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This study reports the first fabrication of a novel alluaudite-type iron-based sulfate cathode material, potassium sodium iron sulfate
(K1.66Na1.02Fe1.66(SO4)3, denoted KNFS), via electrochemical ion exchange for potassium-ion batteries (PIBs), demonstrating remarkable
electrochemical performance.
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ABSTRACT: Iron-based sulfates have emerged as promising cathode materials for potassium-ion batteries due to its low cost,
high working potential, and environmentally friendly. However, the relatively large ionic radius and sluggish diffusion coefficient of
K-ion pose significant challenges to the electrochemical performance and structural stability of cathode materials in PIBs. In this
work, we successfully synthesis a new iron-based sulfate cathode material, potassium sodium iron sulfate (K1.66Na1.02Fe1.66(SO4)3,
KNFS), through an electrochemical ion exchange method. As a cathode material, it exhibits a reversible specific capacity of 83
mAh g-1 and an average working potential of 3.84 V (vs. K/K+) at 0.1 C in PIBs. Even at 2 C, it still demonstrates a reversible
specific capacity of 52 mAh g-1 with a capacity retention ratio of 88.2 % after 300 cycles. The in-situ X-ray diffraction (XRD) and
ex-situ X-ray absorption spectroscopy reveal that the K-ion storage mechanism in KNFS is predominantly governed by the
reversible Fe3+/Fe2+ redox couple, which provides a theoretical specific capacity of 94 mAh g-1 and involves minimal volume
change (2.57 %). The first-principles calculations combined with XRD results indicate that the KNFS cathode exhibits a typical
alluaudite-type crystal structure with multiple fast K-ion migration channels along the three-dimensional orientation.

KEYWORDS: energy storage, potassium-ion batteries, polyanion-type cathode materials, iron-based sulfate, high working
potential

1 Introduction
The impending depletion of fossil fuels and the escalating
environmental pollution have accelerated the development
of renewable energy technologies. However, renewable
energy sources such as wind and solar energy, which are
influenced by natural conditions, exhibit characteristics of
randomness, intermittency, and volatility, thereby hindering
their effective utilization [1-3]. Consequently, the
development of sustainable energy storage systems has
emerged as a focal point of global research efforts [4-11]. To
date, electrochemical energy storage devices have been
regarded as a promising candidate owing to their
advantages in compact size, rapid response, high energy
density, and long cycle life compared to other technologies
such as pumped storage, compressed air energy storage, and
flywheel energy storage. Among these the lithium-ion
batteries (LIBs) have been widely adopted in markets such
as small portable electronics and electric vehicles.
Nevertheless, constrained by the limited crustal abundance
and uneven global distribution of lithium, as well as current
production capacities of LIBs, the technology is unable to

meet the surging global demand for large-scale energy
storage (LSES) [12-18]. As a result, extensive research
efforts have been directed toward developing low-cost
energy storage systems as alternatives to LIBs for LSES [19,
20]. Potassium-ion batteries (PIBs) and sodium-ion batteries
(SIBs) are considered promising alternatives in LSES due to
their similar chemical properties to those of LIBs and more
abundant elemental reserves compared to lithium [21-23].
Compared with SIBs, PIBs exhibit a higher working potential
and can directly employ commercially available graphite as
the anode material attributed to the lower standard redox
potentials (-2.93 V vs. SHE for K/K+ and -2.71 V vs. SHE for
Na/Na+) and smaller Stokes radii (1.84 Å for K-ion and 1.25
Å for Na-ion) [24-26]. However, the larger ionic radius of K-
ion (1.38 Å) compared to Li-ion (0.76 Å) and Na-ion (1.25 Å)
results in electrode materials experiencing sluggish K-ion
diffusion kinetics and poor structural stability [8, 27, 28].
Thus, the exploration works for a series of suitable cathode
materials featuring larger K-ion diffusion channels and high
structural stability is crucial for the development of PIBs
[29-31]. Currently, cathode materials for PIBs are
categorized into four primary categories: layered transition
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metal oxides [32, 33], Prussian blue analogues (PBAs) [34,
35], organic polycyclic materials [36, 37], and polyanionic
compounds [38-42]. Among these, polyanion-type iron-
based sulfate cathode materials have attracted significant
research interest owing to their environmental friendliness,
low cost, high working potential and excellent structural
stability [43, 44]. The alluaudite-type sodium iron sulfate
(Na2Fe2(SO4)3) is considered an ideal cathode material due
to its high operating voltage (3.8 V), large theoretical specific
capacity (120 mAh g-1), and stable crystal structure [45, 46].
However, impurity phases such as FeSO4 and Na6Fe(SO4)4 are
prone to form during synthesis and are difficult to eliminate
completely. These impurities hinder the diffusion of Na-ions
within the crystal structure, significantly impairing the
reversible capacity and rate capability of the material.
Therefore, it is essential to explore synthetic routes for
obtaining pure-phase framework structures to achieve
efficient sodium storage. Rojo et al. reported a non-
stoichiometric sodium iron sulfate compound,
Na2.5Fe1.75(SO4)3/Ketjen/rGO, which exhibits excellent
capacity and rate performance, yet suffers from poor cycling
stability [47]. Similarly, Cao et al. employed a spray-drying
strategy to fabricate graphene-coated Na2.4Fe1.8(SO4)3
nanoparticles embedded within a three-dimensional
graphene microsphere network. Despite the innovative
structural design, this material also demonstrates
unsatisfactory cycling performance [48]. Cao et al. reported
that the alluaudite-type Na8Fe5(SO4)9@rGO material exhibits
outstanding electrochemical performance, including a high
operating voltage of 3.8 V (vs. Na/Na+), high reversible
capacity at 0.2 C, excellent rate capability, and ultralong
cycling stability [49]. Based on the advantages of sodium
iron sulfate, it was employed as a cathode material for
potassium-ion batteries. However, the alluaudite-type
potassium ferric sulfate (K2Fe2(SO4)3, denoted as KFS)
cannot be synthesized via conventional methods. The stable
langeinite-type KFS can be directly synthesized through a
solid-state reaction, however, it exhibits electrochemically
inactive behavior [50-53]. Electrochemical ion exchange is
an advanced technique for material synthesis and
modification, offering multiple significant advantages. Kim et
al. first employed electrochemical ion exchange to prepare
K4Fe3(PO4)2(P2O7) as a cathode material for potassium-ion
batteries. This material exhibited a specific discharge
capacity close to the theoretical value at C/20 and retained
70 % of its capacity even at a high rate of 5 C, demonstrating
excellent electrochemical performance [54]. Similarly, Ruan
et al. successfully synthesized Na4-xKxFe3(PO4)2(P2O7)@rGO
composites via a related ion exchange approach, confirming
their feasibility for potassium-ion battery applications [55].
Zhang et al. also prepared K3NaFe3(PO4)2(P2O7) using an ion
exchange strategy; the material exhibited high reversible
specific capacity and excellent cycling stability at room
temperature, along with superior performance compared to
NFPP at low temperatures down to -40 °C [25].

In this work, multi-walled carbon nanotube (denoted as
MCNTs)-modified off-stoichiometric pure-phase alluaudite-
type Na2.68Fe1.66(SO4)3 (designated as NFS) was employed as
a precursor to synthesize the alluaudite-type
(K1.66Na1.02Fe1.66(SO4)3, denoted as KNFS) material via an
electrochemical ion-exchange method. As cathode material
for PIBs, the KNFS exhibited a reversible specific capacity of
83 mAh g-1 with an average operating voltage of 3.84 V (vs.
K/K+) at 0.1 C. When tested at 2 C, it retained a reversible
specific capacity of 52 mAh g-1 and demonstrated a capacity
retention ratio of 88.2 % after 300 cycles. Based on

calculation results, the KNFS a cathode material can achieve
a maximum energy and power density of 319 Wh kg-1 and
1595 W kg-1, respectively in PIBs. The K-ion storage
mechanism of KNFS cathode in PIBs was investigated via in-
situ X-ray diffraction (XRD) and ex-situ X-ray absorption
spectroscopy (XAS). The crystal structure, K-ion diffusion
pathways and migration energies were elucidated through
XRD refinement and first-principles calculations. These
results demonstrate that the KNFS cathode exhibited
excellent electrochemical performance, including a high
energy density, low cost and excellent cycling stability in
PIBs, indicating its potential as a promising cathode material
for future LSES.

2 Results and Discussion
The Retrieved-refined XRD pattern of NFS was shown in
Figure S1, which showed a pure phase structure without any
crystalline impure phase. The Figure S2 presented the
Fourier transform infrared (FTIR) spectrum of NFS. The
characteristic peaks located at 1077 cm-1, 986 cm-1, and 624
cm-1 were corresponded to the asymmetric stretching
vibration, symmetric stretching vibration, and asymmetric
bending vibration of the SO42- group, respectively, which
aligned with the reported infrared spectral ranges of typical
sulfates [56], confirming the structural integrity of the
sulfate moiety. Additionally, the absorption peak at 594 cm-1

could be attributed to the skeletal vibration mode of isolated
FeO6 octahedron. Additionally, the Raman spectrum of
NFS@MCNTs was shown in Figure S3. The characteristic
peaks at 650 cm-1 and 1010 cm-1 were assigned to the
bending vibration and symmetric stretching vibration of
SO42-, respectively. The characteristic peaks at 1360 cm-1 and
1590 cm-1 corresponded to the disordered carbon structure
(D band) and graphitized carbon (G band), respectively,
confirming the successful introduction of MCNTs. The ID/IG
ratio of the NFS@MCNTs composite was 0.87, indicating its
remarkable electrical conductivity. The electrochemical
performance of the NFS cathode material in SIBs was
evaluated using CR-2016 coin cells. The galvanostatic
charge/discharge cycling of NFS cathode in SIBs was
performed within a voltage window of 2.0–4.3 V (vs.
Na/Na+). As shown in Figure S4a, the voltage profiles of the
NFS cathode recorded at 0.1 C exhibited an initial charge
specific capacity of 100 mAh g-1 with an average nominal
working potential of 3.8 V (vs. Na/Na+) and the Coulombic
efficiency was 94%. The presence of multiple plateaus
correlated with Na-ion insertion into different sodium
occupancy sites [48, 57].The corresponding cyclic
voltammetry (CV) curves (inset of Figure S4a) revealed
three pairs of oxidation/reduction peaks associated with the
redox of Fe3+/Fe2+ in NFS, along with three distinct plateau
regions observed at 4.05, 3.83, and 3.48 V. The NFS cathode
also demonstrated superior rate capability, achieving
desirable cycling stability across various current rate and
retaining 60 mAh g-1 even at a high current density of 30 C
(Figure S4b). Furthermore, the NFS cathode exhibited
exceptional cycling durability, with capacity retention rates
of 96.7 % and 95.6 % after 300 cycles at 1 C and 2 C,
respectively (Figure S4c). The diffusion coefficients of NFS
during continuous sodium insertion/extraction were
observed to range from 1.79×10-11 to 1.99×10-10 cm2 s-
1 (Figure S4d). These results confirmed the outstanding
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electrochemical performance of the NFS cathode material in
SIBs. Building on the exceptional electrochemical properties
of the NFS cathode material in SIBs, this study proposed a
theoretical framework to extend the K2.68Fe1.66(SO4)3
(denoted as KFS) structural analog to PIBs, though initial
attempts were unsuccessful. By leveraging the structure-
directing effect of pre-embedded Na-ions within the matrix,
the controlled incorporation of K-ions into the iron-based
sulfate framework was effectively realized through an
electrochemical ion-exchange synthesis approach. This
advancement enables the extension of this material system
to the field of PIBs. As illustrated in Figure 1a, the NFS
crystal structure exhibits the characteristic polyanionic-
framework alluaudite-type structure, in which Na-ions
occupied three crystallographic sites (Na1, Na2, and Na3),
while Fe-ions occupied two distinct crystallographic sites. Its
octahedrally coordinated Fe sites (FeO6) formed double-
octahedral Fe2O10 dimer units through edge-sharing. These
dimers were then connected via SO4 tetrahedral units in a
corner-sharing fashion, constituting a three-dimensional
framework structure with large tunnels along the [001]
direction [46]. After partial Na-ion extraction, the
Na1.02Fe1.66(SO4)3 (denoted as Na1.02FS) phase was formed.
Upon K-ion insertion into Na1.02FS, the KNFS phase emerged,
exhibiting a larger unit cell volume compared to NFS due to
the incorporation of the larger K-ion. Based on ICP analysis,
the atomic ratio of K, Na, Fe, and S in the KNFS material was
determined to be 1.66: 1.02: 1.66: 3. The corresponding
mass fractions (wt%) of the elements are provided in Figure
S5. The charge/discharge curves of the electrochemical ion-
exchange process were shown in Figure 1b, which
demonstrated that during charging, Fe2+ was oxidized to Fe3+
accompanied by partial Na-ion extraction, resulting in an

open framework Na2.68-xFe1.66(SO4). A half-cell was assembled
using Na1.02FS as the cathode, 0.8 mol L-1 KPF6 dissolved in
Ethylene Carbonate/Propylene Carbonate (EC/PC, 1:1 by vol.)
was employed as the electrolyte, and potassium metal as the
anode. Upon discharging to 2 V, effective K-ion insertion was
observed, completing the Na/K-ion exchange to form the
PIBs cathode material KNFS, which subsequently served as a
K-ion host during cycling. The initial charge/discharge
specific capacity was tested at 9.4 mA g-1 within a voltage
window of 2.0–4.3 V. The XRD analysis was employed to
characterize the structural evolution during Na/K-ion
exchange process. As shown in Figure 1c, after Na-ion
extraction, the lattice spacing decreased, and according to
Bragg’s law, the diffraction peak shifted to the right by 0.18°.
During the discharge process, the insertion of the larger K-
ion into Na-ion sites caused framework expansion, leading to
increased lattice spacing with diffraction peaks shifting to
the left (Δ2θ = 0.30°). Conversely, K-ion extraction induced a
rightward shift of diffraction peaks. The phase purity and
structural integrity of KNFS were confirmed through
Rietveld refinement of the full-pattern XRD data (Figure 1d).
KNFS crystallized in the C2/c space group without
detectable impurities or secondary phases. The refined
lattice parameters (a = 13.1401 Å, b = 13.0138 Å, c = 6.5379
Å) and reliability factors (Rp = 5.64 %, Rwp = 7.78 %,
RB=0.91 %) confirmed the phase purity of the cathode
material. Figure 1e showed the refined crystal structure of
KNFS. Despite sharing the same crystal structure as NFS,
KNFS exhibited distinct lattice parameters due to ion
exchange between the larger K-ion (1.38 Å) and the smaller
Na-ion (1.02 Å) (Supporting Information Table S1).
Detailed crystal parameters for NFS and KNFS were provided
in Supporting Table S2 and S3, respectively.
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Figure 1. (a) Schematic diagram of the structural changes of NFS during the Na-ion extraction and K-ion insertion processes; (b) Voltage profiles of
NFS during desodiation and subsequent potassiation/depotassiation; (c) XRD patterns collected at different stages marked in Figure (b); (d) Rietveld-
refined XRD pattern of KNFS; (e) Refined crystal structural model of KNFS.

The morphological and structural characteristics of NFS
and KNFS electrode materials were systematically
investigated using field-emission scanning electron
microscopy (FE-SEM), high-resolution transmission electron
microscopy (HR-TEM), and energy-dispersive X-ray
spectroscopy (EDS) for elemental mapping. As shown in
Figures 2a and 2d, both NFS and KNFS samples exhibited
spherical secondary particles with diameters ranging from
10 to 20 μm. Corresponding HRTEM images (Figures 2b and
2e) exhibited well-defined lattice fringes in both samples
with interplanar spacings of 0.32 nm and 0.39 nm,
respectively, which correspond to the (-202) and (-311)
planes. Furthermore, the absence of surface carbon layers
indicated that the 400 °C thermal treatment temperature
was insufficient to achieve complete carbonization of citric
acid. Consequently, MCNTs were additionally incorporated to
fabricate the composite material. As revealed in the insets of
Figures 2b and 2e, the MCNTs with an average diameter of

2-3 nm were tightly embedded within the crystal
frameworks of both NFS and KNFS materials. This
configuration can enhance the electronic conductivity and
structural stability of the materials, facilitate rapid charge
transfer, and alleviate mechanical stress during cycling.
Elemental mapping analysis via EDS (Figures 2c and 2f)
further confirmed the successful incorporation of K into
KNFS, along with a homogeneous distribution of K, Na, Fe, S,
and O elements. The evolution of Fe3+/Fe2+ valence states
during the charge/discharge process provided direct
evidence for understanding the redox mechanisms. As
illustrated in Figure S7, ex-situ XPS was employed to analyze
the Fe oxidation states and variations in Na and K content. In
the pristine electrode, the Fe 2p spectrum displayed two
peaks at 711.3 eV (Fe 2p3/2) and 724.8 eV (Fe 2p1/2),
characteristic of Fe2+, along with a sharp Na 1s peak at
1071.8 eV and no detectable K signal. Upon charging to 4.3 V,
the Fe 2p3/2 and Fe 2p1/2 binding energies shifted to higher
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values of 712.1 eV and 725.6 eV, respectively, corresponding
to the oxidation of Fe2+ to Fe3+. Concurrently, the Na 1s peak
intensity decreased significantly, indicating Na-ion extraction
and the formation of a desodiated framework, Na1.02FS.
When discharged to 2 V, the Fe 2p3/2 and Fe 2p1/2 binding
energies reverted to 711.3 eV and 724.8 eV, confirming the
reduction of Fe3+ to Fe2+ and demonstrating the reversible
Fe3+/Fe2+ redox process. Notably, the Na 1s peak intensity
remained nearly unchanged, suggesting that residual Na-ion

do not participate in further electrochemical reactions. Two
new peaks emerged at 293.2 eV (K 2p3/2) and 296.0 eV (K
2p1/2), confirming K-ion insertion into the polyanionic
framework to form KNFS. The electrode exhibited a stable
working voltage of approximately 3.84 V, driven by the
Fe3+/Fe2+ redox couple in the sulfate framework, with
reversible ion insertion/extraction maintaining charge
balance.

Figure 2. (a) SEM image of NFS; (b) HR-TEM image of the NFS (inset: SAED pattern); (c) Elemental mapping image of NFS; (d) SEM image of KNFS; (e)
HR-TEM image of the KNFS (inset: SAED pattern); (f) Elemental mapping image of KNFS.

As shown in Figure 3a, the stable reversible capacity
measured at 0.1 C was approximately 83 mAh g-1. Notably,
when K-ion replaced Na-ion for insertion and extraction into
the Na1.02FS host, significant differences emerged in the
voltage profiles. Although the Fe-based sulfate framework
accommodated K-ion insertion, the larger ionic size induced
structural rearrangement, resulting in a sloping voltage
curve featuring a single Fe3+/Fe2+ redox plateau. The KNFS
cathode delivered an average operating voltage of 3.84 V (vs.
K/K+), which highlighted the enhanced “inductive effect”
conferred by the SO42- polyanion in the crystal structure. The
CV analysis of KNFS was conducted at a scan rate of 0.1 mV s-
1 (inset of Figure 3a). Broad cathodic and anodic peaks
were observed in the CV curve of KNFS for PIBs. The absence
of distinct voltage plateaus was attributed to the minimal
potential gaps between successive redox steps. To further
investigate rate capability, galvanostatic charge-discharge
(GCD) tests were performed at varying current densities
(Figure 3b). The KNFS cathode exhibited rate capacities of
77.0, 66.0, 57.2, 49.5, and 42.2 mAh g-1 at 0.3, 0.5, 1, 3, and 5
C, respectively in PIBs. When the current density was
restored to 0.3 C, the reversible specific capacity could
recover to 76.3 mAh g-1, demonstrating robust structural
stability and excellent rate capability. Notably, KNFS cathode
demonstrated exceptional long-term cycling stability,
achieving specific capacity retention ratio of 83.6 % and
88.4 % after 300 cycles at 1 C and 2 C current densities,
respectively with a near-unity Coulombic efficiency (~99 %)
that underscored its high structural robustness and
electrochemical reversibility (Figure 3c). The structural
integrity of the polyanionic KNFS framework was pivotal for

reversible K-ion insertion/extraction over prolonged cycling.
The capacity retention relied critically on the rigid
framework’s ability to buffer lattice strain during K-ion
insertion/extraction, where the three-dimensional covalent
network enabled adaptive synergy between K-ion migration
pathways and lattice expansion. Additionally, the
galvanostatic intermittent titration technique (GITT) was
employed to determine K-ion diffusion coefficient. During
the initial charging process, the GITT measurement involved
alternating 10 min charging and 60 min relaxation intervals
until the voltage reached 4.3 V (vs. K/K+). The same protocol
was applied during discharge to 2 V. The K-ion diffusion
coefficient (DK+) was calculated using Equation (1):

��� =
4
πτ
(mBVm

MBS
)2( ∆Es

∆Et
)2,(τ ≪ L2

DK�
) (1)

where τ represents the pulse duration, mB denotes the
active mass, Vm stands the molar volume, MB refers the molar
mass, S indicates the electrode-electrolyte contact area, L
signifies the electrode thickness, ΔEτ corresponds to the
voltage change during the pulse, and ΔEs reflects the
relaxation voltage change. The GITT curve of KNFS was
shown in Figure 3d, and the K-ion diffusion coefficient was
determined to range from 1.29×10-11 to 2.01×10-10 cm2 s-1.
The results demonstrated that the material exhibited
superior K-ion transport kinetics. The electrochemical
impedance spectroscopy (EIS) further confirmed the
favorable kinetics of KNFS. The Nyquist plot (Figure S8)
showed a small semicircle, indicating a low charge-transfer
resistance (Rct ~100 Ω). The CV curves at scan rates ranging
from 0.2 to 1.0 mV s-1 (Figure 3e) showed increasing peak
currents and minor peak potential shifts (approximately 230
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mV) with elevated scan rates, signifying highly reversible
redox reactions. The calculated kinetic parameter b-values
(inset in Figure 3e), ranging from 0.6 to 0.9, indicated a
mixed mechanism governed by diffusion-controlled and
capacitive-controlled processes. According to the analysis of
capacitive contributions at various scan rates (as shown in
Figure S9), the KNFS electrode material was found to exhibit
primarily battery-type energy storage behavior, which
contributes to high energy density, along with a relatively
significant pseudocapacitive behavior, thereby endowing the
material with good rate capability. At a scan rate of 1 mV s-1,
the capacitive contribution reached 40 %, indicating that the
nanoscale structure and surface characteristics of the
material were optimized, enabling it to maintain high
capacity while demonstrating faster response capabilities
compared to conventional battery materials. (The detailed
calculations utilizing Equations S1 and S2 can be found in the
Supporting Information.). Based on calculations using
Formulas S3 and S4, the KNFS cathode attained a high
energy density of 319 Wh kg-1 and a high power density of
1595 W kg-1 (Figure 3f), thereby demonstrating
considerable promise for application as a next-generation
high-performance PIB cathode.[38, 58-67] To investigate the
low-temperature electrochemical performance of the KNFS
material, charge–discharge tests were conducted at –40 °C.
As shown in Figure S10a, the KNFS-based potassium-ion
battery delivered a specific discharge capacity of 49.68 mAh
g-1 at a current density of 0.1 C. Under the same conditions,
the NFS exhibited a specific discharge capacity of 56.8 mAh
g-1 (Figure S10c). Compared with its room-temperature
performance, KNFS demonstrated a significantly lower
capacity decay rate at low temperatures than the NFS
material. As depicted in Figure S10b, the KNFS electrode
maintained a capacity retention of 85.2 % after 500 cycles at
1 C, indicating good cycling stability. In contrast, the NFS
cathode material showed poor cycling stability at –40 °C,
with noticeable fluctuations in its capacity decay curve

within the first 80 cycles (Figure S10d). These results
confirmed that KNFS possesses outstanding low-
temperature performance and structural stability as a
cathode material for PIBs. To further evaluate the practical
application potential of the KNFS cathode material, an
HC||KNFS full cell was assembled by pairing KNFS with a
commercial hard carbon (HC) anode. Figure S11a illustrated
the working mechanism of the full cell: during charging, K-
ions were extracted from the KNFS cathode and inserted into
the HC anode; during discharging, K-ions were released from
the HC anode and return to the cathode. The full cell was
constructed using KNFS as the cathode and pre‑ potassiated
HC as the anode (precycled twice in a half-cell), with an
electrolyte of 0.8 M KPF6 in a mixture of EC and PC (1:1 by
volume). The negative-to-positive electrode capacity ratio
was controlled at 1:1.05. Figure S11b displayed the
normalized actual charge/discharge capacity of the
assembled full cell at 0.1 C, which was measured to be 0.20
mAh, with an average operating voltage of 3.3 V. Figure S11c
showed the rate performance of the full cell at different
current densities of 0.1 C, 0.3 C, 0.5 C, 1 C, and 2 C. Figure
S11d presented the cycling performance at 1C,
demonstrating a capacity retention of 95.5% after 100 cycles.
To investigate the structural and morphological stability of
the KNFS electrode material after long-term cycling, XRD,
SEM, and EDS analyses were conducted. As shown in Figure
S12a, the XRD pattern after cycling remained largely
unchanged, indicating that the crystal structure of the
electrode material maintained high stability throughout the
prolonged cycling process. The SEM image in Figure S12b
revealed no significant morphological changes in the KNFS
electrode after cycling, with the material retaining its well-
defined morphology, suggesting uniform strain distribution
within the particles and demonstrating excellent structural
stability. Furthermore, EDS elemental analysis confirmed
that all elements remained homogeneously distributed
(Figure S12c).

Figure 3. (a) Voltage profiles of KNFS in the initial two cycles. The inset shows the corresponding CV curves; (b) Rate capability of the material and its
discharge profiles at various current rates; (c) Cycling stability of KNFS at 1 and 2 C; (d) GITT curves and K-ion diffusion coefficients of KNFS; (e) CV
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curves of KNFS at different scan rates (inset: b-value calculation); (f) The capacity, voltage, and energy density of this cathode are competitive with
those of reported PIB cathodes.

The in-situ XRD system was employed to systematically
investigate the evolution of the crystal structure and the K-
ion storage mechanism of the KNFS electrode during the
charge-discharge cycles. In the pristine state, all
characteristic diffraction peaks of the electrode material
were distinctly observed. As illustrated in Figure 4a, the
diffraction peaks at 38.4° and 44.7° corresponded to the
(111) and (200) planes of the aluminum (denoted as Al)
current collector (PDF#00-004-0787) (all peak positions
were calibrated based on the diffraction peaks of Al). In the
initial state, the diffraction peaks at 14.23°, 15.64°, 22.88°,
25.29°, 28.98°, 30.46°, 31.20°, 32.34°, 35.34° and 42.67°
were attributed to the (020), (200), (-311), (-131), (131),
(002), (400), (-241), (112) and (222) planes of the NFS
phase (PDF #97-025-2403) [56]. As shown in Figure 4b, the
GCD profiles measured at a rate of 0.1 C within the voltage
window of 2.0 to 4.3 V exhibit strong correlations with the
contour plots. During the charge-discharge process, these
diffraction peaks exhibited reversible shifts. To accurately
determine the magnitude of these shifts, two-dimensional
magnified contour plots of selected crystal planes were
presented in Figure 4c. During the initial charging stage, the
(020), (-131), (131), (-241) and (112) planes shifted to the
right by 0.41°, 0.52°, 0.74°, 0.53°, and 0.62°, respectively,
indicating the extraction of Na-ions and the formation of the
Na1.02FS phase, which resulted in unit cell contraction.

During the subsequent discharge process, the same set of
crystal planes shifted to the left by 0.47°, 0.67°, 0.83°, 0.70°
and 0.80°, respectively, confirming the insertion of K-ions
into the Na-ion vacancies to form the KNFS phase, thereby
causing significant expansion of the poly-anion framework.
During the following charging cycle, the crystal planes
shifted again to the right by 0.50°, 0.69°, 0.83°, 0.72° and
0.79°, respectively, corresponding to the extraction of K-ions.
Throughout the K-ion insertion and extraction processes, the
positions of all characteristic diffraction peaks remained
reversible, demonstrating the presence of a structurally
stable K-ion storage mechanism within the material lattice.
Figure 4d illustrated the evolution of lattice parameters
calculated through Equation S5 from selected diffraction
peaks during cycling. The lattice parameters displayed a
contraction trend during the charging phase, as K-ions were
progressively extracted, followed by reversible recovery
during discharge, with an overall volume fluctuation of
approximately 2.57 % per cycle (The detailed calculation
process was described in the Supporting Information),
significantly lower compared to other reported cathode
materials for PIBs (Figure 4e) [54, 68-74]. This observation
demonstrated that KNFS, as a cathode material for K-ion
batteries, possessed minimal volumetric variation and
exceptional structural stability.
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Figure 4. Characterization of the K-ion storage mechanism. (a) In-situ XRD patterns of KNFS; (b) Contour plot with corresponding GCD profiles; (c)
Magnified view of selected diffraction peaks. (d) Corresponding variation in lattice parameters; (e) Volume changes in KNFS and other cathode
materials for PIB.

To elucidate the charge compensation mechanism, ex-
situ X-ray absorption fine structure (XAFS) experiments
were conducted to probe the detailed valence electronic
structure of KNFS during the charge and discharge processes.
As shown in Figure 5a, the labeled points a, b, c, d, and e on
the GCD profile corresponded to specific states of charge
(SOC) and their corresponding crystal structures: point a
(pristine electrode, charged to 4.3 V), point b (discharged to
3.67 V), point c (discharged to 2 V), point d (charged to 3.74
V), and point e (charged to 4.3 V). At these designated SOC
points, the local coordination environment and chemical
states of Fe in the KNFS electrodes were characterized
(Figure 5b). During the cycling process, the transition metal
Fe exhibited reversible redox behavior. In the pristine
electrode (desodiated state), the Fe K-edge absorption
energy was observed at 7116 eV, which is characteristic of
Fe3+. Upon discharge to 2 V (Figure 5c), a significant low-
energy shift of the Fe K-edge to 7112 eV was detected,
indicating the reduction of Fe3+ to Fe2+. This change was
accompanied by K-ions insertion, leading to the formation of
KNFS. Conversely, upon charging to 4.3 V (Figure 5d), the

absorption edge energy returned to 7116 eV, signifying
complete extraction of K-ions. Collectively, these findings
confirm the reversible Fe3+/Fe2+ redox transition, which is
consistent with the results of XPS analysis. Fourier-
transform extended EXAFS analysis in R-space further
revealed the structural evolution of the KNFS electrode at
different states of charge (Figure 5e). During charging, as
the state of charge (SOC) increased, the Fe–O bond length
shortened from 1.66 Å to 1.41 Å due to Fe oxidation and
enhanced Fe–O bond covalency. Conversely, during
discharging, Fe reduction and weakened Fe–O bond
covalency resulted in bond elongation from 1.41 Å to 1.66 Å,
demonstrating reversible Fe–O bond adjustment during
cycling. Additionally, wavelet transform (WT) analysis of Fe
K-edge EXAFS oscillations was carried out, as shown in
Figure 5f, to resolve the Fe coordination environment. The
results confirmed that the Fe coordination configuration in
KNFS corresponded to Fe–O bonding, with no evidence of
phase separation or secondary coordination motifs within
the detection limits.
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Figure 5. (a) Schematic diagram of crystal structure changes during charging/discharging of KNFS; (b) Fe K-edge absorption spectra during the
charge/discharge process; (c) Fe K-edge absorption spectra at different SOC during the charging process; (d) Fe K-edge absorption spectra at different
SOC during the discharging process; (e) Fourier-transformed extended EXAFS spectra in R-space at different SOC; (f) Wavelet transform patterns
during the charge/discharge process.

To gain an in-depth understanding of the diffusion
mechanism of K-ions in KNFS, this study employed density
functional theory (DFT) calculations to investigate ion
migration pathways within the three-dimensional
framework (Figure 6a). Crystallographic analysis revealed
three non-equivalent K sites in the unit cell. Through energy-
minimized migration trajectory calculations, the activation
energies for key diffusion pathways were determined: the
diffusion barriers for K1 to K1, K1 to K2, K2 to K3, and K3 to
K3 were 0.521, 0.394, 0.393, and 0.743 eV, respectively
(Figure 6b). All calculated diffusion barriers were below 1.0
eV, indicating relatively facile K-ion diffusion. Shorter
migration distances and lower diffusion barriers enable

easier K-ion migration during charge/discharge processes,
while multiple pathways accelerated K-ion transport rates,
thereby enhancing the material’s rate performance. The
density of states (DOS) calculations for the KNFS sample
were shown in Figure 6c. The DOS of KNFS exhibited a
projected band gap of approximately 2.73 eV, which was
significantly narrower than that of NFS (3.44 eV) reported in
the literature [75]. The reduced energy gap between the
conduction and valence bands indicated that spin-polarized
electron transitions from the Fe 3d orbitals to the conduction
band lowered the activation energy required for valence-to-
conduction band transitions. This mechanism significantly
enhanced the material's electronic conductivity.Ju
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Figure 6. (a) Crystal structure of KNFS; (b)Migration energy barriers within K-ion sites; (c) DOS calculation for KNFS.

3 Conclusion
In summary, a novel KNFS material was synthesized using an
electrochemical ion exchange method. The refined XRD
result indicated that it possesses a typical alluaudite-type
crystal structure with a lattice parameter of a = 13.1401 Å, b
= 13.0138 Å and c = 6.5379 Å. As cathode material for PIBs, it
delivered a reversible specific capacity of 83 mAh g-1 at 0.1 C
with a high average voltage of 3.84 V (vs. K/K+), and retained
88.2 % of its initial capacity after 300 cycles at 2 C. The in-
situ XRD and ex-situ XAFS analyses revealed that the KNFS
cathode underwent reversible Fe3+/Fe2+ redox reactions,
with its unit cell volume variation effectively limited to
2.57 %. The DFT and DOS calculations demonstrated that
KNFS possessed multiple K-ion diffusion channels with low
migration barriers, and exhibited a projected band gap of
2.73 eV. Owing to these characteristics, the KNFS system
achieved a synergistic combination of high energy density
(material-level: 319 Wh kg-1), robust structural stability, and
low cost, positioning it as a highly promising cathode
candidate for large-scale energy storage applications.
Furthermore, this work not only opens a new pathway for
designing high-performance cathodes for PIBs but also
provides a universal methodological reference for the
development of materials in other alkali metal-ion battery
systems.

4 Experimental section
4.1 Synthesis of NFS
All chemical reagents utilized in this investigation were of

analytical purity. The off-stoichiometry pure-phase
alluaudite-type NFS synthesized via a spray-drying method
combined with a solid-phase calcination process. First, 0.4 g
of citric acid (C6H8O7·H2O, Sinopharm Chemical Reagents)
was dissolved in 60 mL of deionized water under stirring for
2-3 minutes. The 5 g multi-walled carbon nanotube
dispersion (MCNTs, Jiangsu Tiannai Technology Co., Ltd.)
with a mass ratio of 5 wt.% MCNTs to deionized water was
subjected to ultrasonic dispersion for 30 minutes.
Subsequently, 5.68 g of sodium sulfate (Na2SO4, Sinopharm
Chemical Reagents) was added and stirred for another 2-3
min until fully dissolved. Then, 13.9 g of ferrous sulphate
(FeSO4·7H2O, Sinopharm Chemical Reagents) was directly
introduced into the solution, followed by stirring for 3-5 min
to ensure homogeneity. The solution was then transferred to
a spray dryer operating at an inlet temperature of 105 °C and
an outlet temperature of 60 °C, and the precursor was
collected under continuous stirring throughout the spray-
drying process. Finally, the precursor was calcined at 400 °C
for 6 h with a temperature rise rate of 2 °C min-1 under a
nitrogen (N2) atmosphere to obtain the black
NFS@2%MCNTs composite material.

4.2 KNFS synthesis by electrochemical ion exchange
The NFS was assembled as the cathode using sodium metal
as anode in SIBs and charged to 4.3 V to partially extract Na-
ions from the NFS crystal structure. Subsequently, the
battery was disassembled within a glovebox environment,
and the desodiated electrode was thoroughly rinsed using a
1:1 (vol%) mixture of dimethyl carbonate (DMC) and
ethylene carbonate (EC). This treated electrode was then
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employed as the working electrode, paired with a potassium
metal counter electrode. The electrochemical insertion of K-
ions into the crystal structure was achieved by discharging
the cell to 2 V. KNFS was successfully synthesized by cycling
the cathode material more than five times within a voltage
window of 2.0–4.3 V (vs. K/K⁺). See Figure S6 for details.

4.3 Materials Charactrization
The XRD (Bruker D8, Germany, Cu Kα radiation,λ = 1.5406
Å, operating at 40 kV and 40 mA) was performed to
characterize the crystallographic information and structural
evolution of these cathode materials. The Generalized
Structural Analysis System (GSAS-II) program was employed
to refine the XRD data. A scanning electron microscope (SEM,
JSM 7800 F, Japan) was used to investigate its morphological
structure. The microscopic morphology and elemental
composition of the material were characterized by
transmission electron microscopy (TEM, JSM-2100F, Japan)
and energy-dispersive X-ray spectroscopy (EDS). Fourier
transform infrared (FT-IR, IR Prestige-21, USA) spectroscopy
was used to examine the vibrational modes of functional
groups in the wavenumber range of 400 to 1400 cm-1. Raman
spectroscopy (LabRam HR 800, USA) was performed to
evaluate the graphitization degree of the coating carbon. X-
ray photoelectron spectroscopy (XPS, Thermo Scientific K-
alpha, USA) was employed to determine the valence state of
the element. The content of each elemental component was
tested using ICP-OES (Thermo Fisher iCAP PRO, USA). In situ
XRD experiment was carried out on Bruker D8 Advance
diffractometer equipped with a Landt battery test system
(CT-3002A, Wuhan, China), with a galvanostatic current of
10 mA g-1. The Fe K-edge X-ray absorption spectra (XAS)
were collected using a desktop X-ray absorption
spectrometer (hiXAS, Germany), and all XAS data were
processed with the Demeter analysis software. The
migration pathways and energy barriers of K-ions were
calculated using first-principles density functional theory
(DFT), as implemented in the Vienna Ab initio Simulation
Package (VASP, Austria).

4.4 Electrochemical tests
All electrochemical measurements were conducted at room
temperature (25℃). The CR-2016 coin-type potassium half-
cells were fabricated in accordance with standard
procedures. The cathode slurry was prepared by thoroughly
mixing the active material, Super P conductive carbon black,
and polyvinylidene fluoride (PVDF) binder that had been
pre-dispersed in N-Methyl-2-pyrrolidone (NMP) solvent at a
mass ratio of 8:1:1. The mixture was homogenized through
planetary ball milling for 2 hours. The resulting slurry was
uniformly coated onto an aluminum foil current collector via
doctor-blade coating, followed by vacuum drying at 120 °C
for 12 h to eliminate residual solvents. Circular electrodes
(14 mm in diameter) with an active material areal loading of
5 ± 0.2 mg cm-2 were precisely punched using a precision
die-cutting machine. Cell assembly was conducted in an
argon-filled glovebox (water and oxygen contents both <
0.01 ppm).

The NFS cathode, glass fiber separator (Whatman GF/C),
and sodium metal foil anode were assembled together with 1
M NaPF6 electrolyte dissolved in a mixture of ethylene

carbonate (EC) and propylene carbonate (PC) (1:1 v/v)
containing 5 wt.% fluoroethylene carbonate (FEC) to
construct the CR-2016 coin-type half-cells for SIBs. The
KNFS cathode, glass fiber separator (Whatman GF/C), and
potassium metal foil anode were assembled together with
0.8 M KPF6 electrolyte dissolved in a mixture of ethylene
carbonate (EC) and propylene carbonate (PC) (1:1 v/v) to
construct the CR-2016 coin-type half-cells for PIBs.
Electrochemical evaluations were conducted using a LAND
CT2001A test system (Wuhan LAND Electric Co., Ltd., China)
for galvanostatic charge/discharge testing and galvanostatic
intermittent titration technique (GITT) measurements
within a voltage range of 2.0-4.3 V (vs. K/K+). Cyclic
voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) analyses were performed using a
DH7006 electrochemical workstation (Jiangsu Donghua
Testing Technology Co., Ltd., China).

Electronic Supplementary Material: Supplementary
material (please provide the brief detail of the ESM) is available
in the online version of this article at
https://doi.org/10.26599/NR.2025.94908121.
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Calculation process
1. Calcuation of reaction control proces
The determination of the reaction mechanism for KNFS was based on cyclic voltammetry (CV) measurements performed at
various scanning rates, within a voltage window of 2.0–4.3 V and scanning rates ranging from 0.2 to 1 mV s-1. This analysis was
conducted using the following equation:

� = ɓ�� (S1)

log � = � � log � � log (ɓ) (S2)

Where "i" represents the peak current density, "υ" denotes the scanning rate, and "a" and "b" are associated parameters. A
calculated "b" value of 1 indicates a surface-controlled capacitive process. Conversely, when the "b" value is approximately 0.5,
it indicates a diffusion-controlled and battery-type reaction.

2. Computational analysis
All calculations were performed based on the DFT A K10Na6Fe8S12O48 structure was built firstly. The PBE-GGA functional and
PAWmethod are used with the energy cutoff of 520 eV [76]. The Van der Waals (vdW) interactions were considered using DFT-
D3 method [77]. Spin polarization is considered. The structure is no longer relaxed when the energy convergence is less than
10-6 eV and the force at each atom is less than 0.01 eV/A.

3. Calculation of Energy Density and Power Density
The energy density and power density of the cathode in half cells were calculated based on the active mass of the cathode, as
calculated using the following equation:

Energy Density (cathode) = �(ath)×�×�ttt
mcathode

(S3)

Power Density (cathode) = �
�

(S4)
Herein, E is the energy density (Wh kg-1), C is the discharge capacity of the battery (mAh), V is the average discharge voltage of
the battery (V), m is the mass (kg) of KNFS; t is the discharge time (h).

4. Unit Cell Parameter Calculation
KNFS crystallizes in the C2/c space group, which adopts the monoclinic crystal system. The unit cell parameters of the
monoclinic system comprise axis lengths a, b, and c, and interaxial angles α = 90°, β ≠ 90°, γ = 90°. Consequently, full
characterization requires determination of the parameters a, b, c, and β. The unit cell parameters were calculated using lattice
spacing data extracted from the (020), (200), (131), and (002) diffraction planes according to the following equations:

1
�h쳌䁓
2 = h2

ɓ2��䁐2�
� 쳌2

�2
� 䁓2

�2��䁐2�
� 2h䁓�香��

ɓ���䁐2�
(S5)

Figure S1. Rietveld refinement of the X-ray diffraction pattern for NFS.

Address correspondence to Yongjie Cao: yongjie_cao@fudan.edu.cn; zhangjunxi@shiep.edu.cn
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Figure S2. FTIR spectrum of NFS.

Figure S3. Raman spectrum of NFS@MCNTs.Ju
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Figure S4. (a) Voltage profiles of NFS in the initial two cycles; The inset displays the corresponding CV curves; (b) Rate capability of the material and
its discharge voltage profiles at various current rates; (c) Cycling stability of NFS at 1 C and 2 C; (d) GITT curves and Na-ions diffusion coefficients of of
NFS.

Figure S5. ICP graph of the elements in KNFS.
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Figure S6. Electrochemical profiles of KNFS during Na+/K+ ion-exchange process for 5 cycles.

Figure S7. (a) Charge-discharge voltage profiles of the KNFS electrode; (b) Ex situ X-ray photoelectron spectroscopy (XPS) analysis of Fe 2p core-level
spectra for the pristine KNFS electrode and those at charged (4.3 V) and discharged (2.0 V) states; (c) Na 1s and (d) K 2p spectra.

Figure S8. EIS analysis of the KNFS cathode in PIBs.

Ju
st

 A
cc

ep
te

d



Nano Research | Vol. XX, No. XX Xu et al.

20 / 23

Figure S9. The ratios of capacitive contribution at different sweep rates.

Figure S10. (a) Galvanostatic charge–discharge profiles of the KNFS electrode in PIBs under −40 °C and 25℃ at 0.1 C; (b) Cycle stability of the KNFS

cathode in PIBs at 1 C; (c) Galvanostatic charge–discharge profiles of the NFS electrode in SIBs under −40 °C and 25℃ at 0.1 C; (d) Cycle stability of

the NFS cathode in SIBs at 1 C.
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Figure S11. Electrochemical performance of the HC||KNFS full cell. (a) Schematic diagram of the full cell structure; (b) Charge/discharge curves of the
HC anode, KNFS cathode, and the full cell; (c) Rate capability of the full cell at different current densities; (d) Cycling performance of the full cell at a
current rate of 1 C.

Figure S12. (a) XRD pattern of KNFS after 100 charge-discharge cycles at 2 C. (b, c) SEM images of the KNFS electrode at different magnifications. (d)
Corresponding EDS elemental mapping after cycling.

Table S1. Crystallographic parameters of NFS and KNFSmaterials refined from powder XRD data at room temperature.

Samples NFS KNFS
Space group C2/c (15) C2/c (15)

a(Å) 12.654070 13.140130
b(Å) 12.774550 13.013820
c(Å) 6.519638 6.537853
V(Å3) 951.02390 1008.44100
Rwp(%) 8.26288 7.78266
Rp (%) 5.46427 5.64386
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Table S2. Crystallographic parameters of NFS refined using the Rietveld method.

Atom x y z
Na1 0.002000 0.013600 0.210000
Fe1 0.268290 0.342850 0.352480
S1 0.000000 0.274040 0.250000
O1 0.083900 0.343300 0.216000
O2 0.055200 0.207200 0.453000
S2 0.240160 0.101970 0.131600
O3 0.236300 0.168900 0.316100
O4 0.181300 0.004300 0.124400
O5 0.323400 0.343800 0.082800
O6 0.360200 0.086600 0.169100
Na3 0.000000 0.734900 0.250000

Table S3. Crystallographic parameters of KNFS refined using the Rietveld method.

Atom x y z
Fe1 0.260433 0.332181 0.334161
Na1 0.260433 0.332181 0.334161
S1 0.000000 0.275940 0.250000
O1 0.085400 0.346200 0.219900
O2 0.053800 0.207860 0.454300
S2 0.238910 0.102510 0.130900
O3 0.234000 0.170850 0.314600
O4 0.179400 0.003400 0.122800
O5 0.326000 0.341770 0.086100
O6 0.361000 0.086900 0.171700
Na2 0.000000 0.734340 0.250000
Na3 0.458988 0.041077 0.036531
K1 0.000000 0.734340 0.250000
K2 0.458988 0.041077 0.036531
K3 0.006801 0.014301 0.217586

Reference：
[76] Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 1994, 50, 17953-17979.

[77] Pereira, A. O.; Miranda, C. R. Atomic scale insights into ethanol oxidation on Pt, Pd and Au metallic nanofilms: A DFT with van der Waals interactions.
Appl. Surf. Sci. 2014, 288, 564-571.
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