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As a member of the sodium superionic conductor (NASICON) family, NazV,(PO4),O5F (NVPOF) has
attracted tremendous research interest owing to its high operating voltage and excellent structural
stability. It is well established that NVPOF cathodes are electron-ion mixed conductors. However,
improving electron or ionic conductivity via a single approach fails to effectively enhance the rapid
sodium storage capability, which impedes their practical application in sodium-ion batteries. Herein, the
electronic and ionic conductivities were enhanced through a transition-metal/fluorine dual-doping
method. The introduction of transition metals with different spin states adjusted the spacing between
the V 3d,,-O 2p, bond and the Fermi level, thereby improving the material's intrinsic conductivity.
Meanwhile, the introduction of F atoms effectively optimized the diffusion kinetics of Na®. In particular,
Nas(VO); oFeq1(PO4)-F11 (NVPOF-Fe) is obtained by dual-doping with high-spin Fe3*/F~. It has
considerable specific capacity and power density at 100C (80 mA h g%, 245 Wh kg™?) and retains 90.6%
capacity after 2500 cycles at 20C. The assembled NVPOF—Fel||hard-carbon full cell exhibits excellent
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Introduction

Industry 4.0 introduces digitalization and intelligent
manufacturing, which further increase energy demand." Elec-
trical energy storage (EES) systems effectively integrate inter-
mittent renewable resources and are regarded as an effective
means to mitigate constraints of conventional fossil energy
sources and environmental pollution. An ideal EES system
meets the requirements of low cost, high safety, and rapid
storage and release of large amounts of energy.> Compared with
lithium, sodium exhibits higher abundance in the Earth's crust.
Therefore, sodium-ion batteries (SIBs) are considered highly
promising for EES applications.** The development of SIB
cathode materials that combine low cost, high capacity, long
cycle life, high power density, and adaptability to multifunc-
tional applications receives increasing attention.® At present,
layered transition metal oxides are affected by the Jahn-Teller
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paradigm for the development of advanced sodium-ion battery cathodes.

effect, air instability, and oxygen loss, which make it difficult to
achieve long cycle life and high rate.®® Prussian blue and its
analogues (PBAs) with high lattice water content generally
exhibit poor structural stability during long term cycling.®** By
contrast, phosphate cathodes with stable three dimensional
open frameworks show substantial potential for long cycle life
and fast charge/discharge.">"

Naz(VO;_yPO4),F1ipr (0 = x = 1) is a member of the
NASCION-type cathode family, attracting considerable interest
owing to its high ionic conductivity, operating voltage, and
energy density.'*'* Among these, NazV,(PO,),0,F (NVPOF)
stands out as one of the most promising sodium-ion battery
(SIB) cathode candidates by virtue of its high theoretical specific
capacity of 130 mA h g~'. However, the fast Na* storage capa-
bility of NVPOF is hindered by poor reaction kinetics and low
electronic conductivity."”*® It is well established that NVPOF is
a mixed ionic-electronic conductor, in which Na* insertion/
extraction is coupled with electron transfer (i.e., redox reac-
tions). At a low rate of 0.1C, the movement of ions and electrons
stays fairly balanced, allowing the pristine NVPOF to achieve
a high capacity (120 mA h g~").2*** In contrast, at high rate,
electrochemical polarization—including ohmic, electro-
chemical, and concentration polarization—becomes signifi-
cantly amplified. Issues such as current-dependent internal
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resistance drop (IR drop), interfacial charge-transfer limitation,
and bulk ionic transport resistance severely restrict the
enhancement of electrochemical performance. Increasing
electronic conductivity can effectively mitigate IR drop and
accelerate charge-transfer kinetics, while improving ionic
conductivity facilitates bulk ionic transport. Therefore, simul-
taneous optimization of both electronic and ionic conductivi-
ties is essential to enhance the rate of NVPOF. Currently,
conductive coatings have proven effective in boosting electronic
conductivity but offer limited improvement in reaction
kinetics.'®*>?* Although morphological regulation enhances ion
diffusion kinetics, its limited effect on intrinsic conductivity
results in minimal improvement in high rate performance.****
In contrast, appropriate element doping remains one of the
most effective ways to simultaneously solve the problems of
conductivity and kinetics. Current research on atom doping has
mainly focused on Ti*"?® v3* > Fe®* 2 Mn>" > Ni*","” Mg>* 3
Zn>** Y**3' and high-entropy doping strategies.”® Although
many approaches achieve high capacities at low current densi-
ties, Na' storage performance at ultrahigh rates (=20C) remains
inadequate. In relevant reports on polyanion SIB cathodes,
adjusting the local electronic structure of the matrix material
can reduce the band gap and improve the intrinsic electronic
conductivity.*>* In our previous study, Fe** (3d°) enhanced the
redox activity of the V**/V*" couple and enabled multi electron
reactions.** However, this advantage is accompanied by partial
capacity loss at the high voltage plateaus (3.6 and 4.0 V).
Consequently, achieving a balanced optimization of ionic and
electronic conductivities in NVPOF cathodes remains essential
to overcome the inherent limitations of high rate performance.

Herein, existing NVPOF optimization efforts target electronic
or ionic transport in isolation; as a result, the overall electro-
chemical performance remains suboptimal. Inspired by reports
that dopants with 3d orbitals can enhance intrinsic conductivity
by modulating the local electronic structure, a transition metal/
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fluorine dual doping strategy was proposed to enhance both
electronic and ionic conductivity simultaneously (Scheme 1).
The introduction of elements with different spin states adjusted
the spacing between the V 3d,,-O 2p, bond and Fermi level,
thereby improving the material's intrinsic conductivity. Mean-
while, the introduction of the F element effectively optimized
the diffusion kinetics of Na™. In particular, high spin Fe**/F~
dual doped Naz(VO);oFey1(PO4),F11 (NVPOF-Fe) delivers
remarkable performance, achieving a specific capacity of
79.2 mA h g~ and an energy density of 245 Wh kg™ at 100C,
while retaining 90.6% of its capacity after 2500 cycles at 20C.
The assembled NVPOF-Fe||HC full cell attains an energy density
of 271.9 Wh kg™ " (based on the combined mass of the cathode
and anode) and demonstrates outstanding cycling stability at 25
°C, 45 °C, and —20 °C. Notably, this work highlights the critical
role of balanced enhancement of electronic and ionic conduc-
tivities in achieving high rate performance, offering a promising
design principle for the development of advanced SIB cathodes.

Results and discussion

Considering that S¢** (3d°%), V** (3d?), Cr** (3d%), and Fe*" (3d°)
possess distinct 3d orbital electron configurations, these
cations were selected as dopants for pristine NVPOF. When M>*
(M = Sc, V, Cr, and Fe) substitutes for V**, charge neutrality was
maintained by replacing dangling O~ with F~.>%% To meet the
requirements of first-principles calculations for minor doping
of Sc, V, Cr, and Fe, we established 2 x 1 x 1 supercells for
NVPOF, NVPOF-S¢, NVPOF-V, NVPOF-Cr, and NVPOF-Fe,
respectively, and verified the evolution of spin states in NVPOF
and NVPOF-M (M = Sc, V, Cr, and Fe). Structural optimization
revealed that heteroatom incorporation primarily induces
lattice expansion along the ¢ axis (Fig. S1). As shown in Fig. 1a
and S2, the introduction of dopants invariably generated
asymmetric spin configurations. Previous studies have shown
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Scheme 1 Schematic diagrams of modification mechanisms for NVPOF-M (M = Sc, V,
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Cr, and Fe) cathodes.
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Fig.1 Theoretical and structural characterization of NVPOF-M (M = Sc, V, Cr, and Fe) materials. (a) The comparative electronic spin states. (b)
Projection density of states for Sc, V, Cr, and Fe elements. (c) XRD and (d) EPR spectra. (e) 2D contour plots of the four-point probe conductivity
results of NVPOF-M (M = Sc, V, Cr, and Fe) and NVPOF under a load of 2-10 MPa.

that such configurations can effectively enhance vanadium
redox activity.**% Fig. 1b shows that Sc** exhibits a 3d orbital
(t3¢eg) without electron occupancy, while V** and Cr’" are spin
up theeg and tj e configurations, respectively, and Fe** is a high
spin tjzey configuration.

NVPOF and NVPOF-M (M = Sc, V, Cr, and Fe) were further
synthesized via a simple hydrothermal method. The XRD
patterns (Fig. 1c) confirmed their high phase purity and crys-
tallinity, its diffraction peak points towards the orthogonal
crystal structure of NVPOF (ICSD no. 194604). The slight shifts
of the (220) and (222) reflections toward lower angles confirm
the successful incorporation of heteroatoms into the NVPOF
lattice (Fig. S3). Owing to the comparatively large ionic radius of
Sc**, NVPOF-Sc exhibits the greatest displacement among the
doped samples.*® To further elucidate the heteroatom-induced
asymmetric electronic configurations of Sc**, v**, Cr**, and
Fe’", Electron Paramagnetic Resonance (EPR) spectroscopy was
performed (Fig. 1d). The g values decreased in the order
NVPOF-Fe > NVPOF-Cr > NVPOF > NVPOF-Sc > NVPOF-V.
Notably, NVPOF-V exhibited the smallest g value because the
specific electron configuration of V' (t3,ep) renders it “EPR
silent” under conventional perpendicular polarization mode.
NVPOF-Fe showed a higher g value than NVPOF-Cr because
high spin Fe®* (t5,e3) has five unpaired electrons, significantly
more than Cr’" (tj,ep) with three unpaired electrons. These
results confirm that Fe®* doping increases the effective
magnetic moment of the material. To better understand the
contribution of heteroatom doping with different spin states to
the conductivity, four point probe measurements were per-
formed. Under loads of 2-10 MPa, NVPOF-Fe powders
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consistently exhibited the highest conductivity, followed by
NVPOF-Cr (Fig. 1le). Furthermore, in conjunction with EPR
spectroscopy, the electronic conductivity of NVPOF-M (M =
Sc, V, Cr, and Fe) is found to be positively correlated with its
effective magnetic moment. Higher load measurements
(Fig. S4) further confirmed that NVPOF-Fe powders outperform
all other compositions under any applied load. The superior
conductivity is expected to mitigate ohmic polarization effects,
thereby enhancing high rate electrochemical performance.
Ionic conductivity measurements of NVPOF-M (M = Sc, V, Cr,
and Fe) and pristine NVPOF reveal that heteroatom incorpora-
tion effectively reduces the bulk resistance (Fig. S5). Notably,
NVPOF exhibits the highest bulk resistance, whereas NVPOF-Fe
shows the lowest value, implying an enhanced ionic conduc-
tivity for NVPOF-Fe. Consequently, NVPOF-Fe and NVPOF-Cr
are predicted to show improved performance at high rate.
Previous studies have shown that NVPOF can crystallize in
two tetragonal symmetries, I4/mmm and P4,/mnm, both
featuring pseudo layered frameworks but differing in Na*
distribution (Fig. 2a and b). To further elucidate the crystal
structure, Rietveld refinements were performed on NVPOF-Fe
based on both structures. The results indicate that NVPOF-Fe
matches the P4,/mnm symmetry more closely (Fig. 2a). In the
P4,/mnm framework, tetrahedral PO, groups and octahedral
VOsF units are interconnected via corner sharing, while
pseudolayer pillars consist of two VOsF octahedra linked
through a shared F atom. Rietveld refinement was performed on
the XRD patterns of NVPOF and NVPOF-M (M = Sc, V, Cr, and
Fe) (Fig. S6 and Table S29). Given that the ionic radii of S¢**, v**,
Cr’*, and Fe*" all exceed that of V**,* the c axis length increased

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structural characterization of NVPOF-M (M = Sc, V, Cr, and Fe) materials. XRD Rietveld refinement patterns of NVPOF-Fe based on
(@) P4,/mnm and (b) I4/mmm crystal structures. (c) FTIR spectra. (d) High-resolution V 2p spectra, (e) high-resolution Sc, Cr, and Fe 2p spectra. (f)
SEM image, (g) HRTEM image, (h) the FFT result of (g), and (i) EDS mapping of NVPOF-Fe.

upon doping, suggesting a widening of Na" diffusion channels.
Fourier transform infrared (FTIR) spectroscopy is a powerful
tool for probing the structure of NVPOF. As shown in Fig. 2c, the
FTIR spectra of the five samples exhibit a broad absorption
band in the range of 980-180 cm™', corresponding to the
asymmetric stretching vibrations of PO,*” groups.*** The
symmetric stretching and bending vibrations of P-O bonds
appear at 671 cm " and 555 cm ™", respectively.*** The vibra-
tion peaks at 895 cm™ ' and 918 cm ™" can be attributed to V-F
and V-O bonds, respectively.*>** X-ray photoelectron spectros-
copy (XPS) measurements were carried out on NVPOF and
NVPOF-M (M = Sc, V, Cr, and Fe) to determine the chemical
states of the constituent ions. The full spectra clearly display the
presence of Na, V, O, P, and F elements in all five samples
(Fig. S7). The high-resolution V 2p spectrum displays distinct
peaks at 517.3 and 524.0 eV, which are assigned to the V** 2p;,,

© 2026 The Author(s). Published by the Royal Society of Chemistry

and V*' 2p,/, components, respectively (Fig. 2d).*>* The Sc 2p
region can be deconvoluted into Sc* 2pss, and St 2p1/2 peaks,
indicating that scandium exists as Sc*" (Fig. 2e).** The Cr 2p
spectrum consists of Cr** 2p;, (577.7 €V) and Cr** 2p,, (587.4
eV) peaks, indicating that chromium exists in the form of Cr**
(Fig. 2e).** Due to the low Fe concentration, only weak Fe 2p3/,
and Fe 2p,, signals can be identified (Fig. 2e). Combined with
our previous findings, this indicates that Fe*" ions do not
undergo redox changes during the synthesis process.**

The morphological characteristics of NVPOF and NVPOF-M
(M = Sc, V, Cr, and Fe) were further examined by scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM). As shown in Fig. S8, all five materials are composed
of nanoscale particles. TEM images indicate that all samples are
formed by the aggregation of particles with a diameter close to
100 nm (Fig. $9-5S12). High resolution TEM (HRTEM) images of

Chem. Sci., 2026, 17, 8638-8650 | 8641
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NVPOF-Fe and NVPOF particles show well-ordered lattice
fringes with a single orientation (Fig. 2g and S12), indicating
high crystallinity and a single-phase structure. In NVPOF-Fe,
lattice spacings of 0.451 nm and 0.325 nm correspond to the
(200) and (220) planes, respectively, with an interplanar angle of
45°. For NVPOF, the lattice spacing of 0.532 nm is indexed to the
(002) plane. Fast Fourier transform (FFT) patterns obtained
from HRTEM images reveal that NVPOF-Fe nanoparticles are
single crystals exhibiting tetragonal symmetry (Fig. 2h). Energy
dispersive X-ray spectroscopy (EDS) elemental mapping
confirms the homogeneous distribution of all relevant elements
across the nanoparticles (Fig. S9-S12).

The electrochemical performance of the five cathodes was
evaluated in half cells using sodium metal as the anode. As
shown in Fig. 3a and S13, at 0.5C, NVPOF-Sc, NVPOF-V,
NVPOF-Cr, and NVPOF-Fe deliver discharge specific capacities
of 135.8, 142.8, 133.3, and 139.8 mA h g, respectively, all
significantly higher than that of pristine NVPOF
(121.4 mA h g™ "). During discharge, the specific capacities of
NVPOF-V and NVPOF-Fe are 122.5 and 122.3 mA h g/,
respectively, within the range of 4.3-3.4 V, far exceeding the
95.7 mA h g~! of NVPOF, indicating better electrochemical
activity of vanadium in these two cathodes. In addition, all
cathodes deliver substantial capacity in the sloping region
between 3.4 and 2.0 V, which may originate from interfacial
storage and pseudocapacitive contributions.**** The dQ/dV
curve shows that the addition of Sc, V, Cr, or Fe leads to an
increase in peak area and a decrease in potential shift of V**/vV>*
redox pairs, indicating an increase in redox activity and
a decrease in polarization (Fig. S14). Notably, NVPOF-Fe
exhibits the smallest polarization, indicating superior revers-
ibility (Fig. S14d). Polarization (IR drop) induced by ohmic
resistance and electrochemical kinetics can significantly impair
performance at high rate.*>** As depicted in Fig. 3b, all NVPOF-
M (M = Sc, V, Cr, and Fe) electrodes show excellent specific
capacities and energy densities. In particular, NVPOF-V and
NVPOF-Fe deliver energy densities of 522.4 and 512.4 Wh kg™
at 0.5C, respectively, which are far higher than that of pristine
NVPOF. Given the higher redox activity of V¥ relative to Fe®",
NVPOF-V accordingly exhibits the higher energy density. Both
materials also outperform most sodium-ion battery cathodes
reported to date (Table S1).

Fig. 3c presents the rate capabilities of NVPOF and NVPOF-
M (M = Sc, V, Cr, and Fe) over 0.5-100C. At 0.5C, pristine NVPOF
delivers a lower reversible capacity than all four doped coun-
terparts. As the current density increases from 0.5 to 10C, the
capacity advantage of the doped electrodes becomes increas-
ingly evident. Upon further increasing the rate to 100C, NVPOF-
Fe exhibits the largest capacity gain, followed by NVPOF-Cr.
Specifically, at 100C the discharge capacities of NVPOF, NVPOF-
Sc, NVPOF-V, NVPOF-Cr, and NVPOF-Fe are 25.4, 28.1, 26.2,
47.6, and 80 mA h g ' (Fig. 3c and d), respectively. Corre-
spondingly, the capacity retention of NVPOF at 100C is only
20.9% (relative to 0.5C), whereas NVPOF-Fe achieves 56.7%. Fe
content optimization further shows that NVPOF-2.5% Fe and
NVPOF-7.5% Fe deliver 47.9 and 49.6 mA h g~ at 100C,
respectively (Fig. S15a). Different batches of NVPOF-Fe
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cathodes provide a discharge capacity of nearly 80 mA h g~ at
100C (Fig. S15b). At high currents, the GCD profiles indicate
that NVPOF-Fe exhibits a smaller IR drop and reduced polari-
zation on the voltage plateaus (Fig. 3d and S16), which, together
with conductivity measurements, indicates that enhanced
electronic conductivity mitigates ohmic polarization and
underpins the superior high rate performance. These findings
demonstrate that doping with high spin Fe®" is an effective
strategy to boost the rate capability of NVPOF. Moreover, as
shown in the capacity-rate plot (Fig. S17), NVPOF-Fe is more
competitive than advanced NVPOF cathodes reported to date
(Table S10), particularly at high rate around and above 20C.
Fig. 3e, S18 and 3g present the cycling performance of
NVPOF and NVPOF-M (M = Sc, V, Cr, and Fe) cathodes at rates
of 5C, 10C, and 20C. Notably, NVPOF-Fe exhibits exceptional
cycling stability across all three rates. At 5C, NVPOF-Fe delivers
a maximum discharge capacity of 132.4 mA h g%, retaining
128.4 mA h g~ after 600 cycles (Fig. 3e and f), corresponding to
a capacity retention of 97.0%, or a per cycle fading rate of only
0.005%, markedly outperforming the other cathodes. In
comparison, the retention values for NVPOF, NVPOF-Sc,
NVPOF-V, and NVPOF-Cr are 87.3%, 93.2%, 90.5%, and 95.7%,
respectively. The Fe doped NVPOF-2.5% Fe and NVPOF-7.5%
Fe cathodes achieve retentions of 94.1% and 93.8% (Fig. S18b).
GCD profiles over various cycles reveal no significant voltage
plateau decay for NVPOF-Fe (Fig. 3f). Impressively, NVPOF-Fe
achieves 94.1% retention after 1100 cycles at 10C (Fig. S18a, ¢
and d) and 90.6% after 2500 cycles at 20C (Fig. 3g, S18e and f).
At such high rates, slight voltage plateau decreases occur due to
rapid Na' insertion/extraction, yet the cycling performance still
far surpasses that of the other six cathodes. To further assess
the multifunctionality of NVPOF-Fe, cycling tests were con-
ducted at —20 °C and 45 °C. The NVPOF-Fe cathode exhibits
impressive capacity and cycling stability at —20 °C. Specifically,
when conducting charge and discharge tests at 1C, it can
provide an initial discharge capacity of 114.8 mA h g~ and
retain 89.7% capacity after 360 cycles (Fig. 3h and S19). Notably,
the average coulombic efficiency remained as high as 99.9%
throughout the entire cycling process (Fig. 3h). At 45 °C,
NVPOF-Fe capacity retention reaches 94% of its initial capacity
after 500 cycles at 2C, the average Coulomb efficiency is 98%
(Fig. 3i and j). The primary limitation at low temperature is
diffusion-controlled kinetics, which is manifested by aggra-
vated polarization. By contrast, at elevated temperature,
thermal decomposition of the sodium salt, solvent, and inter-
phase films becomes dominant, leading to a reduced coulombic
efficiency. Overall, the multifunctional performance of the
NVPOF-Fe cathode highlights its enormous potential as high
performance cathodes for SIBs. Table S10 compares the rate
and cycling stability of NVPOF-Fe with other leading analogues.
Fig. 3k presents the Ragone plot comparing NVPOF-M (M =
Sc, V, Cr, and Fe) cathodes with other advanced SIB cathodes.
Among various reported sodium vanadium fluorophosphate
oxides,**® polyphosphates,®”*"*® pyrophosphates,* and sodium
vanadium fluorophosphates,*® NVPOF-Fe delivers the most
balanced and superior overall performance. Notably, at high
power densities of approximately 5000 and 14000 W kg ',

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The electrochemical performance of NVPOF and NVPOF-M (M = Sc, V, Cr, and Fe) cathodes. (a) Capacity comparison between NVPOF
and NVPOF-M (M =Sc, V, Cr, and Fe) at 0.5C. (b) Comparison of operating voltage, specific capacity, and energy density of reported SIB half cells.
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of NVPOF-Fe at 2C and 45 °C. (k) The Ragone plots of various advanced cathodes for SIBs.

NVPOF-Fe achieves energy densities exceeding 459 and 400 Wh
kg™', respectively, demonstrating excellent compatibility
between high energy and high power output.

To explore the differences in Na storage at different charge
and discharge rates, we compared the voltage profiles of NVPOF
and NVPOF-M (M = Sc, V, Cr, and Fe) at 0.5, 2, and 5C (Fig. 4a
and S20). At 0.5C, compared to NVPOF-M, NVPOF exhibits
significant voltage hysteresis in both regions A (3.75-3.95 V) and
B (3.85-3.65 V) (Fig. S20a). The limited plateau capacity of
NVPOF causes a premature transition to the next voltage
plateau during charge/discharge, resulting in pronounced
voltage hysteresis. This behavior stems from the insufficient
redox activity of vanadium in the NVPOF cathode. Upon
increasing the current density to 5C (Fig. 4a), the disparity in
plateau capacity further enlarges, thereby producing voltage
hysteresis in regions A and B, which becomes more

© 2026 The Author(s). Published by the Royal Society of Chemistry

conspicuous. Notably, NVPOF-Fe maintains the smallest
voltage hysteresis at high rate, attributable to its increased
plateau capacity. Electrochemical kinetics were probed by the
galvanostatic intermittent titration technique (GITT) to deter-
mine Na® diffusion coefficients for NVPOF and NVPOF-Fe
(Fig. 4b). The average Na' diffusion coefficient of NVPOF-Fe
during charge/discharge is 1.23 x 107° em” s~ ', which is 2.2
times that of NVPOF (5.54 x 10~ *° cm® s~ '). Within the V**/V>*
redox plateau (orange region) range, NVPOF-Fe exhibits
a higher Na" diffusion coefficient, indicating excellent kinetics.
Combined with voltage distribution analysis, it has been proven
that iron doping activates the V**/V°* redox pairs and improves
the capacity.

Further quantitative analysis of the reaction kinetics of
NVPOF and NVPOF-Fe cathodes was conducted using cyclic
voltammetry (CV). The CV profiles of NVPOF-Fe recorded at

Chem. Sci., 2026, 17, 8638-8650 | 8643
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(a) Voltage profiles of NVPOF and NVPOF-M (M = Sc, V, Cr, and Fe) cathodes at 5C (insets: the voltage hysteresis of the NVPOF cathode

during the charge/discharge process). (b) GITT curves of NVPOF and NVPOF—Fe electrodes and the corresponding Dy,+ distributions. (c) The
contour maps of CV curves of NVPOF-Fe at different scan rates. (d) Proportions of pseudocapacitive (orange area) and diffusion-controlled
(green area) capacity of the NVPOF-Fe cathode at different scanning rates. (e) Distribution of relaxation time (DRT) obtained by deconvolution
EIS. (f) The rate performance of NVPOF—Fe||HC full cell (inset: the schematic diagram of the NVPOF—Fe||HC full cell). (g) The cycling performance
of the NVPOF-Fe||HC full cell at 5C and room temperature. (h) The cycling performance of the NVPOF-Fe||HC full cell at 2C and 45 °C. (i) The

cycling performance of the NVPOF—Fe||HC full cell at 1C and —20 °C.

different scan rates (Fig. 4c) display two pairs of symmetric
redox peaks. At a scan rate of 0.1 mV s~ ', the reduction peak R1
of NVPOF at 3.6 V is accompanied by a pronounced shoulder
(Fig. S21a), indicative of side reactions; by contrast, NVPOF-Fe
exhibits excellent reversibility (Fig. S22a). The b values derived
from log(i) — log(v) analysis for NVPOF-Fe are 0.7703 and
0.7376 for the oxidation peaks (O1 and 0O2) and 0.8392 and
0.8154 for the reduction peaks (R1 and R2), respectively.
Notably, the b values of O1, 02, and R2 exceed those of NVPOF
(0.5969, 0.6826, and 0.7377). Since b = 0.5 corresponds to
a diffusion controlled faradaic process and b = 1 to a pseudo-
capacitive process, values between 0.5 and 1 evidence the

8644 | Chem. Sci., 2026, 17, 8638-8650

coexistence of diffusion control and pseudocapacitive charge
storage (Fig. S21b and $22b).°>*! At a scan rate of 0.8 mV s~ *, the
pseudocapacitive contribution fraction was calculated (orange
area /CV curve area) (Fig. S21c and S22c¢). Similar calculations
were performed at different scan rates (Fig. 4d and S21d),
revealing that Na" storage in the NVPOF-Fe cathode is
predominantly diffusion controlled at low scan rates, but
progressively shifts toward pseudocapacitive control as the scan
rate increases; detailed results are summarized in Table S11.
Unexpectedly, at high scan rates, NVPOF also exhibits
a substantial pseudocapacitive fraction (Fig. S21d and Table
S13). As is well known, particle downsizing is one of the most

© 2026 The Author(s). Published by the Royal Society of Chemistry
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effective approaches to enhancing pseudocapacitive contribu-
tion.* Therefore, we attribute the high pseudocapacitive frac-
tions in both systems to their distinctive microstructural
features.

Fig. S25a and b present the electrochemical impedance
spectra (EIS) of NVPOF-Fe and NVPOF at different voltages,
indicating that NVPOF-Fe possesses a smaller charge transfer
resistance. As shown in Fig. 4e and S22c-e, compared with
conventional EIS, the distribution of relaxation times (DRT)
method effectively separates contact resistance (region I), ionic
resistance (region II), surface electrochemical charge transfer
(region IV), and solid state diffusion (region V).** Specifically,
NVPOF-Fe exhibits lower contact resistance (region I), likely
due to enhanced electronic conductivity induced by Fe doping.
During the charge/discharge process, a thin and compact CEI
(cathode electrolyte interphase) layer forms on the surface of
the active material particles. This CEI not only effectively
isolates the direct contact between the electrolyte and the
material but also achieves a high ion diffusion rate, effectively
preventing the continuous oxidation/decomposition of the
electrolyte and excessive growth of the CEI layer. The lower
resistances at 13, 74, and t5 suggest that NVPOF-Fe forms
a thinner and more stable CEI layer. Furthermore, the param-
eter 76, which directly reflects the charge transfer resistance at
the electrode surface, is markedly reduced upon Fe incorpora-
tion, especially in the 3.6-4.4 V range. Fe doping also optimized
the Na® diffusion (r;) within the active material particles.
Because redox reactions occur at ~3.6/4.0 V, electronic
conductivity is increased and ionic conductivity is enhanced,*
resulting in a pronounced drop in resistance for both NVPOF-
Fe and NVPOF. Notably, at 3.6/4.0 V, NVPOF-Fe exhibits the
lowest resistance among all samples, which can be attributed to
improved electrical conductivity and Na' diffusion kinetics
arising from Fe doping, consistent with the GITT results.
Together with the measured electronic and ionic conductivities,
these results confirm that NVPOF-Fe provides simultaneously
enhanced electron and Na' transport. Collectively, the superior
rate performance of NVPOF-Fe is attributed to Fe**/F~ incor-
poration, which concurrently improves electronic/ionic
conductivity and thereby suppresses ohmic, electrochemical,
and concentration polarization.

To evaluate the multifunctionality of NVPOF-Fe, a full cell
(NVPOF-Fe||[HC) was assembled using NVPOF-Fe as the
cathode and commercial hard carbon (HC) as the anode (Fig. 4f,
inset). As shown in Fig. S24, owing to the low initial coulombic
efficiency of HC, a presodiation treatment was applied prior to
cell assembly (SI Experimental section). The NVPOF-Fe||HC
mass ratio was designed based on the capacity ratioat 1.3 Ag™".
Therefore, the N/P capacity ratio is 1.1 at 1.3 Ag™ !, and the N/P
mass ratio is 0.62 (Fig. S25). Fig. 4g presents the rate perfor-
mance of NVPOF-Fe and HC in half cell configurations. Within
the voltage range of 2.0-4.3 V, the NVPOF-Fe|HC full cell
delivers a reversible capacity of 129.0 mA h g~ * at 0.5C and
retains 114.6 mA h g~* at a high rate of 10C (Fig. 4f and S26a).
Remarkably, based on the combined mass of the cathode and
anode, the full cell achieves energy densities of 271.9 and 229.2
Wh kg ! at 0.5C and 10C, respectively. At 5C and 25 °C, the full

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cell can provide an initial capacity of 120.9 mA h ¢ ', and after
750 cycles, it still has 91.5% capacity (Fig. 4g and S26b). To
further explore multifunctionality, high and low temperature
cycling was performed over 1.5-4.2 V. At 2C and 45 °C, the
capacity retention remains 89.6% after more than 500 cycles
(Fig. 4h and S26c¢). Low-temperature (—20 °C) cycling tests were
further conducted on the full cell using a diethylene glycol
dimethyl ether-based electrolyte (1 M NaPFy in diglyme). The
full cell retains 92.6% capacity after 200 cycles at 1C (Fig. 4i and
S26d). Notably, the average coulombic efficiencies during long
cycling at 25 °C, 45 °C, and —20 °C are 99.8%, 99.8%, and
99.4%, respectively. These results demonstrate excellent
electrochemical performance under varied temperature condi-
tions, highlighting the multifunctionality and practical poten-
tial of NVPOF-Fe as a cathode material.

The structural evolution of the NVPOF-Fe cathode during
cycling was monitored by in situ X-ray diffraction (XRD)
(Fig. S27a). Fig. 5a, ¢ and S28b display the evolution of diffrac-
tion peaks. As shown in Fig. 5a, ¢ and S27b, the characteristic
reflections evolve systematically throughout cycling. In the
charging process, the (111) diffraction peak gradually shifts to
higher angles, while the (002) peak shifts to lower angles, ulti-
mately converging at the end of charging. During the discharge
process, both peaks show opposite trends. The (220)/(113) peaks
exhibit similar behavior to (111)/(002), indicating a biphasic
reaction mechanism, with the phase transition occurring in the
transition region between the first and second voltage plateaus.
The most intense diffraction peak, (222), shifts progressively
toward higher angles during charging and fully recovers after
discharge. It is worth noting that during Na' extraction, the
(220) peak shifts to a higher angle, reflecting the continuous
contraction of the a-b plane (Fig. 5¢), which shortens the length
of the O-V bond, typically resulting in bond energy. In contrast,
the (002) peak shifts toward lower angles, indicating an elon-
gation of the V-F bond, which corresponds to a reduction in
bond energy. The Rietveld refinement results of the in situ XRD
pattern indicate that the a/b lattice parameter shrinks by 2.2%,
the c parameter expands by 2.3%, and the cell volume decreases
by 2.2% (Fig. 5b). Despite cycling within a wide potential
window of 2.0-4.3 V, such a small volume strain may be the
reason why NVPOF-Fe exhibits excellent cycling performance.
To further assess structural stability, first principles crystal
orbital Hamiltonian population (COHP) analysis was performed
to examine the influence of Fe doping on V-F bonding. The
—ICOHP value is defined as the integral of pPCOHP from —10 eV
to the Fermi level and reflects the bond strength. Compared
with the V-F bond in NVPOF (—ICOHP = 0.8035), the V-F bond
in NVPOF-Fe exhibits a larger —ICOHP value (0.9609) (Fig. S28),
indicating enhanced bond strength. This result suggests that,
despite the expansion along the ¢ axis, NVPOF-Fe retains
a more robust structural framework than NVPOF.

Ex situ ultraviolet-visible spectroscopy (UV-Vis), X-ray
absorption near edge structure (XANES), and X-ray photoelec-
tron spectroscopy (XPS) were further employed to elucidate the
charge compensation mechanism during the charge/discharge
process. In the ex situ UV-Vis spectra, the maximum absorp-
tion band at 765 nm and the shoulder peak at 630 nm confirm

Chem. Sci., 2026, 17, 8638-8650 | 8645
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Fig. 5

(a) The 3D contour plot of in situ X-ray diffraction spectra of the (111), (002), (220), (113), and (222) diffraction peaks of the NVPOF-Fe

cathode during the charging/discharging process was selected. (b) The changes in lattice parameters of the NVPOF-Fe cathode during the
complete charge/discharge process. (c) In situ XRD patterns of the (002) and (222) diffraction peaks of the NVPOF-Fe cathode during the
charging/discharging process. (d) FTIR spectra and (e) vanadium K-edge XANES spectra of the NVPOF —-Fe cathode at different charge/discharge
states. (f) EXAFS spectra of the NVPOF-Fe cathode at different charging states of the vanadium K-edge.

the reversibility of V**/V®" redox pairs during the charging/
discharging process (Fig. 5d). Fig. 5e displays the V-K edge
XANES spectra at various states of charge. At 2.0 V, the pre-edge
position coincides with that of standard VO,. At 3.8 V, after
extracting one mole of Na* from one mole of active material, the
pre-edge positions gradually move towards higher energy. After
the extraction of two moles of Na’, the pre-edge aligns with that
of standard V,05;. When discharged to 2.0 V, the V K-edge
returns to its initial position, indicating that vanadium has
a completely reversible oxidation state. Extended X-ray absorp-
tion fine structure (EXAFS) was employed to further probe
interatomic distances in the NVPOF-Fe cathode (Fig. 5f). At
2.0V, a prominent peak appears at a distance of approximately
1.5 A, which can be attributed to the V-O bond.>® After charging
is completed, the peak slightly moves closer, indicating a subtle
contraction of the V-O bond during sodium extraction. Fig. S29
shows high-resolution V 2p spectra at different charge/
discharge states at 5C. The results confirmed that vanadium
has higher redox activity in NVPOF-Fe at high rate.

Density functional theory (DFT) calculations were conducted
to further investigate the impact of heteroatom doping on the

8646 | Chem. Sci, 2026, 17, 8638-8650

electronic structure of NVPOF. Specifically, the charge density
distribution along the (2-1 0) plane indicates that heteroatom
incorporation alters the charge density between V and O
(dangling) atoms (Fig. S30), The electron localization function
(ELF) along the same plane (Fig. 6a) reveals that P-O bonds are
covalent, V-O (dangling) bonds are polar covalent, and both O
(in PO4)-V and V-F bonds are ionic. Interestingly, heteroatom
doping modifies the degree of extranuclear electron localization
around V, producing asymmetric distributions. The charge
differences for NVPOF-M (M = Sc, V, Cr, and Fe) show charge
transfer following heteroatom substitution (Fig. S31),
particularly V and O (dangling) atoms. Bader charge analysis for
the five materials demonstrates that localized V atoms lose
charge while non localized V atoms gain charge. Notably,
dangling O atoms lose more charge than O (in PO,) (Fig. S32).

To further assess how charge transfer affects the electronic
structure, densities of states (DOSs) were computed for the five
materials (Fig. 6b, e and S33a-c). Relative to pristine NVPOF, the
band gaps of NVPOF-V, NVPOF-Sc, NVPOF-Cr, and NVPOF-Fe
decrease progressively, indicating higher electronic conduc-
tivity in NVPOF-Fe (Fig. 6e), consistent with four probe

© 2026 The Author(s). Published by the Royal Society of Chemistry
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conductivity measurements. Local density of states (LDOS)
analysis (Fig. S34) shows that in NVPOF, the valence band
maximum (VBM) is dominated by O (in PO,) 2p states, whereas
the conduction band minimum (CBM) comprises O (dangling)
2p and V 3d states. By contrast, in the doped series NVPOF-M
(M =Sc, V, Cr, and Fe), the VBM arises from the gain charge V1
3d orbitals together with O (dangling) 2p, while the CBM is
contributed by the loss charge V2 3d and O (dangling) 2p
orbitals. Orbital resolved analysis reveals close energy align-
ment between V 3dp/3d,, and O 2p,/2p,, evidencing
pronounced d-p hybridization: o/c* states form between V 3d,:
and O 2p,, and 7t/m* states between V 3d,, and O 2p, (Fig. S35).
In NVPOF-Fe, the VBM is governed by 7 bonding (V1 3d,,-O
2p,) and the CBM by m* antibonding (V2 3d,,-O 2p,). Crystal
orbital Hamilton population (COHP) analysis indicates that in
pristine NVPOF, the Fermi level falls within the 7* antibonding
region of V 3d,,-O 2p, (Fig. 6¢), with a similar feature for V-O (in

© 2026 The Author(s). Published by the Royal Society of Chemistry

PO,), which reflects electronic instability.*® In contrast, Fe
doping modulates the valence electrons of V such that the Fermi
level resides in an empty region. The integrated —ICOHP values
(Fig. 6¢c and f) further demonstrate stronger covalency for Fe-O
(in PO,4) in NVPOF-Fe than for V-O (in PO,) in NVPOF, implying
a more robust framework. Overall, high spin Fe** substitution
for V** induces related electron redistribution: electrons trans-
fer from localized V to O (dangling), raising the energy of =
bonding states (V 3d,,~O 2p,), while non localized electrons
transfer from terminal O to V, lowering the m* antibonding
levels (Fig. S36). This dual shift narrows the band gap and
accelerates electron transport.

It is well recognized that weakening Na-O bonding is
conducive to Na" extraction.** Therefore, we conducted COHP
analysis on Na-O (NVPOF), Na-O (NVPOF-Fe), and Na-F
(NVPOF-Fe) bonds separately. Higher —ICOHP indicates
stronger bond energy. Specifically, compared to Na-O (—ICOHP
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= 0.0336) in NVPOF (Fig. S37a), doped Fe reduces the outer
nuclear electrons of O (dangling), thereby reducing the strength
of the Na-O (—ICOHP = 0.0208) bond (Fig. S37b). The Na-F
(—ICOHP = 0.0312) bond in NVPOF-Fe is also lower than the
Na-O bond in the original NVPOF (Fig. S37c), which further
confirms that Fe**/F~ dual-doping is beneficial for the extrac-
tion of sodium ions. Further analysis was conducted on the
migration energy barriers of sodium ions along the g-axis (path
1) and b-axis (path 2) migration paths near the dangling F atom.
Compared to NVPOF (0.145 and 0.16 eV), NVPOF-Fe (0.08 and
0.093 eV) has a lower migration energy barrier (Fig. 6d and g).
The substitution of terminal O by F is beneficial for the
extraction of Na*, which is consistent with the results of COHP
analysis. Based on the observed high rate performance and four
probe conductivity measurements, performance improvement
can be achieved below 40C by adjusting diffusion kinetics
alone, while above 40C, simultaneous enhancement of ion and
electron transport is necessary.

Conclusions

In summary, Sc, V, Cr, and Fe were successfully incorporated
into NVPOF via a simple hydrothermal synthesis. EPR and four
point probe conductivity measurements revealed an increase in
the material's effective magnetic moment alongside enhanced
intrinsic electronic conductivity. Among these, Fe doped
NVPOF (NVPOF-Fe) demonstrated outstanding electrochemical
behaviour, delivering considerable specific capacity and energy
density at 100C (80 mA h g ', 245 Wh kg '), together with
a high capacity retention of 90.6% after 2500 cycles at 20C. In
situ  XRD monitoring during charge/discharge showed
a minimal volume change of only 2.2% for the NVPOF-Fe
cathode. Ex situ XANES/EXAFS and UV-Vis spectroscopy
confirmed the reversible V**/V** redox behaviour in NVPOF-Fe
throughout cycling. DFT calculations show that Fe doping
regulates the distance between V 3d,,-O 2p, and the Fermi level,
effectively narrowing the bandgap and markedly accelerating
interatomic electron transfer. In addition, F atoms were found
to optimise the local Na" diffusion kinetics, thereby enhancing
ion storage capacity. This dual doping strategy achieves
a balanced enhancement of both electronic and ionic conduc-
tivities. Therefore, the NVPOF-Fe|/HC full cell exhibits excellent
cycling stability at 25 °C, 45 °C, and —20 °C. More importantly,
this doping strategy provides valuable guidance for the devel-
opment of other high rate and long life cathode materials.
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