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ABSTRACT 

Alluaudite-type Na2 Fe2 (SO4 )3 has emerged as a promising cathode material for sodium-ion batteries (SIBs) owing to its high 
operating voltage ( ∼ 3.80 V vs. Na+ /Na). Nevertheless, its practical rate performance is hindered by the sluggish Na+ transport. 
In this work, we realized the synergetic elongation of Na2 ─O/Na3 ─O bonds to widen the sodium ion transport channels by Ca, 
Mn, Cu co-doping. Specifically, Ca doping induced the elongation of the Na2 ─O5 and Na2 ─O5 ’ bonds; Mn doping resulted in 
the extension of the Na2 ─O1 bond; and Cu doping led to the increase in the Na3 ─O4 and Na3 ─O4 ’ bond lengths. Strikingly, the 
optimized Na2 Fe1.9 Ca0.03 Mn0.035 Cu0.035 (SO4 )3 exhibits ultrafast sodium ion diffusion coefficient in the range of 10− 10 to 10− 8 cm2 

⋅s− 1 , 
which is the highest one among the Na2 Fe2 (SO4 )3 cathode up to date. Density functional theory (DFT) calculations confirm that 
co-doping can reduce the Na+ migration barrier. The sodium ion half-cell using this co-doped cathode delivers excellent rate 
capability (97, 80, and 69 mAh ⋅g− 1 at 0.1, 1.0, and 3.0 A ⋅g− 1 , respectively) and excellent cycling stability of 5000 cycles. Our work 
provides new insights on the structural evolution of Na2 ─O/Na3 ─O bonds by multiple metallic cations substitution of Fe-site in 
Na2 Fe2 (SO4 )3 to realize high sodium ion transport kinetics. 
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 Introduction 

odium-ion batteries (SIBs) are considered promising candidates
or large-scale energy storage devices due to their low cost
nd excellent stability [ 1–5 ]. The mainstream cathode materials
or SIBs primarily include Prussian blue analogs (PBAs) with
pen three-dimensional frameworks, layered metal oxides with
unable interlayer spacing, and polyanionic-type compounds.
mong them, PBAs feature a robust cubic framework with
arge ion channels, enabling fast Na+ insertion/extraction, while
ayered oxides deliver high specific capacity [ 6–8 ]. In particular,
2026 Wiley-VCH GmbH 
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Fe-based sodium iron sulfates have gained significant attention
as promising cathode materials for SIBs owing to the nontoxicity
and abundance of Fe [ 9–11 ]. As first reported by Yamada in
2014 [ 12–14 ], the alluaudite-typed iron-based sodium sulfate,
Na2 Fe2 (SO4 )3 , shows Na+ storage behavior with a high operating
voltage ( ∼ 3.80 V vs. Na+ /Na) and a competitive theoretical capac-
ity (120 mAh ⋅g− 1 ) [ 15, 16 ]. The Na2 Fe2 (SO4 )3 crystal is composed
of the corner-sharing linkage of [FeO6 ] octahedra and [SO4 ]
tetrahedra (Scheme 1 ), and its Na+ storage ability originates from
an open framework with tunnel-type Na+ migration channels
along the c -axis [ 12–14, 17, 18 ] Theoretically, the migration of Na
1 of 11
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SCHEME 1 (a) Crystal structure of alluaudite-typed Na2 Fe2 (SO4 )3 and multiple cations co-doped Na2 Fe2 (SO4 )3 to illustrate the one-dimensional 
Na+ migration channel along the c -axis. (b) Sizes of the Na2 and Na3 channels of NFS and co-doped-NFS. In the figure, the dark blue octahedra represent 
FeO6 , the yellow octahedra represent CaO6 , the red octahedra represent MnO6 , the purplish-red octahedra represent CuO6 , the green tetrahedra 
represent SO4 , the yellow spheres represent Na, and the red spheres represent O. Within the alluaudite-type Na2 Fe2 (SO4 )3 framework (general formula 
AA ’ BM2 ( X O4 )3 , A = Na2 , A ′ = Na3 , B = Na1 , M = Fe, and X = S), three distinct sodium ion sites are present: the Na1 site is fully occupied albeit with 
no open channels for migration, while the Na2 and Na3 sites are partially occupied with tunnels for one-dimensional migration along the c -axis. Na2 
is coordinated to three oxygen atoms via Na2 ─O1 , Na2 ─O5 , and Na2 ─O5 ’ bonds, while Na3 is coordinated to two oxygen atoms through Na3 ─O4 and 
Na3 ─O4 ’ bonds [ 12–14, 17, 18, 32 ]. 
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ons within iron sulfate crystals depends on the gaps between the
olyhedral (e.g., [FeO6 ] octahedra and [SO4 ] tetrahedra) [ 19, 20 ].
uring migration, Na+ is hindered by electrostatic repulsion from
djacent cations and electrostatic attraction induced by highly
lectronegative SO4 

2 − . These effects lead to sluggish Na+ trans-
ort kinetics and unsatisfactory electrochemical performance
n sodium-ion full batteries [ 21–23 ]. Realizing ultrafast Na+
ransport kinetics in alluaudite-type iron-based sulfates remains
 great challenge due to their structural limitations [ 24, 25 ]. 

ecent progress demonstrates that crystal structure modulation
f sodium iron sulfate is an effective pathway to enhance
ts electrochemical performance [ 19, 26–28 ]. Typically, Cao
t al. [ 26 ] reported a phosphate radical (PO4 

3 − ) substitution in
a2 Fe2 (SO4 )3 to alleviate the Coulombic repulsion between Fe
ons and Fe ions. The introduction of PO4 

3 − can enhance Na-
on/electron transport kinetics, minimize volume change and
nsure a stable framework. Chen et al. [ 19 ] recently developed
 Mg-substituted sodium iron sulfate using a cation-inspired
trategy. They reported that the substituted [MgO6 ] octahedra
of 11
feature stronger covalent bonding interactions and provide wider
gap channels for Na+ transport within the crystals. Based on these
pioneering works, we consider whether multiple cations could be
simultaneously doped into the Na2 Fe2 (SO4 )3 crystal to substitute
Fe sites and achieve a synergetic modulation effect. However,
up to date, there are no fundamental studies on multi-cation
substitution in sodium iron sulfate, and a deep understanding of
the synergetic mechanism is still lacking to effectively address the
sluggish Na+ transport kinetics for this promising SIBs cathode. 

Our group previously developed a series of structural mod-
ulation on phosphate-based polyanion compounds (such as
VOPO4 ⋅2H2 O, Na4 VMn(PO4 )3 ) for high-performance aqueous
energy storage [ 29–31 ]. Based on this, herein we carried out a
systematic study on the structural modulation of Na2 Fe2 (SO4 )3 
through multiple cations substitution strategy to significantly
expand Na+ ion diffusion pathways. After a systematical study
on the effect of Ca, Mn, Cu, Mg, Al, Ti, V, Co, Ni, Zn single-
element doping, the optimal Ca, Mn, Cu species were success-
fully introduced into the Na2 Fe2 (SO4 )3 host to form a uniform
Small Methods, 2026
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a2 Fe1.9 Ca0.03 Mn0.035 Cu0.035 (SO4 )3 solid solution. The co-doping
f these three cations induced distinct variations in the lengths
f the Na ─O bonds. Specifically, the bond length increments ( Δ)
or co-doped-NFS are ∆Na2 ─O1 = 0.0071 Å, ∆Na2 ─O5 = 0.0056
, ∆Na2 ─O5 ’ = 0.0054 Å, ∆Na3 ─O4 = 0.0119 Å, and ∆Na3 ─O4 ’
 0.0203 Å (Scheme 1 ). The synergetic expansion of Na2 ─O1 ,
a2 ─O5 , Na2 ─O5 ’, Na3 ─O4 , and Na3 ─O4 ’ bond leads to a widen-
ng of Na+ migration channels, thereby remarkably enhancing
he Na+ diffusion coefficients ranging from 10− 10 to 10− 8 cm2 

⋅s− 1 ,
hich represent the highest values as-reported for sodium iron
ulfate so far. DFT calculations further confirm the significant
eductions in Na+ migration energy barriers, the broadening of
ransport channels, enhanced density of states intensity near
he Fermi level, and weakened Na+ adsorption interaction with
he material surface. Benefiting from the advance, the resulting
a2 Fe1.9 Ca0.03 Mn0.035 Cu0.035 (SO4 )3 delivers a high energy density
f 354.1 Wh ⋅kg− 1 at 0.1 A ⋅g− 1 and excellent rate capability (97,
0, and 69 mAh ⋅g− 1 at 0.1, 1.0, and 3.0 A ⋅g− 1 , respectively). It
lso demonstrates excellent cycling stability over 5000 cycles. The
s-assembled Na2 Fe1.9 Ca0.03 Mn0.035 Cu0.035 (SO4 )3 //hard carbon
ull-cell delivers a high energy density of 248.0 Wh ⋅kg− 1 with a
ischarge plateau of 3.10 V and a specific capacity of 80 mAh ⋅g− 1
t 0.1 A ⋅g− 1 . 

 Results and Discussion 

.1 Na ─O Bond Evolution 

n our work, Ca, Mn, Cu, Mg, Al, Ti, V, Co, Ni and Zn were
elected as single-doping elements as their ionic radii are close
o that of Fe2 + ions (Table S1 ). Highly crystalline Na2 Fe2 (SO4 )3
denoted as NFS) and a series of 5 atom % single-doped samples
Na2 Fe1.9 M0.1 (SO4 )3 , where M = Ca, Mn, Cu, Mg, Al, Ti, V, Co,
i, Zn, denoted as M-NFS, etc.) were synthesized via a simple
ow-temperature calcination process of the precursors at 350◦C
nder an atmosphere containing 5 vol% H2 in Ar [ 33 ]. As shown
n Figures S1–S3 , all single-doped samples show powder x-ray
iffraction (PXRD) patterns similar to those of NFS without any
mpurity peaks. 

o elucidate the evolution of Na ─O bonds length at the Na2
nd Na3 sites and the crystal volume induced by various cations
opants in Na2 Fe2 (SO4 )3 , Rietveld refinement was performed on
XRD data of all of the aforementioned samples, which provides
ey insights into the local coordination environments of Na
ites and their corresponding Na ─O bond lengths. The weighted
rofile R-factors ( Rwp ) and goodness-of-fit ( GOF ) parameters for
ll refined samples fall within reasonable ranges, verifying the
igh reliability of the refinement results (Figures S1–S3 and Table
2 ). The refinement results reveal a remarkable change on Na ─O
ond length by Ca, Mn, Cu doping as follows (Figure 1 , Table 1 ,
able S3 ): (1) Ca doping exerts the strongest effect in lengthening
he Na2 ─O5 and Na2 ─O5 ’ bonds ( ∆Na2 ─O5 : 0.0094 Å, ∆Na2 ─O5 ’:
.0061 Å); (2) Mn doping induces the most significant elongation
f the Na2 ─O1 bond ( ∆Na2 ─O1 : 0.0102 Å); (3) Cu doping leads to
he largest increase in the bond lengths of Na3 ─O4 and Na3 ─O4 ’
 ∆Na3 ─O4 : 0.0143 Å, ∆Na3 ─O4 ’: 0.0222 Å). Meanwhile, (Figure
4 , Tables S4 and S5 ), the lattice parameter b and c of Mn-
FS increased owing to the elongation of Na2 ─O1 bond ( ∆b :
.0045 Å, ∆c : 0.0010 Å). Such results are also confirmed in the
mall Methods, 2026
Ca-NFS and Cu-NFS samples, which exhibit elongated a and c
lattice parameters (Ca-NFS: ∆a : 0.0070 Å, ∆c : 0.0040 Å; Cu-NFS:
∆a : 0.0010 Å, ∆c : 0.0010Å). However, we cannot observe such
an obvious increase on Na2 ─-O/Na3 ─O bond length by other
metallic cations doping. Even a shrinkage of the Na2 ─O/Na3 ─O
bond was detected in some case of the introduction of Mg, Al,
Ti, V, Co, Ni, Zn substitution (Figure 1a , Table 1 , Table S3 ).
Accordingly, the single-element doping results identify the Ca,
Mn, Cu is the optimal dopant to enlarge the size of Na+ transport
channel. 

Let us consider why this Ca, Mn, Cu doping results in such
a remarkable increase on Na ─O bond length. Since the ionic
radii of Ca2 + and Mn2 + ion are larger than that of Fe2 + ion
(Table S1 ), their incorporation into the Na2 Fe2 (SO4 )3 lattice by
occupying Fe sites may serve to expand the crystal structure.
This doping behavior may directly expand the local coordination
environment of the lattice, which induces an increase in unit
cell volume and the elongation of Na ─O bond lengths [ 34–36 ].
In the case of Cu2 + ion, which possesses higher electronegativity
than Fe2 + (Table S1 ), its stronger electron-withdrawing ability
may enhance the attraction toward coordinated oxygen atoms,
thereby further triggering the compensatory elongation of the
Na ─O bonds surrounding the [CuO6 ] octahedra [ 37, 38 ]. For
other ions (e.g., Mg2 + , Ni2 + , Al3 + , Ti4 + , V3 + , Co2 + and Ni2 + ions),
either the ion radii or electronegativities are lower than those
of Fe2 + , further restricting their ability to stretch these bonds.
Thus, the ion radii and electronegativities of the as-doped metallic
cations play a crucial role in the Na ─O bond length regulation in
alluaudite-typed Na2 Fe2 (SO4 )3 . 

2.2 The Co-Doping of Ca, Mn, Cu 

Guided by the conclusions from the single-element doping result,
we further designed a Ca, Mn, Cu co-doped sample (denoted as
co-doped-NFS) using the same calcination method. As shown
in Figure 2a , co-doped-NFS sample also crystallizes in the same
monoclinic system with the C2/c space group as pristine sample.
All of the diffraction peaks that can be well indexed to the
alluaudite phase (JCPDS No. 04-026-2145) without any impurity
peaks Furthermore, scanning electron microscopy (SEM) obser-
vation indicates that co-doped-NFS mainly exhibits a particle-like
morphology, similar to that observed in pristine NFS and the
single-doped samples (Figure 2b ; Figures S5–S7 ). N2 adsorption-
desorption measurement indicates a slight increase of specific
surface area from pristine 6.40 to 9.63 m2 

⋅g− 1 after co-doping
(Figure S8 ). Transmission electron microscopy (TEM) image in
Figure S9 indicates the size of the particle ranges in 1–3 µm (Sup-
porting Information). High-resolution TEM (HRTEM) images of
the pristine NFS exhibits clear lattice fringes, with interplanar
spacings of 2.48 and 2.87 Å corresponding to the (112) and (002)
planes, respectively. In contrast, the (112) and (002) interplanar
spacings of the co-doped-NFS sample increase to 2.53 and 2.93
Å, respectively, and the expansion of the interplanar spacings
confirms that the co-doping strategy successfully induces lattice
expansion. Energy-dispersive x-ray spectroscopy (EDS) mapping
(Figure 2c ; Figure S10 ) demonstrates uniform distribution of
Na, S, O, Fe, Ca, Mn, and Cu elements in co-doped-NFS. X-ray
photoelectron spectroscopy (XPS) was employed to characterize
the valence state of Fe and further verify that Ca, Mn, and
3 of 11
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FIGURE 1 (a) The discrepancy ( Δ bond length) of Na2-O/Na3-O bond length in alluaudite-typed Na2 Fe2 (SO4 )3 by Ca ─, Mn ─, Cu ─, Mg ─, Al ─, 
Ti ─, V ─, Co ─, Ni ─, and Zn doping. (b) Schematic illustration of the Na ─O bond coordination environment after Ca, Mn, Cu doping, respectively. 

TABLE 1 The discrepancy in Na2 ─O1 , Na2 ─O5 , Na2 ─O5 ’ Na3 ─O4 , and Na3 ─O4 ’ bond lengths between pristine NFS and 5 atom % single-doped 
samples (Ca ─, Mn ─, Cu ─, Mg ─, Al ─, Ti ─, V ─, Co ─, Ni ─, Zn ‑NFS) obtained from PXRD Rietveld refinement. (Na2 Fe1.9 M0.1 (SO4 )3 , where M = Ca, Mn, 
Cu, Mg, Al, Ti, V, Co, Ni, and Zn). 

Sample ∆Na2 ─O1 (Å) ∆Na2 ─O5 (Å) ∆Na2 ─O5 ’ (Å) ∆Na3 ─O4 (Å) ∆Na3 ─O4 ’ (Å) 

Ca-NFS 0.0036 0.0094 0.0061 0.0027 0.0073 
Mn-NFS 0.0102 0.0012 0.0014 0.0052 0.0083 
Cu-NFS − 0.0019 0.0027 0.0045 0.0143 0.0222 
Mg-NFS − 0.0055 − 0.0141 − 7E-4 − 0.0034 − 0.0065 
Al-NFS − 0.0077 − 0.0142 − 0.0031 − 0.0100 − 0.0137 
Ti-NFS − 0.0092 − 0.0165 − 5E-4 − 0.0121 − 0.0203 
V-NFS − 0.0091 − 0.0172 0.0000 − 0.0129 − 0.0097 
Co-NFS − 0.0020 − 0.0132 2E-4 0.0063 0.0080 
Ni-NFS − 0.0068 − 0.0162 2E-4 0.0091 0.0073 
Zn-NFS − 0.0051 − 0.0108 − 0.0011 − 0.0039 − 0.0037 
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u dopants were successfully incorporated into the alluaudite-
ype Na2 Fe2 (SO4 )3 lattice (Figure S11 ). The high-resolution Fe 2p
pectrum of the co-doped sample shows distinct peaks at 711.3
nd 724.9 eV, assigned to the 2p3/2 and 2p1/2 orbitals of Fe2 + ,
espectively. The energy difference between these two peaks ( ΔE
of 11
= 13.6 eV) is consistent with the spin-orbit splitting energy of
Fe2 + . In addition, peaks corresponding to the 2p3/2 and 2p1/2 
orbitals of Fe3 + appear at 715.0 and 728.8 eV, which may result
from the partial oxidation of Fe2 + during synthesis. In the Ca 2p
spectrum, the 2p3/2 and 2p1/2 peaks of Ca2 + are located at 347.9
Small Methods, 2026
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FIGURE 2 (a) XRD Rietveld refinement profile of co-doped-NFS. The corresponding (b) SEM image. (c) TEM-EDS mappings. (d) Radar chart 
to show the Na ─O bond length changes by Ca, Mn, Cu substitution. (e) Radar chart to show the corresponding lattice parameter evolution. (f) Fe K - 
edge XANES spectra. (g) Experimental Fe K -edge R -space EXAFS spectra and fitted curves for NFS and co-doped-NFS. Inset: Schematic of the bonding 
between Fe, O, and Na atoms. (h,i) Wavelet transform plots of pristine NFS and co-doped-NFS. 
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nd 351.4 eV, respectively. For the Mn 2p spectrum, the 2p3/2 and
p1/2 peaks of Mn2 + appear at 642.7 and 652.0 eV, with a satellite
eak of Mn2 + observed at 647.2 eV. In the Cu 2p spectrum, the
p3/2 and 2p1/2 peaks of Cu2 + are situated at 932.7 and 952.4 eV,
espectively. These results confirm the successful doping of Ca2 + ,
n2 + , and Cu2 + . Additionally, elemental analysis by inductively
oupled plasma atomic emission spectroscopy (ICP-AES, Figure
12 ). identifies that the actual atomic ratio of Fe: Ca: Mn: Cu in
he co-doped sample was determined to be 19.69: 0.29: 0.37: 0.40,
hich is in good agreement with the designed stoichiometric ratio
f 19.00: 0.30: 0.35: 0.35, corresponding to the target composition
a2 Fe1.9 Ca0.03 Mn0.035 Cu0.035 (SO4 )3 . 

ubsequently, Rietveld refinement was performed on the PXRD
ata of the Ca, Mn, Cu co-doped sample to extract Na ─O bond
engths and lattice parameters (Figure 2a,d,e , Table S6 ). As shown
n Figure 2d,e , co-doping with Ca2 + , Mn2 + and Cu2 + results in
ynergistic elongation, simultaneously increasing Na ─O bond
engths at both Na2 and Na3 sites as well as the a , b , c lattice
arameters, as an overlapping effect of single doping [ 39–41 ].
ignificantly, the bond length increments ( Δ) for co-doped-NFS
re ∆Na2 ─O1 = 0.0071 Å, ∆Na2 ─O5 = 0.0056 Å, ∆Na2 ─O5 ’ =
mall Methods, 2026
0.0054 Å, ∆Na3 ─O4 = 0.0119 Å, and ∆Na3 ─O4 ’ = 0.0203 Å.
Correspondingly, the lattice parameter expansions relative to NFS
are ∆a = 0.0050 Å, ∆b = 0.0025 Å, and ∆c = 0.0050 Å. Such a
lattice expansion effectively widens the Na+ migration channels
along the c -axis in the Na2 Fe2 (SO4 )3 crystal (Scheme 1b ), thereby
facilitating ion transport pathways that involve both Na2 and
Na3 sites and weakening the electrostatic resistance encountered
during Na+ migration [ 42 ]. 

To further validate these structural evolution, synchrotron-based
x-ray absorption fine structure (XAFS) measurements were con-
ducted on both NFS and co-doped NFS samples. It is difficult to
obtain Na K-edge x-ray absorption near edge structure (XANES)
spectra due to its unsuitable energy. However, we can gain
some Na ─O bond information from the Fe ─O bond evolution
trend based on Fe K-edge absorption. As shown in Figure 2f ,
the binding energies of both the pristine NFS and co-doped
NFS samples fall in the range between that of elemental Fe
(7112.0 eV) and Fe2 O3 (7120.0 eV), which is consistent with
the characteristic binding energy of Fe2 + /3 + . This finding is in
good agreement with the Fe2 + /3 + valence state derived from XPS
characterization. Compared with pristine NFS, the interatomic
5 of 11
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istance between Fe and O in co-doped NFS decreases slightly
Figure 2g , Table S7 ), which is in agreement with the wavelet
ransformed extended x-ray absorption fine structure (EXAFS)
esults in Figure 2h,i . Consistently, the average Fe ─O bond length
as found to decrease by approximately 0.04 Å after co-doping
n PXRD Rietveld refinement, which is fully agreement with
he EXAFS measurements. Furthermore, the Fourier-transform
nfrared (FTIR) spectra (Figure S13 ) also show a shift of the S ─O
tretching mode to a higher wavenumber in co-doped-NFS (co-
oped-NFS: 988.8 vs NFS: 987.4 cm− 1 ), suggest an increase on S ─O
ond energy. Combined with the aforementioned lattice volume
xpansion after co-doping, the shorted Fe ─O and the increased
 ─O bond energy as evident by XAFS and FITR spectra further
alidate the successful elongation of Na2-O and Na3-O bonds in
ur alluaudite-typed Na2 Fe2 (SO4 )3 [ 43 ]. 

.3 Greatly Enhancement on Sodium Ion 

ransport Kinetics 

s mentioned above, the multi-cations co-doping strategy can
longate the Na ─O bond lengths and lead to lattice expansion.
o further validate the enhancement on the Na+ transport ability
f co-doped-NFS, galvanostatic intermittent titration technique
GITT) measurements were conducted to investigate the Na+
iffusion kinetics during the charge and discharge processes. As
hown in Figure 3a,b ; Figures S14–S16 , the Na+ diffusion coeffi-
ients of co-doped-NFS (10− 10 to 10− 8 cm2 

⋅s− 1 ) are significantly
igher than those of NFS (10− 11 to 10− 9 cm2 

⋅s− 1 ). This improve-
ent by orders of magnitude indicates more efficient Na+ inter-
alation and deintercalation kinetics within the co-doped-NFS
ramework, suggesting superior electrochemical performance. A
omparison with previously reported data (Figure 3b ) further
onfirms that the co-doped NFS electrode exhibits markedly
nhanced Na+ migration capability, offering distinct advan-
ages for fast-charging and fast-discharging battery applications
 19, 26, 44–49 ]. 

FT calculations were performed to elucidate the Na+ migration
arriers and transport pathways after multi-cations doping. As
hown in Figure 3c,d , DFT calculations of the migration barriers
or Na+ hopping between different sodium sites (Na1 →Na1 ,
a2 →Na2 , see inset images in Figure 3c,d ) revealed that the
nergy barriers in co-doped-NFS are consistently lower than
hose in NFS. Specifically, the Na2 →Na2 migration barrier in co-
oped-NFS is 0.33 eV, compared 0.38 eV in NFS. Similarly, the
arrier for Na3 →Na3 migration decreases from 0.34 eV in NFS to
.30 eV in co-doped-NFS. More importantly, we further verified
he widening of Na+ migration channels via DFT calculations.
igure 3e reveals that the Na+ transport pathways for Na2 and
a3 in co-doped-NFS are wider than those in NFS, thereby facil-
tating more continuous and favorable routes for Na+ diffusion.
hese results conclusively demonstrates that the bond-tuning
echanism effectively broadens the Na+ migration channels. 

o further unravel the intrinsic mechanism by which the co-
oping strategy enhances sodium storage kinetics, we performed
FT calculations to analyze the electronic structure and Na+
dsorption behavior of the materials. As shown in Figure 3f ,
ompared with the pristine NFS, the co-doped NFS exhibits a
igher density of states near the Fermi level in the total density
of 11
of states (TDOS), indicating that doping effectively enhances the
metallic character of co-doped-NFS. The partial density of states
(PDOS, Figure S17 ) results reveal that the density of states of Fe
orbitals near the Fermi level is significantly enhanced after co-
doping, and the contributions of the introduced Ca, Mn, and Cu
orbitals further optimize the electronic structure. In addition, the
Na+ adsorption energy calculations (Figure 3g ) show that the
Na+ adsorption energy of pristine NFS is − 0.41 eV, while that
of the ternary co-doped NFS is increased to − 0.29 eV. Doping
weakens the strong electrostatic interaction between Na+ and
the material surface, facilitating the rapid deintercalation and
migration of Na+ . In summary, co-doped-NFS exhibits lower
Na+ migration barriers, broader migration channels, optimized
electronic structure and reduced adsorption energy for Na+ which
collectively contribute to the enhanced Na+ transport properties
[ 19, 28, 50 ]. 

2.4 Sodium-Ion Battery Performance 

Half-cells employing NFS and co-doped-NFS cathodes were eval-
uated using cyclic voltammetry (CV) and galvanostatic charge-
discharge (GCD) tests within a voltage range of 2.00–4.50 V. The
initial cycled CV curve of co-doped-NFS sample exhibits three
pairs of redox peaks (Figure S18 ). The sharp oxidation peak at
4.14 V (Peak 2) is attributed to Na+ extraction from Na1 and Na2
sites, likely due to the high migration barriers of Na+ at these
sites. Correspondingly, the sharp reduction peak at 3.76 V (Peak
3) reflects Na+ insertion into Na1 and Na2 sites. In contrast, the
broad peaks at 3.69 V (Peak 1) and 3.42 V (Peak 4) are associated
with desodiation/sodiation at the Na3 sites. During the oxidation
process, Fe2 + is oxidized to Fe3 + , while the reduction process
entails the conversion of Fe3 + back to Fe2 + . Simultaneously, vari-
able scan rate CV tests were performed on co-doped-NFS samples
with significantly reduced polarization. (Figure S19b ) To further
elucidate the enhanced Na+ migration kinetics, electrochemical
impedance spectroscopy (EIS) measurements were conducted. As
shown in Figure S20 , compared with the pristine NFS sample, the
co-doped-NFS electrode exhibits not only a significantly reduced
charge transfer resistance ( Rct ), but also a distinctly increased
diffusion slope corresponding to the Warburg impedance ( Wo )
in the low-frequency region. These findings confirm that the co-
doping strategy effectively enhances the Na+ diffusion kinetics
and charge transfer capability of the material, which is consistent
with the improved electrochemical performance observed in the
CV and GITT tests. 

The Na+ intercalation/de-intercalation mechanism of our co-
doped-NFS sample was conf irmed by the ex situ XRD characteri-
zations in a complete charge–discharge procedure, respectively
(Figure S21 ). Noticeably, the co-doped-NFS sample delivers a
discharge specific capacity of 97 mAh ⋅g− 1 , much higher than
the 83 mAh ⋅g− 1 of pristine NFS (Figure 4a ), which may be
attributed to the increased participation of Fe2 + /Fe3 + redox sites
and enhanced electronic conductivity after co-doping. Corre-
sponding to the distinct redox peaks observed in the CV curve
for co-doped-NFS, two charge plateaus (around 4.10 and 3.70
V) and two discharge plateaus (around 3.80 and 3.40 V) are
observed during the first cycle, which is well consistent with the
interpretation of the CV results. Thus, the as-designed co-doped-
NFS sample delivers a high energy density of 354.1 Wh ⋅kg− 1 owing
Small Methods, 2026
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FIGURE 3 (a) GITT profiles. (b) Comparison of Na+ diffusion coefficients with values reported in literature. (c,d) Comparison of the Na+ migration 
barriers between NFS and co-doped-NFS. Inset: Schematic illustration of Na+ migration. (e) Comparison of Na+ migration channels. (f) TDOS of NFS 
and co-doped-NFS. (g) Calculated Eads for a Na+ ion adsorbed of NFS and co-doped-NFS on the material surface. 
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o the enhanced capacity with well keeping the high operating
oltage simultaneously. Note the as-achieved energy density of
he co-doped-NFS sample exceeds most of the as-reported polyan-
onic cathode materials such as Na3 V(PO4 )2 in SIBs (Figure 4b ,
able S8 ) [ 51–65 ]. 

ore importantly, benefited by the ultrafast Na+ transport kinet-
cs, the half-cell using the co-doped NFS cathode demonstrated
xcellent rate-performance and cycling stability. It delivers a
eversible discharge specific capacities of 97, 80, and 69 mAh ⋅g− 1
t current densities of 0.1, 1.0, and 3.0 A ⋅g− 1 , respectively
Figure 4c ; Figure S22 ). The excellent reversibility was confirmed
y the capacity remaining at 94 mAh ⋅g− 1 when current density
educed to 0.1 A ⋅g− 1 . In contrast, NFS under the same conditions
hows sequentially declining capacities of 83, 38, and 13 mAh ⋅g− 1 .
he rate-capability of the co-doped NFS cathode at 3.0 A ⋅g− 1
mall Methods, 2026
is over five times higher than that of NFS (69 vs. 13 mAh ⋅g− 1 ).
Furthermore, Figure 4d,e and Figure S23 , the co-doped-NFS
exhibits outstanding cycling stability with a capacity retention
rates of 67% after 5000 cycles at 3.0 A ⋅g− 1 and 85% after 600
cycles at 0.1 A ⋅g− 1 , respectively. Figure 4e shows a comparison
of the lifespan obtained in our sample with other literature
[ 66–73 ]. 

To further evaluate the practical applicability of the co-doped-
NFS cathode material, a full cell was constructed by pairing it
with hard carbon anode (Figure S24 ). This co-doped-NFS//hard
carbon full cell exhibited a discharge plateau around 3.10 V and
achieved a reversible specific capacity of about 80 mAh ⋅g− 1 at a
current density of 0.1 A ⋅g− 1 , corresponding to a desirable energy
density of 248.0 Wh ⋅kg− 1 based on the cathode mass loading
of co-doped-NFS (Figure 4f ). The full cell delivered reversible
7 of 11
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FIGURE 4 (a) Charge/discharge profiles of NFS and co-doped-NFS at 0.1 A ⋅g− 1 . (b) Comparison of working voltage and specific discharge capacity 
among several polyanionic compounds. (c) Rate performance of half-cell. (d) Long-term cycling performance of half-cell. (e) Comparison of number 
of cycles and capacity retention with previously reported works. (f) Charge/discharge profiles of the co-doped-NFS//hard carbon coin full cell at 0.1 
A ⋅g− 1 . (g) Rate performance of coin full cell. (h) Long-term cycling performance at 1.0 A ⋅g− 1 of coin full cell. (i) Ragone plots illustrating the energy 
density/power density comparison between full battery and other literature. (j) Schematic diagram of the co-doped-NFS//hard carbon pouch cell. 
(k) Digital photograph of the co-doped-NFS//hard carbon pouch cell. 
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apacities of 80, 66, 57, 51, 43, and 38 mAh ⋅g− 1 at current densities
f 0.1, 0.3, 0.5, 0.7, 1.0, and 1.2 A ⋅g− 1 , respectively (Figure 4g ). Even
t a high current density of 1.0 A ⋅g− 1 , it retained about 54% of the
apacity measured at 0.1 A ⋅g− 1 . Notably, when the current density
as returned to 0.1 A ⋅g− 1 , the cell recovered a high capacity of ∼ 70
Ah ⋅g− 1 , exhibiting excellent rate reversibility. In addition, long-
erm cycling stability was evaluated. 500 cyclability at 0.1 A ⋅g− 1
as confirmed of the full cell as shown in Figure 4h . Ragone
lots in Figure 4i clearly display the advances of the sodium
on battery constructed from our co-doped-NFS cathode with the
ell balanced of energy density and power density compared
o the other SIBs in the literature [ 46, 74–77 ]. Notably, the as-
abricated pouch cell delivers an energy density of approximately
90.8 Wh ⋅kg− 1 (based on the total mass of electroactive materials)
nd can successfully drive an LED indicator (Figure 4j,k ; Figure
25 ), demonstrating its great potential for practical applications
 78–80 ]. 
of 11
3 Conclusion 

In summary, we systematically investigated the effect of Ca,
Mn, Cu, Mg, Al, Ti, V, Co, Ni, Zn single-element doping
in Na2 Fe2 (SO4 )3 and realized the synergetic elongation of
Na2 ─O/Na3 ─O bonds in Na2 Fe2 (SO4 )3 to widen the sodium
ion transport channel by Ca, Mn, Cu co-doping. Specifi-
cally, Ca doping induced the elongation of the Na2 ─O5 and
Na2 ─O5 ’ bonds; Mn doping resulted in the pronounced exten-
sion of the Na2 ─O1 bond; and Cu doping led to the increase
in the Na3 ─O4 and Na3 ─O4 ’ bond lengths. The optimized
Na2 Fe1.9 Ca0.03 Mn0.035 Cu0.035 (SO4 )3 exhibits ultrafast sodium ion
diffusion coefficient in the range of 10− 10 to 10− 8 cm2 

⋅s− 1 , which
is the highest one among the Na2 Fe2 (SO4 )3 cathode up to
date. DFT calculations reveal that Ca, Mn, Cu co-doping in
the alluaudite structure induces a considerable reduction in
the Na+ migration energy barrier and an enhancement in the
Small Methods, 2026
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lectronic density of states near the Fermi level. As a result,
a2 Fe2 (SO4 )3 delivers a high energy density of 354.1 Wh ⋅kg− 1 at
.1 A ⋅g− 1 and excellent rate capability (97, 80, and 69 mAh ⋅g− 1
t 0.1, 1.0, and 3.0 A ⋅g− 1 , respectively). It also demonstrates
xcellent cycling stability, retaining 69% of its capacity after 5000
ycles. The Na2 Fe1.9 Ca0.03 Mn0.035 Cu0.035 (SO4 )3 //hard carbon full-
ell delivered a high energy density of 248.0 Wh ⋅kg− 1 . This study
akes a breakthrough in the Na+ transport kinetics bottleneck
n Na2 Fe2 (SO4 )3 , and provides new insights on the structural
volution of Na2 ─O/Na3 ─O bonds by multiple metallic cations
ubstitution of Fe-site. 
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