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ABSTRACT
Sodium-ion batteries (SIBs) are gaining attention as promising large-scale energy storage systems due to their cost-effectiveness

and resource abundance. As a cathode material, NASICON-type Na3V2(PO4)3 (NVP) stands out for its high structural stability

and energy density. However, its practical application is hindered by poor electronic conductivity and sluggish Na+ diffusion

kinetics. In this study, we systematically investigated the structural evolution and Na+ storage behavior of NVP materials,

particularly focusing on enhancing power capability through preferential substitution of Na+ with other alkali metal ions

(K+ and Li+). Results show that preferential K+ occupation at (6b) Na1 sites can manipulate the crystal structure and regulate

Na+ migration behaviors, significantly influencing the energy efficiency, rate performance, and cycling stability. Consequently,

the K+-substituted material (NKVP) delivers, at room temperature, a discharge capacity of 80.6 mAh g−1 at the ultrahigh rate of

100C but also retains 80.8% of its capacity over 10,000 cycles at 50C, along with superior high-temperature cycling stability over

3000 cycles at 10C and 60°C. Practically, the NKVP//HC full cell exhibits superior power performance. This work provides

critical insights into the rational design of high-performance NASICON materials, offering new pathways for the development

of high-power SIBs.

1 | Introduction

Renewable energy sources such as solar and wind power are key
drivers of green and sustainable development, while these energy
sources are highly dependent on natural conditions [1–3]. In this
context, developing efficient, low-cost, and eco-friendly energy
storage technologies is crucial for effectively storing and utilizing
renewable energy [3]. Among various energy storage technolo-
gies, lithium-ion battery (LIB) stands out in large-scale energy
storage systems due to its high energy density and efficiency
[4]. Yet, the scarcity of lithium resources has significantly con-
strained the development of LIBs. In contrast, sodium-ion batter-
ies (SIBs) present a new opportunity for large-scale energy

storage systems, which has abundant resources and shares chem-
ical similarities with lithium [5–10].

Polyanionic compounds, as cathode materials, have recently gar-
nered significant attention for sodium ion batteries, due to their
stable cycling performance, excellent rate capability, high theoret-
ical capacity, high operating voltage plateau, and good thermal sta-
bility [11–14]. Na3V2(PO4)3 (NVP), with its 3D open structure
enabling rapid Na ion migration, belonging to the R-3c space
group with a 3D framework interlinked by VO6 octahedra and
PO4 tetrahedra sharing corners, is a very promising candidate
[15–17]. In this material, Na+ ions occupy two distinct sites,
i.e., six-coordinated Na(1) site at the intersection of the 3D channel
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and eight-coordinated Na(2) site inside the channel [18–20].
During the de-sodiation process, all outer sodium ions originate
from the Na(2) site, while the Na(1) site remains unchanged.
Even after losing two sodium ions, the NVP framework remains
stable due to the strong covalent effect of (PO4)

3−, delivering a high
capacity of 117.6 mAh g−1. The Na(1) site is located at a longer
distance from the V-O layer and is less affected by the redox activ-
ity of V, whereas the Na(2) site is closer to the V-O layer and exhib-
its stronger redox activity. However, the framework structure
composed of PO4 and VO6 groups severely restricts the electronic
conductivity, resulting in poor rate performance and low cycling
stability.

Recently, ion substitution within the crystal structure has proven
to be an efficient strategy, attributed to the diverse sites available
for ion occupation [21, 22]. For example, substitution with Al at
the V site can enhance the electronic conductivity and structural
stability of the cathode material [20, 23]. In Al-doped NVP/C
cathodes, the Al3+ ions occupying the V sites improve the elec-
tronic conductivity of the material and suppress the dissolution
of V ions during charge–discharge, enabling excellent cycling sta-
bility and rate performance. Indeed, various transition metals
have been adopted to partially substitute V in the NVP crystal
structure to improve its long-term cycling stability [24–28].
Meanwhile, the ion substitution can also take place at the anion
sites. It has been reported that the F− substitution at PO4-site can
increase the working potential of NVP materials, due to the high
electronegativity of F− causing a strong inductive effect [29]. Mai
et al. also adopted the co-substitution structure at both V-site and
PO4-site to enhance the cycling stability and multiplicity perfor-
mance of the NVP materials by simultaneously substituting Al
and F [27]. The cation (Fe3+) and multivalent anion group
(MoO4

2−) are also co-doped into NVP by replacing V3+ and
PO4

3−, remarkably promote the sodium-ion de/intercalation
potential and specific capacity compared to pristine NVP [30].
The two Na+ sites in NVP serve distinct functions in ion transport
and structural maintenance. Selective ion substitution at these
sites with suitable alkali metals effectively expands the diffusion
pathways and stabilizes the host lattice, thereby reducing the
overall migration energy barrier for Na+. Indeed, the trace
amount of K+ substitution, i.e., Na2.95K0.05V2(PO4)3, has been
reported to improve the Na (de)intercalation kinetics and struc-
tural stability, thus contributing to high rate performance [31].
However, while such enhancements are documented, the precise
structure-property relationship governed by site-selective alkali-
ion occupation remains elusive.

In this work, we conducted a systematic investigation into the
structural evolution and Na+ storage behavior of NVP materials,
with a particular emphasis on enhancing their power capability
through preferential substitution of Na with alkali metal ions
(K+ and Li+). The typical NASICON-type Na3-xMxV2(PO4)3 (x= 0,
0.5; M=K, Li) cathode materials were synthesized via conven-
tional sol–gel method. Electrochemical tests showed that both K+

and Li+ substitutions can boost the power capability and cycling
stability of NVP cathodes. Notably, theK+-substitutedNKVPmate-
rial delivered exceptional power performance with superior energy
efficiency and long lifespan in both half- and full-cells. In-depth
theoretical and structural analyses verified that K+ ions preferen-
tially occupy the Na1(6b) site in NVP structure, which significantly
facilitates the intrinsic ion diffusion capability in the materials,
thereby enhancing high-power sodium storage capability.

2 | Results and Discussion

The Na3−xMxV2(PO4)3 (x= 0, 0.5; M=K, Li) materials were syn-
thesized via sol–gel method (experimental details in Supporting
Information) and named as NVP, NKVP, and NLVP, respectively.
The X-ray diffraction (XRD) patterns of NVP, NLVP, and NKVP
powders are illustrated in Figure 1a. All samples showed distinct
diffraction peaks related to the NASICON structure with the space
group R3-c [32]. The magnified XRD patterns (Figure 1b) show
that the K+ substitution at Na sites induces the shift of the
(104) peak at 20.1° and (113) peak at 23.7° to lower 2θ values, indi-
cating the lattice expansion due to the large radius of K+ (133 pm)
than Na+ (102 pm) [33–36]. Notably, it can be seen that NKVP
showed relatively small diffraction peaks at 2θ 15°, 30.8°, and
33.4°, which can be indexed to the K-based pyrophosphates
due to the excessive substitution and sintering temperature [37].

To further investigate the preferential occupation of the alkali
cations and their induced lattice parameter changes, Rietveld
refinement was performed on the XRD patterns of NVP,
NLVP, and NKVP, as displayed in Figures S1 and S2 and 1c,
respectively. The detailed lattice parameters are listed in
Table S1. Compared to NVP, NKVP showed a slight contraction
in the a- and b-axis (with the a-axis equal to the b-axis), whereas
the c-axis undergoes a significant expansion. Consequently, the
lattice volume increases to 1444.2 Å3. This enlargement of the
lattice affords large channels for Na+ diffusion in the bulk, which
is beneficial to reduce the migration energy barrier of Na+ during
(de-)sodiation [33]. Furthermore, atomic occupancy information
for NVP, NLVP and NKVP was obtained from Rietveld refine-
ment, as listed in Tables S2–S4. It can be observed that K+ sub-
stitution exhibits a preference for occupying the Na1 site in the
NVP, while the Li+ substitution takes place at both Na1 and Na2
sites. Figure 1d illustrates the schematic crystal structure of
NKVP, in which the green octahedra represent the [VO6] units,
the lavender tetrahedra represent the [PO4] groups. Na+ ions
occupy the six-coordinated (6b) Na1 sites and eight-coordinated
(18e) Na2 sites, depicted in orange and yellow, respectively. The
K+ ions in deep purple are positioned at the six-coordinated (6b)
Na1 sites.

Thermogravimetric (TG) analysis in Figure 1e shows the carbon
contents in NVP, NLVP, and NKVP composites to be approxi-
mately 5.1%, 5.3%, and 4.2%, respectively, stemming from organic
acids and salts decomposition [38]. Raman spectroscopy results
of NVP, NLVP, and NKVP are shown in Figure 1f. The ID/IG
ratios of NVP, NLVP and NKVP are calculated to be 1.03, 1.03,
and 1.02, respectively, indicating that the alkali-ions substitution
did not significantly affect the nature of pyrolytic carbon in the
NVP composites [39]. Scanning electron microscopy (SEM) and
high-resolution transmission electron microscopy (HR-TEM)
were used to examine the morphology and crystallography of
NKVP. As shown in Figure 1g and Figure S3, both NKVP and
NVP exhibit a uniform porous structure. This microstructure
enhances the electrode–electrolyte contact area, thereby contrib-
uting to the improved rate performance [16]. Figure 1h presents
the TEM image of NKVP, confirming the porous structure with
NVP particles embedded in the carbon matrix. HR-TEM images
(Figure 1i) reveal an amorphous carbon layer uniformly coating
the surface of NVKP particles, which is beneficially enhancing
the electrical conductivity of the material (Figure 1i) [26]. The
lattice fringes with spacings of 0.46 nm and 0.252 nm correspond
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well to the (104) and (300) crystal planes of NKVP, respectively.
Compared to the XRD standard card of NVP (PDF#97-024-8140),
the lattice spacing of NKVP in the (104) crystal plane is widened
by approximately 0.18 Å due to K+ substitution, thus enlarging
the ion diffusion channels [28]. This aligns with the XRD and
fast Fourier transform (FFT) patterns results, confirming the suc-
cessful incorporation of K+ into the lattice. The energy dispersive
spectroscopy (EDS) mapping results show the uniform distribu-
tion of Na, K, V, P, O, and C elements in NKVP (Figure 1j). These
results clearly demonstrate the successful synthesis of NVPmate-
rials with preferential occupancy and uniform substitution of
alkali ions.

To investigate the effects of different alkali ion substitutions on
the Na+ storage performance, half-cell tests were performed on
the NVP, NLVP, and NKVP cathode materials using Na metal as
the counter electrode. Figure 2a demonstrates the typical galva-
nostatic charge/discharge (GCD) curves of NVP, NLVP, and
NKVP materials at 0.5C (1C= 100 mA g−1), showing the distinct
voltage plateau based on V3+/V4+ redox reaction at around 3.4 V.
The specific discharge capacities are 107.4 mAh g−1 for NVP,

117.6 mAh g−1 for NLVP, and 103.6 mAh g−1 for NKVP.
Notably, all three materials exhibit a second plateau, with NLVP
exhibiting the longest. This second plateau at ~3.1 V can be
attributed to the coexistence of two phases with the ordering
of vacancy arrangements at the end of discharge generating
structural mismatch and significant kinetic limitations. This
increases the migration energy barriers of sodium ions during
the two-phase reaction, thereby leading to polarization, i.e., volt-
age drop [38, 40–43]. Therefore, the second plateau in the dis-
charge curve directly reflects the Na+ ion diffusion behavior
related to the energy barriers. Comparing the three materials,
NKVP demonstrates the shortest plateau, suggesting that K+ sub-
stitution can optimize the Na+ diffusion pathways and reduce the
migration energy barriers more effectively than Li+ substitution.
This finding underscores the significant impact of alkali metal sub-
stitution on Na+ diffusion kinetics in NVP-based cathode materi-
als. In this context, the rate capability tests of NVP, NLVP, and
NKVP were conducted from 0.5C to 100C (Figure S4). The specific
discharge capacities at 0.5C were used as the benchmark for data
normalization, yielding the capacity retention plots under various

FIGURE 1 | (a,b) X-ray diffraction patterns and selected magnified areas. (c) Rietveld refinement of NKVP. (d) Theoretical crystal structure of NKVP.

(e) TGA curves. (f ) Raman spectra. (g–i) SEM, TEM, and HRTEM and FFT images of NKVP. (j) TEM elemental mapping results of NKVP.
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C-rates (Figure 2b). NLVP and NKVP exhibited superior rate per-
formance compared to the pristine NVP, and the capacity reten-
tions at 50C were 90.0% for NLVP, and 88.5% for NKVP,
respectively, higher than that of NVP (82.3%). Remarkably, at
an ultrahigh rate of 100C, NKVP retained 77.8% of its 0.5C capac-
ity, which translates to a practical charging time of approximately
0.47min, whereas NVP and NLVP suffered severe decay. To verify
the robustness of this exceptional rate performance, two indepen-
dent replicate tests were conducted on NKVP, confirming the high
reproducibility of the results (Figure S5). Figure 2c and S6–7 dis-
play the selected GCD curves of NKVP, NVP, and NLVP from 0.5C
to 50C. It is seen that NKVP exhibits lower polarization and a
shorter second plateau compared to the NVP and NLVP at high
rates. These results clearly demonstrate the exceptional high-rate
performance of NKVP due to facilitated Na+ diffusion kinetics. To
evaluate practical applicability, the rate performance of NVP
and NKVP was assessed under high-mass-loading conditions
(~5mg cm−2). The data (Figure S8) confirm the sustained kinetic
superiority of NKVP over NVP.

The voltage hysteresis was calculated based on the voltage
profiles at various C-rates (Figure 2d), defined as the voltage
difference between the charge and discharge curves at 50%

state-of-charge (SOC) and 50% DOD. This difference reflects
the degree of polarization relative to the equilibrium potential,
where a larger hysteresis indicates greater polarization and
higher energy loss [38, 44]. NLVP shows the highest voltage hys-
teresis across various C-rates, which can be ascribed to the pro-
longed second voltage plateau below 3.4 V. For pristine NVP, the
voltage hysteresis gradually increases as the C-rate rises. Notably,
NKVP has the smallest voltage hysteresis at all C-rates, indicating
the least polarization and energy loss during Na+ insertion/
extraction resulting from the K+ substitution which enlarges
ion transport channels and lowers Na+ migration energy barriers
[33]. To specifically exhibit the energy losses caused by polariza-
tion, Figure S9 presents the energy efficiencies of NVP, NLVP,
and NKVP at different C-rates. It is noteworthy that NKVP exhib-
its the highest energy efficiency across various charge/discharge
rates, further confirming its superior rate performance with the
highest reversible capacity among all materials. The long-term
cycling tests at 50C were conducted, as shown in Figure 2e.
Notably, NKVP electrode demonstrates remarkable stability,
delivering a reversible capacity of 86.12 mAh g−1 at 50C with
80.8% capacity retention after 10,000 cycles at room temperature.
This corresponds to a minimal decay rate of 0.0019% per cycle.

FIGURE 2 | Electrochemical performance of NVP, NLVP, and NKVP. (a) First cycle GCD curves between 2.5–4.2 V at 0.5C and . (b) Capacity

retention at various current rates from 0.5C to 100C. (c) GCD curves of NKVP at various C-rates. (d) Voltage hysteresis at 50% depth-of-discharge

(DOD) from the charge–discharge profiles of NVP, NLVP, and NKVP at various C-rates. (e) The cycling performances at 50C. (f,g) Rate performance

and cycling performance at 10C and high-temperature (60°C).
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In contrast, NVP electrode had an initial capacity of 86.81mAh g−1

but exhibited rapid capacity fading after 360 cycles, resulting in a
capacity retention of only 52.5% after 10,000 cycles. NLVP elec-
trode, while outperforming NKVP with an initial capacity of
92.09mAh g−1, only delivered a capacity retention of 68.0%, i.e.,
much lower than that of NKVP. It is seen that the K+ substitution
can efficiently improve the cycling stability of NASICONmaterials
at high rate, showing its potential for high power applications.

At high temperature, the compatibility between NASICON-type
cathodes and electrolytes becomes a critical issue, further desta-
bilizing the structure and degrading electrochemical perfor-
mance [45, 46]. To evaluate the high-temperature performance
of NVP, NLVP, and NKVP, the cells were tested at 60°C, and the
capacity retentions at various C-rates are shown in Figure 2f. At
50C rate test, NKVP delivered a capacity retention of 93.4% with
respect to the initial capacity delivered at 0.5C. In contrast, NVP
rapidly degraded at high rate (i.e., above 20C), which can be
attributed to the accelerated decomposition and side effects at
high temperature [47–49]. The capacity retention of NLVP at
50C is 85.5%, outperforming NVP but lower than NKVP.
Figure 2g further illustrated the long-term cycling tests of

NVP, NLVP, and NKVP electrodes at 60°C and 10C, with capac-
ity retention after 3000 cycles of 11.1%, 35.6%, and 47.3%, respec-
tively. These results confirm that K+ substitution enables the
NKVP electrode to maintain outstanding high-power and
long-term cycling performance even at elevated temperatures.

In situ XRD measurements were used to probe the structural evo-
lution of NKVP during electrochemical cycling. Figure 3a presents
the in situ XRD patterns alongside the corresponding charge–dis-
charge profiles for the first and second cycles. During the initial
charging phase (Na+ deintercalation), all the distinct diffraction
peaks correspond exclusively to the Na2.5K0.5V2(PO4)3 phase
(NASICON structure, space group R3̅c). Upon further charging,
the diffraction peaks shift abruptly to higher angles, concomitant
with the emergence of a new phase, identified as NaV2(PO4)3
phase [17, 32, 40]. Critically, the subsequent discharge process
(Na+ intercalation) reveals a fully reversible phase transformation,
with the Na0.5K0.5V2(PO4)3 phase reversibly converting back to the
initial Na2.5K0.5V2(PO4)3 phase. The diffraction peak evolution
in the second cycle closely replicates that of the first cycle,
unequivocally demonstrating the exceptional structural reversibil-
ity of NKVP. Significantly, NKVP achieves highly efficient Na+

FIGURE 3 | Structural evolution and electrochemical dynamics. (a) In situ XRD contour pattern. (b,c) Ex situ XPS spectra of V 2p and K 2p of NKVP

recorded on the electrodes at pristine (OCV) electrode and electrode at charged state (4.2 V). (d) CV curves at different scan rates of NKVP. (e) The linear

relationship between ip and v1/2 from CV profiles of NKVP. (f ) DNa+ values obtained from CV curves. (g) GITT curves and the corresponding ions

diffusion coefficients. (h) EIS spectra of NVP and NKVP before cycling (at OCV after 12 h rest) and after 100 cycles (discharged state at 2.5 V).
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deintercalation/intercalation reactions via this robust and highly
reversible two-phase transformation, showing an excellent corre-
lation with the observed electrochemical performance [32, 38, 40].

To further elucidate the role of K substitution in redox reaction
mechanism during Na+ de-/intercalation, X-ray photoelectron
spectroscopy (XPS) was used to analyze the chemical valence
changes of V and K in pristine and charged NKVP cathodes
(Figures S10−S12 and 3b,c). For pristine NKVP, the V 2p3/2
and V 2p1/2 peaks are observed at binding energies of
517.06 eV and 524.27 eV, respectively, confirming the vanadium
oxidation state as V3+ [50]. Upon charging to 4.2 V (Figure 3b),
these peaks shift to higher binding energies of 517.63 eV and
524.87 eV, testifying the complete oxidation of V3+ to V4+ [26].
Critically, the K 2p3/2 and K 2p1/2 binding energies (Figure 3c)
remain spectroscopically inert throughout the charging process,
suggesting that K+ remains electrochemically inactive during the
V3+/V4+ redox. These findings confirm that K+ occupying the
Na(1) sites, serves as a structural stabilizing agent (‘pillar’),
facilitating the highly reversible Na+ transport via the intrinsic
V3+/V4+ redox mechanism without participating electrochemi-
cally [21, 35].

Building upon the established enhancements in electrochemical
performance and structural stability imparted by K+ substitution,
a comprehensive kinetic analysis using cyclic voltammetry (CV),
galvanostatic intermittent titration technique (GITT), and elec-
trochemical impedance spectroscopy (EIS) was undertaken to
probe Na+ diffusion kinetics. Figures S13, S14 and 3d present
the CV profiles of NVP, NLVP, and NKVP at scan rates from
0.1 to 1 mV s−1. It is evident that NLVP demonstrates the largest
voltage gap between the oxidation peak and the reduction peak,
confirming its highest voltage hysteresis consistently with the
GCD profiles. While the voltage gap slightly increases with scan
rate for both NVP and NKVP, this latter exhibits a markedly
smaller increase compared to the former, indicating that the elec-
trochemical activity and the reversibility of the redox reaction are
enhanced by K+ substitution [16]. Notably, the CV curves clearly
exhibit one oxidation peak and two reduction peaks, among
which the second reduction peak at low voltage (peak 3) contrib-
utes to the energy loss due to the voltage polarization [38, 40–43].
Crucially, the peak is significantly less prominent in NKVP than
NVP, which directly reflects the lower migration energy barrier
encountered by Na+ within the K+-stabilized NKVP framework
during the latter stages of discharge (Na1 to Na2). In contrast, the
more pronounced voltage hysteresis in NLVP, stemming from a
higher energy barrier within its constrained migration pathways,
manifests as a distinct broadening of the redox features
[16, 17, 40–43].

The linear relationship between the square root of the scan rate
(v1/2) and the peak current (ip) for NVP, NLVP, and NKVP, as
shown in Figures S15−16 and 3e, confirms that their electro-
chemical Na+ insertion/extraction processes are diffusion-
controlled [39]. The Na+ diffusion coefficients (DNa+) for NVP
and NKVP were calculated using the Randles-Sevcik equation
(Figure 3f ). Specifically, the DNa+ values corresponding to Peak1,
Peak2, and Peak3 in NKVP were determined to be 8.53 × 10−10,
2.96 × 10−10 and 1.12 × 10−10 cm2 s−1, respectively. These values
significantly exceed those of the redox peaks observed in NVP.
Similarly, DNa+ obtained by GITT tests are shown in Figure 3g.
The ion diffusion coefficients of NKVP are significantly higher
than those of NVP, particularly during discharge (Na+ insertion).

Critically, while NVP exhibits severe iR drop and a concomitant
sharp plummet in DNa+ at 55% Na+ intercalation stage, NKVP
maintains a substantially higher DNa+ (one order of magnitude
greater on a logarithmic scale), indicating lower migration
energy barrier and smaller concentration polarization during
the Na+ (de)intercalation [43]. EIS results (Figure 3h) reveal that
the charge transfer resistance (Rct) of NKVP and NVP was nearly
identical before cycling at OCV state. However, after 100 cycles at
discharged state, NKVP electrode exhibited a significantly
smaller Rct value than that of pristine NVP, which can be attrib-
uted to the enhanced interfacial stability by K+ substitution after
cycling [51–53].

To gain insight into the preferential K+ substitution at the Na
sites and clarify the performance-enhancing mechanism, density
functional theory (DFT) calculations were performed. Two sub-
stitution models were constructed by substituting K+ for Na+ at
either Na1(6b) or Na2(18e) sites while maintaining crystal sym-
metry, and their total energies were calculated (Figure 4a).
Results demonstrate that K+ occupation of the Na1 site yielded
the lowest total energy, i.e., −863.53 eV, lower than that of the
Na2 site (−862.06 eV). This indicates superior thermodynamic
stability of K+ at the Na1 site and its preferential occupation
under thermodynamic equilibrium, which is consistent with
XRD Rietveld refinement results [54, 55]. Thus, the Na1-occupied
K+ substitution model was consequently used for subsequent cal-
culations. Figure S17 depicts the crystal models and their 3D pro-
jection schematics of NVP and NKVP. Calculations revealed
anisotropic lattice evolution in NKVP with slight contraction of
the a- and b-values but severe expansion of the c-value compared
to NVP. The theoretical results coincide with the Rietveld refine-
ment data (Figures 1c and S1 and Table S1), confirming the fea-
sibility of the proposed theoretical crystal model [39]. From the
theoretical crystal models, the average length of V-O bonds in
NKVP is 2.003 Å, longer than that of NVP (1.994 Å) (Figure 4b).
This indicates that the incorporation of K+ weakens the orbital
overlap between V and O, reduces its covalency, and enhances
its ionic character, thus improving the redox kinetics [33].

Figures 4c,d and S18 present the migration energy barriers along
the identical diffusion pathways of Na+ in NKVP and NVP.
Results reveal that NKVP exhibits a significantly reduced migra-
tion barrier of 1.385 eV compared to that of NVP (3.536 eV)
within the same diffusion pathway. This indicates that K-substi-
tution at the Na1 site markedly enhances the Na+ diffusion
behaviors, aligning with the improved diffusion coefficients
and the interfacial kinetics [33, 39, 56]. Figure 4e,f show the den-
sity of states (DOS) distributions of NVP and NKVP. Notably, the
O 2p orbitals and the V 3d orbitals form hybridized states near the
Fermi energy level (0 eV) in both materials, with their DOS max-
ima crossing the Fermi level. This similarity indicates a compara-
ble intrinsic electronic conduction mechanism in NVP and NKVP
[39, 54, 55], suggesting that the substitution of K+ ions at Na1 sites
does not affect the intrinsic electronic structure in NASICON
materials, i.e., the electronic conductivity of NKVP is not signifi-
cantly affected. This is consistent with the conclusions obtained
from the EIS spectra in Figure 3h. Nevertheless, the significantly
improved ion migration kinetics ultimately enhanced the sodium
storage performance of the material, leading to better rate capabil-
ity and energy efficiency.

To understand how K+ substitution modifies the local bonding
environment, the differential charge density (DCD) was analyzed
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(Figure 4g,h). Comparative analysis reveals the clearly enhanced
charge depletion (blue regions) around V atoms in NKVP com-
pared to NVP. This charge redistribution demonstrates that K+

incorporation facilitates electron transfer from V to O atoms,
strengthening the ionic character of V─O bonds [39, 57].
DFT analyses demonstrate that K+ substitution at the preferen-
tial Na sites synergistically improves the sodium storage perfor-
mance of NVP, which benefits from enhancing structural
stability, weakening V─O bond covalency, and lowering Na+

migration energy barriers. This work confirms that preferential
substitution by alkali ion dopants can directionally tune the
local bonding environment and diffusion kinetics within stable
NASICON frameworks, enabling breakthroughs in high-power,
long-life cathodes.

To evaluate the potential of NKVP as a practical cathode mate-
rial, full cells were fabricated using presodiated hard carbon (HC)
anodes (denoted as NKVP//HC) and tested within the 2.5–4.2 V
voltage range (Figure 5a). It should be noted that an ether-based
electrolyte (1 M NaPF6 in PC/FEC) was also used for the NKVP//
HC full-cell tests. The results indicate that the carbonate-based
electrolyte led to comparatively poorer rate capability (Figures
S19–21), a result attributed to the less favorable interfacial kinet-
ics of the hard carbon anode in that system [58]. Linear sweep
voltammetry (Figure S22) confirms that the 1M NaPF6 in

diglyme electrolyte exhibits an onset decomposition voltage
of ~4.36 V. This value is well above the 4.2 V upper cut-off used
in our full-cell tests, ensuring stable operation within the 2.5–
4.2 V window [59]. Figure 5b presents the typical GCD curves
of NKVP and HC electrodes in half-cell configuration at 0.5 C.
The HC anode delivers a specific capacity of 299.5 mAh g−1,
while NKVP exhibits a specific capacity of 103.63mAh g−1.
The N/P ratio in full cell was calculated to be 1.27. The rate per-
formance of NKVP//HC is illustrated in Figure 5c. At C-rates of
0.5C, 1C, 2C, 5C, 10C, 20C, and 30C, the full cell provides specific
capacities of 99.92 mAh g−1, 99.80 mAh g−1, 99.60 mAh g−1,
98.43 mAh g−1, 95.33 mAh g−1, 87.56 mAh g−1, and 79.1 mAh g−1,
respectively (based on the mass of the cathode), indicating its
superior high power capability. Figure 5d displays the GCD
curves of NKVP//HC cells at different rates, where the charac-
teristic plateau aligns well with those of NKVP electrodes in the
half-cells. The cycling performance of NKVP//HC was also
tested as shown in Figure 5e. After precycling three times at
0.5C and cycling for 97 cycles at 5C, a specific capacity of
89.68 mAh g−1 was retained, with a capacity retention rate of
97.4%. These results demonstrate that NKVP//HC full cells
exhibit outstanding rate capability and cycling stability, under-
scoring its suitability as a high-power cathode material for
practical SIBs.

FIGURE 4 | (a) Calculated total energy values for K ions occupying the Na 1 and Na 2 positions, respectively. (b) V–O bond lengths in the theoretical

crystal structures of NVP and NKVP. (c,d) Na+migration pathways with corresponding migration energy barriers. (e,f ) calculated density of states (DOS)

and the corresponding partial density of states (pDOS) of NVP and NKVP. (g,h) Charge density distribution of NVP and NKVP (yellow=electron accu-

mulation, blue=electron consumption).
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3 | Conclusions

In summary, we have successfully synthesized and comprehen-
sively evaluated alkali ion (Li+, K+)-substituted NVP as
NASICON cathodes for SIBs. Results specifically highlight the
superior impact of preferential K+ substitution at (6b) Na1 sites
in unlocking exceptional high-power performance. This targeted
substitution effectively broadens Na+ transport channels and
modulates the local bonding environment, significantly alleviat-
ing kinetic limitations arising from two-phase reactions and Na+/
vacancy ordering during discharge. Consequently, the K+-substi-
tuted NKVP cathode delivers (at 25± 1°C) a reversible capacity of
103.6 mAh g−1 at 0.5C, retains 77.8% of its capacity at 100C, and
maintains 80.8% capacity over 10,000 cycles at 50C, along with
improved high-temperature stability over 3000 cycles at 10C
and 60°C. Kinetic analyses confirm that the preferential K+ sub-
stitution enhances the Na+ diffusion coefficient and reinforces
the structural framework, thereby reducing voltage polarization
with high energy efficiency and ultralong cycling stability. DFT
calculations elucidate the underlying triple mechanism: K+ sub-
stitution synergistically improves structural stability, increases
the ionicity of V─O bonds, and lowers the Na+ migration energy
barrier. This fundamental understanding of alkali cation modu-
lation strategy offers deep insights for developing high-power,
long-life NASICON electrode materials for SIBs.
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Information section. Supporting Fig. S1: Rietveld refined XRD pattern
of NVP. Supporting Fig. S2: Rietveld refined XRD pattern of NLVP.
Supporting Fig. S3: SEM image of NVP. Supporting Fig. S4: Rate per-
formance of half-cells at various current rates from 0.5C to 100C.
Supporting Fig. S5: Rate performance of NKVP from independent rep-
licate half-cell tests. Supporting Fig. S6: GCD curves of NVP half-cells at
different current rates from 0.5C to 50C. Supporting Fig. S7:GCD curves
of NLVP at different current rates from 0.5C to 50C. Supporting Fig. S8:
Rate performance of NVP and NKVP cathodes at a high mass loading
(5 mg cm−2). Supporting Fig. S9: Energy efficiency of NVP, NLVP and
NKVP half-cells at different rates from 0.5C to 50C. Supporting
Fig. S10: Ex-situ XPS spectra in the V 2p region of NVP pristine and after
the charge step. Supporting Fig. S11: XPS survey spectrum of pristine
NVP electrode. Supporting Fig. S12: XPS survey spectrum of pristine
NKVP electrode. Supporting Fig. S13: CV curves of an NVP half-cell
at different scan rates. Supporting Fig. S14: CV curves of an NLVP
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the square root of the scanning rate (v1/2) and the peak current (ip) of
NVP. Supporting Fig. S16: Linear relationship between the square root
of the scanning rate (v1/2) and the peak current (ip) of NLVP. Supporting
Fig. S17: Theoretical crystal model of (a) NVP and (b) NKVP.
Supporting Fig. S18: Illustration of Na+ migration path in the NVP
structure. Supporting Fig. S19: Charge-discharge curves of the NKVP
and hard carbon (HC) anode, measured in half-cells using the 1 M
NaPF6 in PC with 5 vol% FEC electrolyte. Supporting Fig. S20. Rate
performance of the NKVP full cell employing 1 M NaPF6 in PC with
5 vol% FEC as the electrolyte, tested from 0.5 C to 30 C. Supporting
Fig. S21: GCD curves of NKVP full-cell at different current rates from
0.5 C to 30 C. Supporting Fig. S22: LSV curves of Na//Al cells with
1 M NaPF6 in diglyme tested at 1 mV s−1 from 2.5 V to 5.5 V.
Supporting Table S1: Lattice parameters of NVP, NLVP and NKVP from
Rietveld refinement. Supporting Table S2: Refined atomic occupancies
in Na3V2(PO4)3. Supporting Table S3: Refined atomic occupancies in
Na2.5Li0.5V2(PO4)3. Supporting Table S4: Refined atomic occupancies
in Na2.5K0.5V2(PO4)3.
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