperature) of 88.4%. By contrast, the capacity retention of NFS/C
and NFMS/C cathodes is 30.6% and 56.4%, respectively. Even at 1 C, the NFMS/C-Sn0.03 cathode
has a reversible capacity of 70.6 mAh g! at =5 °C and 57.8 mAh g ! at —15 °C, with a remarkable
capacity retention of 93.9% after 1000 cycles and 85.5% after 700 cycles, respectively. The better low-
temperature performance of NFMS/C-Sn0.03 could be attributed to the enhanced electrochemical
performance of NFMS/C-Sn0.03 cathode with higher Na* diffusion coefficient and increased Na—O
bond lengths than that of NFS/C and NFMS/C. The outstanding rate performance and remarkable
capacity at low temperatures of theNFMS/C-Sn0.03 electrode are superior to those reported for
comparable cathode materials (Table S5). Furthermore, at 45 °C, the NFMS/C-Sn0.03 electrode
exhibits higher reversible capacity (78.7 mAh g™!) and better capacity retention (86.7% after 500 cycles

at 5 C) than that of the NFS/C and NFMS/C electrodes at the same C-rates (Fig. S12).
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Fig. 4 Electrochemical performance of NFS/C, NFMS/C, NFMS/C-Sn0.01, NFMS/C-Sn0.03, and NFMS/C-Sn0.05.
(a) First charge/discharge cycle at 0.1 C, (b) rate performance at different current rates of all samples. (c) CV curves
at a scan rate of 0.1 mV s™! in the voltage window of 2-4.5 V of NFS/C, NFMS/C, and NFMS/C-Sn0.03. (d-f) Long
cycling stability and charge/discharge curves at 5 C and 10 C, (g) Long cycling stability at 1 C with a low temperature
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of -5 °C of all samples.

To evaluate the beneficial effects of Mg/Sn co-doping on the electrochemical performance of the
NFS cathode material, XPS surface analysis was conducted on the cycled NFS/C, NFMS/C, and
NFMS/C-Sn0.03 electrodes (Fig. S13). The detail spectrum in the C 1s region of three electrodes (Fig.
5a) contains four peaks from Super P, PVDF binder, and decomposition of electrolyte solvent, which
can be attributed to C—C (284.8 eV), C—0 (286.4 eV), C=0 (288.3 eV), and O—C=0 (290.5 eV) bonds
respectively.’! Fig. 5b shows the high-resolution O 1 s spectrum of three cathodes, which can be fitted
to three distinct peaks of Na KLL (536.5 ¢V), C—0 (533.3 ¢V), and C=0 (532.0 e¢V) bonds.>> Notably,
the signals from C—O (286.4 ¢V) and C=0 (288.3 ¢V) bonds of NFMS/C-Sn0.03 cathode are weaker

than those of NFS/C and NFMS/C cathodes, indicating a thinner CEI film and decreased parasitic
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reactions between electrolyte and NFMS/C-Sn0.03 cathode.’3->¢ The surface roughnéss andsYeoungs e
modulus of NFS/C and NFMS/C-Sn0.03 electrodes were tested by AFM (Fig. S14). The arithmetic
average roughness (Ra) of the NFMS/C-Sn0.03 electrode is 241 nm, which is smaller than that of
NFS/C electrode (316 nm), indicating a more uniform structure. Moreover, Fig. S14c and S14d shows
the Young's modulus images of two electrodes. The average modulus of NFMS/C-Sn0.03 electrode is
1.63 GPa, which is significantly higher than that of NFS/C electrode (1.13 GPa). This indicates that
NFMS/C-Sn0.03 electrode exhibits higher mechanical strength, which is in accordance with the
relatively low abundance of organic species within the CEI layer.>”>8

To investigate the kinetic properties of prepared materials, the CV test of NFS/C, NFMS/C, and
NFMS/C-Sn0.03 electrodes were executed at scan rates (denoted by v) of 0.1, 0.2, 0.3, 0.4, 0.6, 0.8,
and 1.0 mV s! in the potential window of 2-4.5 V (vs. Na*/Na). Notably, the cells were pre-scanned
at 0.2 mV s™! for three cycles to ensure accuracy. As the scan rate increases, the peak current value (Z,)
of the redox peak increases, with the oxidation/reduction peak slightly shifting to a high/low potential
(Fig. 5c and Fig. S15).° Fig. 5d and c exhibit linear fitting results of /, and the square root of the scan
rate (v'?), indicating that the redox reaction of three electrodes is a diffusion-dominated process.>® The
following equation explains the relationship between I, and v'/2:

I, = 2.69 X 10°n3/2ADV/2Cpyyv?/?
where n is the number of electrons involved in the redox process, A is the total electroactive surface
area, D and Cy, represent the diffusivity (cm? s™!) and concentration (mol cm™3) of the redox active
species, respectively, and v indicates the scan rate during CV tests. The largest slope values
corresponding to the redox peaks of NFMS/C-Sn0.03 indicate the higher Na* diffusion coefficient and
faster reaction kinetics.%” In addition, GITT is utilized to further understand the effect of Mg/Sn co-
doping on Na* diffusion kinetics (Fig. 5f and Fig. S16). The half-cells were charged/discharged at 0.1
C for 10 min, followed by a relaxation of 30 min to reach a voltage equilibrium (Fig. S17). The
calculation equation for Na* diffusion coefficients (D yq+) is as follow:
4 (mBVB>2(AES

nt \ MgS / \AE,

In the above equation, t, mg, Vg, Mg, S, AEs, AE,, and L are the constant current pulse time, the

2
DNa+ = ) (T < LZ/DNa+)

mass of the active material, molar volume, molecular weight, electrode-electrolyte interface area, the
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difference between two consecutive stable voltages after relaxation, the total changeofeeliovsitage:sa
during a constant current pulse excluding the IR drop, and the thickness of the electrode. As shown in
Fig. 5g, the Dyg4+values of NFMS/C-Sn0.03 are evidently higher than that of NFS/C and NFMS/C,
indicating enhanced Na* diffusion kinetics.®! EIS were employed for NFS/C, NFMS/C, and NFMS/C-
Sn0.03 cathodes after 500 cycles at 5 C. The Nyquist plots of three cathodes under a fully charged
state consist of two deformed semicircles in the high-to-medium frequencies and a sloped line in the
low-frequency region (Fig. Sh). They can be fitted by the fitting equivalent circuit composed of
solution impedance (R;), conductive interface impedance (Ry), charge transfer impedance (R), and
Na* diffusion impedance in Warburg region (Z,,).9> Notably, the R  of the NFMS/C-Sn0.03 sample is
55.8 Q, which is smaller than that of NFS/C (95.8 Q) and NFMS/C (67.9 Q), indicating improved
Na'/e™ charge transfer efficiency.?* The relationship between Z' and o7 is displayed in Fig. S18. The
smallest o value for NFMS/C-Sn0.03 indicates the fastest Na* diffusion kinetics,%, which is consistent

with the results of CV and GITT.
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Fig. 5 (a and b) XPS spectra of NFS/C, NFMS/C, and NFMS/C-Sn0.03 electrodes after 3 cycles at 0.1 C. (c-e) CV
curves at scan rates of 0.1-1 mV s! at the voltage window of 2.0-4.5 V (vs. Na*/Na) and linear fitting at the
oxidation/reduction peak for CV test, (f) GITT curve at 0.1 C, (g) calculated Na* diffusion coefficients, (h) EIS test
results of NFS/C, NFMS/C, and NFMS/C-Sn0.03 samples.

To evaluate the practical applications for SIBs, we coupled the prepared NFMS/C-Sn0.03 cathode
with a commercial hard carbon (HC) anode to assemble a sodium ion full cell (NFMS/C-Sn0.03|[HC).
The electrochemical evaluation of HC anode in half cell is shown in Fig. 6a and Fig. S19. Fig. 6b and
¢ exhibit the charge-discharge curves of NFS/C||HC, NFMS/C|HC, and NFMS/C-Sn0.03|[HC full cells
in the voltage range of 2-4.3 V at 0.1 C and 5 C, respectively. The initial discharge-specific capacity
of NFMS/C-Sn0.03|/[HC is 81.1 mAh g ! at 0.1 C and 76.5 mAh g™! at 5 C, with an average discharge
voltage of 3.54 V and 3.46 V, respectively. The rate performance of three full cells is illustrated at the

current rates of 0.1, 0.5, 1, 2, 5, 10, 20, 30, and 50 C (Fig. 6d). The NFMS/C-Sn0.03||HC full cell
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exhibits the best capacity retention at each rate, with a discharge-specific capacity ofo7 1040&ieb'§928164

mAh g !at 10 C and 50 C, respectively. Furthermore, the NFMS/C-Sn0.03|[HC full cell could maintain
a capacity retention of 89.9% after 4000 cycles and a high energy density of 264.7 Wh kg™! (based on
the cathode mass) at 5 C, with an average coulombic efficiency of ~ 99.8% (Fig. 6e). The outstanding
electrochemical performance achieved in full cells further validates the feasibility of NFMS/C-Sn0.03

as a promising cathode material for SIBs.
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Fig. 6 (a) Charge-discharge curves of HC and NFMS/C-Sn0.03 half-cell. (b and c) Charge-discharge curves of
NFS/C|HC, NFMS/C|HC, and NFMS/C-Sn0.03||HC full cells at 0.1 C and 5 C. (d) Rate performance at different
current rates, (e) Long cycling stability at 5 C of NFS/C||HC, NFMS/C||HC, and NFMS/C-Sn0.03||HC full cells.

4. Conclusion

In summary, the unique carbon-coated and Mg/Sn co-doped Na, 45(Fe.s0Mgo.03S10.04)1.76(SO4)3 was
successfully achieved for the modification of NFS cathode materials by a designed spray-drying and
solid-phase synthesis approach. The prepared Na, 45(FeggoMgo.035n0.04)1.76(SO4)3 (NFMS/C-Sn0.03)
cathode exhibits an outstanding discharge-specific capacity of 77.5 at 5 C, with a capacity remaining
of 91.6% after 1500 cycles. In addition, the NFMS/C-Sn0.03 cathode could maintain a capacity
retention (0.1 C, based on the reversible capacity at room temperature) of 95.5% at —5 °C and 88.4%
at—15 °C, with a remarkable capacity retention of 93.9% after 1000 cycles and 85.48% after 700 cycles,
respectively. Furthermore, NFMS/C-Sn0.03|[HC full cell shows excellent discharge-specific capacity
of 81.8 mAh g! at 0.1 C and remarkable long-cycle stability (capacity retention of 89.9% after 4000
cycles at 5 C). The Rietveld XRD results show that the average S—O bond length of the NFS cathode

- 100

—

~
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decreases after Mg/Sn co-doping, which results in remarkable cycling stability. The,GIT T did ELS, x
results confirm that the substitution of Mg and Sn could improve the Na* diffusion coefficient and
electrical conductivity, leading to enhanced rate performance. This work proposes a promising co-

doping strategy for achieving practical SIBs with a wide working temperature range.
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