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ABSTRACT

NASICON-type sodium-ion batteries (SIBs) cathode material NasVCr(PO4)z (NVCP) theoretically offers the advantage of high
energy density. However, its practical capacity is severely restricted, rendering the theoretical potential unrealized. The root
cause underlying this capacity limitation remains unclear to date, posing a fundamental obstacle to the material's practical
application. Through the deep synergy of theoretical calculations and experiments, this study reveals that the electron state
localization induced by insufficient V-Cr d-d orbital hybridization in NVCP is the core bottleneck constraining the intrinsic
kinetics of charge transfer. To address this, we propose a "coupling network modulation” strategy, employing Mo®* with a 4d°
empty orbital as a probe to implement precise intervention in the local bonding environment. The preferential occupation of
Mo®* at the Cr site efficiently reconstructs the Cr-O-V bonding topology and enhances V-Cr orbital overlap, boosting the bulk
electronic conductivity by two orders of magnitude. Simultaneously, the strong covalent Mo-0 bonds pin the lattice framework,
significantly improving strain resistance and effectively suppressing structural degradation during long-term cycling.
Consequently, the optimized Naz91VCro97M00.03(P04)3 delivers an initial specific capacity of 105.2 mAh g?, achieving a 21.1% gain
in specific energy, and exhibits excellent performance across a wide temperature range of -60 to 50 °C. This work clarifies the
root cause of NVCP performance failure at the electronic structure level. It thereby establishes a novel strategy for performance
modulation based on local bonding reconstruction, offering theoretical guidance for designing high-energy and
wide-temperature SIBs cathode.
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with the core bottleneck lying in the insufficient capacity
and voltage output of cathode materials [6,7]. As the
decisive component for battery energy density, the
working voltage and reversible capacity of the cathode
directly define the upper limit of battery performance

1 Introduction

Sodium-ion batteries (SIBs), characterized by the
abundance of sodium resources, controllable costs, and
electrochemical mechanisms highly compatible with

lithium-ion systems, have emerged as one of the most
competitive next-generation battery technologies for
large-scale energy storage[1-5]. However, their practical
energy density remains far below theoretical expectations,

[8-10]. Therefore, developing cathode materials that
combine high working voltage with high reversible
capacity is the critical pivot for breaking through the
energy density bottleneck of SIBs [11-13].
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Among diverse cathode systems, NASICON-type
polyanionic materials NaxMM’(P04)3 (M/M' = Ti, V, Cr, Mn,
Fe, Co, Ni) exhibit unique structural advantages, owing to
their robust three-dimensional frameworks and open Na*
migration channels [14-16]. In particular, NazVCr(PO4)3
(NVCP) is highly compelling, where the introduction of
Cr3* significantly elevates the redox potential of V from 3.4
V to 41 V (vs. Na*/Na), enabling continuous
multi-electron reactions involving V3*/V**/V5+[17]. With
a theoretical specific capacity of approximately 117 mAh
g! and an average working voltage of about 3.8 V, NVCP
boasts a theoretical energy density as high as ~439 Wh
kg1[18], intrinsically possessing a significant energy
density advantage over conventional NASICON cathodes
(e.g, Na3V2(PO4)3, with a theoretical energy density of
~396 Wh kg ™")[19]. However, this theoretical advantage is
far from realized in experiments: the practical reversible
capacity is significantly lower than theoretical
expectations, and capacity continuously decays during
cycling. The severity of the issue lies in the fact that the
underlying mechanism causing this massive gap between
"theoretical expectations and practical performance” still
lacks systematic understanding, representing a core
cognitive blind spot hindering the further development of
this material.

To resolve this performance paradox, one must return
to the electronic structure essence of NVCP. The
framework of this material is assembled into a
three-dimensional lantern-like structure via
corner-sharing between (V/Cr)Os octahedra and (PO4)3
tetrahedra[20]. While this topological configuration
provides continuous migration channels for Na*, it
effectively isolates adjacent (V/Cr)O¢ octahedra via (PO4)3
polyanions. Consequently, electron transfer between V and
Cr is forced to proceed through the long-range V-0-P-O-Cr
path, rather than the more direct V-O-Cr bridging
channel[21]. This structural feature inevitably weakens
the effective overlap between V 3d and Cr 3d orbitals,
inducing electron state localization and severely
restricting charge transfer efficiency within the
framework[22]. In other words, the electrochemical
performance of NVCP is not only limited by the ion
migration kinetics of Na*, but is more critically
constrained by the charge transport capability determined
by its intrinsic electronic structure, with the latter serving
as the deep-seated intrinsic factor governing rate
capability and capacity release.

In recent years, orbital engineering, which modulates
d-p orbital hybridization strength through heterovalent
ion substitution, has demonstrated potential in breaking
the intrinsic conductivity limitations of various cathode
materials. For instance, Mg?" doping significantly
enhances the electronic conductivity of sodium iron
sulfate cathodes by strengthening Fe 3d-O 2p
hybridization[23]; the synergistic effects among 3d
orbitals of multiple transition metals such as V, Fe, and Mn
have also been proven to effectively enhance the charge

.

transfer capability of phosphate-based cathodes[24].
These advances collectively point to a core insight: precise
modulation of local orbital configurations and bonding
topology can fundamentally reshape the electron state
distribution of materials, thereby unlocking their sealed
intrinsic electrochemical performance. For NVCP, the 3d
orbitals of V and Cr possess distinct occupation states and
energy level distributions. The coupling between them, as
well as their respective hybridization with O 2p, offers
abundant degrees of freedom for regulation, which
presents both a challenge and an opportunity for
performance  breakthroughs. However, systematic
research on the V-Cr orbital coupling state in NVCP and its
influence mechanism on electronic transport remains
scarce.

Addressing this knowledge gap, in this work, Projected
Density of States (PDOS) analysis reveals that the effective
coupling between V 3d and Cr 3d electronic states in NVCP
is weak, hindering electronic transport within the
framework. Based on this, we propose a "coupling
network modulation" strategy, employing Mo®* with a 4d°
empty orbital as an orbital probe to perform trace
substitution at the V and Cr sites, respectively, to achieve
differential intervention in the local bonding environment.
Theoretical calculations indicate that doping Mo®* at the
Cr site modulates orbital interactions more effectively
than at the V site, thereby enhancing the effective coupling
between V and Cr. The optimized Naz.91VCro97M00.03(P04)3
(NVCMP) exhibits an increase in electronic conductivity
by two orders of magnitude, significantly enhancing
electron transport within the framework. Meanwhile,
analyses of Crystal Orbital Hamilton Population (COHP),
Electron Localization Function (ELF), and X-ray
Absorption Fine Structure (XAFS) demonstrate that the
robust Mo-O bonds possess stronger bonding strength,
contributing to improved structural stability during
cycling. Consequently, at a high voltage of 4.6 V, the initial
specific capacity of NVCMP increased from 87.3 to 105.2
mAh g, and the discharge specific energy rises from 312
to 377.8 Wh kg'. Furthermore, the material exhibits
excellent electrochemical adaptability over a wide
temperature range from -60 to 50 °C. This work modulates
electronic transport within the NASICON framework
through orbital coupling among multi-transition metal
electronic states, offering a novel electronic structure
design strategy for high-voltage cathode materials.

2 Results and Discussion

We synthesized the NVCP cathode using a sol-gel method,
yet its first-cycle discharge specific capacity is only 87.3
mAh g! at 0.1 C. As with NVCP materials previously
reported in the literature, the first-cycle discharge specific
capacity did not exceed 90 mAh g-1, which is far below the
theoretical value. (Fig. 1(a))[25-28]. To gain deeper
insight into the capacity limitation, first- principles density
functional theory (DFT) calculations were carried out to
elucidate the electronic structure of NVCP. The optimized
local crystal structure is shown in Fig. 1(b), consists of
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(V/Cr)0Os octahedra and POy tetrahedra forming a typical
NASICON framework. The PDOS of the V 3d and Cr 3d
orbitals reveal that the two orbitals exhibit weak coupling,
particularly with no electronic state occupation in the
spin-down channel near the Fermi level (Fig. 1(c), Figs.
S1(a)-1(b) in the Electronic Supplementary Material
(ESM)). This weak V/Cr 3d orbital coupling and V/Cr
3d-0O 2p hybridization hinder electron transport within
the framework, ultimately resulting in a low practical
specific capacity. To address this issue, we selected Mo®*
(Fig. 1(d)), which has a high oxidation state, a 4d°
electronic configuration, and strong Mo-O bonding ability,
as a trace doping element for orbital regulation, and
compared the modulation effects at different sites. The
optimized local crystal structures of Nazg1Vo.97M00.03Cr
(PO4)3 (NVMCP, with Mo doping at the V site) and NVCMP
(with Mo doping at the Cr site) are shown in Figs.

-~

1(e)-1(f). PDOS results show that Mo doping has a
significant impact on the electronic state distribution at
both the V and Cr transition metal sites. Compared to
NVCP, the 3d electronic states of V and Cr in NVMCP and
NVCMP exhibit stronger hybridization and a smoother
electronic state, indicating an effective enhancement of the
V-Cr coupling (Figs. 1(g)-1(h)). Furthermore, both V3d
and O 2p exhibit distinct electron density distributions for
the down-spin states near the Fermi level, indicating
enhanced orbital hybridization between V 3d or Cr 3d and
0 2p (Fig. S1(c))-1(f) in the ESM). Notably, NVCMP
exhibits a more continuous electron density distribution
than NVMCP, which is conducive to the formation of a
continuous charge transport channel.

Further analysis of the Mo 4d PDOS reveals that in the
lower spin part near the Fermi level, NVMCP exhibits two
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Figure 1 (a) The first discharge specific capacity of NVCP reported in the literature. (b) Local structure diagram of NVCP crystal. (c) The 3d
orbital PDOS of V and Cr in NVCP. (d) Properties of Mo®*. (e-f) Local structure diagram of NVMCP and NVCMP. (g-h) The 3d orbital PDOS of V and
Cr in NVMCP and NVCMP. (i) Specific discharge capacity in the first cycle at 0.1C.
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discontinuous peaks, while NVCMP shows continuous
peaks (Fig. S2 in the ESM). These results indicate that
doping Mo at the Cr sites can more effectively modulate
the coupling between V and Cr as well as the hybridization
strength between V/Cr 3d and O 2p, thereby facilitating
electronic transport within the framework. Benefiting
from this favorable electronic structure modulation, the
initial discharge specific capacity of NVMCP at 0.1 C
increases to 96 mAh g, while that of NVCMP reaches
105.2 mAh g, both significantly higher than that of NVCP
(Fig. 1(i)).

XRD was employed to examine the crystal structures of
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the samples. As shown in Fig. S3 in the ESM, the diffraction
peaks of all samples agree well with the standard pattern
of NazV2(P04)3 (PDF No. 00-062-0345), with no detectable
impurity peaks, indicating that the introduction of a small
amount of Mo does not alter the basic crystal structure.
Further Rietveld refinement reveals that NVCMP

crystallizes in the rhombohedral R-3c space group, and
the low weighted-profile factor (Rwp=3.24%) indicates
good agreement between the experimental and calculated
patterns (Fig. 2(a)). The corresponding crystal structure
model is shown in Fig. S4 in the ESM, while the detailed
lattice parameters and
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Figure 2 (a) Rietveld refinement results of the XRD pattern for NVCMP. (b) HR-TEM micrograph of NVCMP, accompanied by its FFT pattern
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atomic occupancies are summarized in Table S1. Scanning
electron microscopy (SEM) was used to evaluate the
particle morphology. NVCMP exhibits noticeably less
particle agglomeration than NVCP, which is favorable for
shortening Na* transport pathways (Fig. S5 in the ESM).
Fourier-transform infrared (FT-IR) spectra show
characteristic vibrational signals associated with (PO4)*
groups and (V/Cr/Mo)s bonds (Fig. S6 in the ESM). In
addition, high-resolution transmission electron
microscopy (HR-TEM) of NVCMP reveals clear lattice
fringes, with an interplanar spacing of 0.4155 nm
corresponding to the (110) plane, while the
corresponding fast Fourier transform further confirms its
good crystallinity (Fig. 2(b)). Furthermore,
thermogravimetric (TG) curves reveal that the carbon
contents of both NVCP and NVCMP are below 2%, with
NVCMP exhibiting a slightly lower carbon content than

(b)

A e

NVCP, thus excluding a significant influence of carbon
content on the subsequent performance comparison (Fig.
S7 in the ESM). Energy-dispersive X-ray spectroscopy
(EDS) elemental maps show homogeneous distributions
of Na, V, Cr, Mo, P, O, and C throughout NVCMP, providing
preliminary evidence for the successful incorporation of
Mo (Fig. S8 in the ESM). X-ray photoelectron spectroscopy
(XPS) was subsequently employed to analyze the surface
composition and oxidation states. The survey spectrum
clearly displays the characteristic signals of the
constituent elements in NVCMP (Fig. S9 in the ESM).
Deconvolution of the high-resolution spectra shows that
the C 1s spectrum can be resolved into C-C, C-O, C=0, and
0-C=0 components, while the O 1s spectrum contains
contributions from C-O, C=0, and 0-C=0 species (Figs.
S$10(a)-10(b) in the ESM). The V 2p and Cr 2p spectra
indicate that both V and Cr are predominantly present in
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Figure 3 PDOS of (a) NVCP and (b) NVCMP. Differential charge of (c) NVCP and (d) NVCMP. (e) Comparison of electrical conductivity between
NVCP and NVCMP. (f) Performance at different current densities of NVCP and NVCMP. (g) Discharge energy density and voltage at different rates.
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Discharge curves at different rates of (h) NVCP and (i) NVCMP.

the +3 oxidation state (Figs S10(c)-10(d) in the ESM),
whereas the Mo 3d spectrum confirms the presence of
Mo®* (Fig. 2(c)). XAFS was used to further investigate the
effect of Mo substitution on the local coordination
environment.[29] The V and Cr K-edge X-ray absorption
near-edge structure (XANES) spectra are shown in Figs.
2(d)-2(e). The V absorption edges of NVCP and NVCMP
are close to that of V,03, while the Cr absorption edges
closely match that of Cr;03, further indicating that the the
primary valence states of V and Cr are +3, consistent with
the XPS results. Extended X-ray absorption fine structure
(EXAFS) spectroscopy was then used to further analyze
the local coordination environments. Wavelet-transform
(WT) analysis of the k?-weighted EXAFS signals shows
that the first-shell feature of the V K-edge at
approximately 1.5 A is assigned to V-O coordination,
whereas the first coordination shell of the Cr K-edge is
attributed to Cr-O scattering (Figs. 2(f)-2(h), Figs.
S$11-S12 in the ESM). The structural parameters obtained
from least-squares EXAFS fitting are summarized in Tables
S2-S3. Notably, Compared with NVCP, the Debye-Waller
factors of both V-0 and Cr-0 in NVCMP markedly reduced,
indicating that Mo substitution effectively suppresses the
local structural disorder around V and Cr. In addition, the
first-shell coordination numbers in NVCMP are increased
and approach ideal octahedral coordination, further
indicating that the first coordination shell around V/Cr is
more complete and ordered. These results collectively
demonstrate that Mo doping effectively modulates the
local coordination environment of V and Cr, making the
V-0 and Cr-0 coordination more regular and the (V/Cr)O¢
octahedral framework more stable, which is consistent
with the enhanced first-shell EXAFS amplitudes.

We further compared the overall electronic states,
charge distribution, and electronic conductivity of NVCP
and NVCMP, and evaluated the influence of orbital
regulation on their rate capability. As shown in Figs.
3(a)-3(b), the electronic states near the Fermi level are
mainly contributed by transition-metal and O orbitals. The
Mo-derived states shift the conduction-band minimum of
NVCMP toward the Fermi level, reducing the band gap to
0.96 eV, substantially lower than that of NVCP (1.73 eV).
The differential charge-density results show more
pronounced electron accumulation and depletion around
Mo and the neighboring transition-metal-O coordination
environments in NVCMP, indicating enhanced local charge
redistribution that is favorable for electron transport
through the framework (Figs. 3(c)-3(d)). This
electronic-structure modulation is directly reflected in the
improved electronic conductivity. As shown in Fig. 3(e),
four-probe measurements reveal that the electronic of
NVCMP is two orders of magnitude higher than that of
NVCP over the tested pressure range. This significantly
enhanced electron transport rate can effectively reduce
electrochemical polarization during charging and

| . S—

discharging, enabling more active material to participate
in electrochemical reactions and significantly improving
the initial specific capacity and rate performance. As
shown in Fig. 3(f), NVCMP consistently delivers a higher
discharge specific capacity than NVCP at all current
densities. Specifically, the specific discharge capacity of
NVCMP is 105.2, 82.7, 72.3, 65.6, 59.0, 48.2, 36.0 mAh g!
at 0.1, 0.2, 0.5, 1, 2, 5, and 10 C, respectively, while NVCP
delivers only 87.3, 68.2, 61.3, 50.7, 38.5, 19.4, and 10.4
mAh g?! under the same conditions. NVCMP delivers a
discharge specific energy of 377.8 Wh kg! at 0.1 C,
corresponding to an average discharge voltage of 3.59 V,
significantly higher than the values of 312 Wh kg and
3.57 V for NVCP (Fig. 3(g)). With increasing current
density, both the energy density and average discharge
voltage of NVCP decrease rapidly, whereas the
corresponding decay in NVCMP is markedly suppressed.
The discharge profiles at different current densities
further reveal this difference (Figs. 3(h)-3(i)). As the rate
increases, NVCP exhibits an increasingly pronounced
voltage drop at the beginning of discharge, accompanied
by a progressive downward shift and shortening of the
discharge plateaus. In particular, the high-voltage plateau
associated with the V**/V>* redox couple is significantly
attenuated and nearly disappears at 2 C, indicating that
the increasingly severe polarization under high-rate
conditions limits the full utilization of the high-voltage
redox reaction. This behavior may be associated with the
relatively low electronic conductivity of NVCP, which
hinders rapid electron transport at high current densities
and consequently aggravates voltage polarization. In
contrast, the substantially enhanced electronic
conductivity of NVCMP effectively mitigates polarization,
resulting in a smaller voltage drop and the retention of a
distinct high-voltage plateau even at 5 C.

COHP and ELF analyses further reveal the influence of
Mo substitution on local chemical bonding and structural
stability. As shown in Figs. 4(a)-4(b), the integrated COHP
(ICOHP) values of the V-O and Cr-O bonds in NVCP are
-2.53 and -2.57 eV, respectively, while the corresponding
values in NVCMP are -2.51 and -2.58 eV, indicating that Mo
substitution does not significantly alter the bonding
strengths of V-O and Cr-O. Notably, the newly formed
Mo-0O bond in NVCMP exhibits a more negative ICOHP
value of -3.62 eV, indicating a stronger bonding interaction
than those of V-O and Cr-O and thus favoring enhanced
local structural rigidity. Subsequent ELF analysis (Fig. 4(c))
shows more pronounced electron localization around Mo
in NVCMP, consistent with the COHP results. This
strengthened local bonding is beneficial for maintaining
structural stability during repeated Na*t
insertion/extraction, thereby contributing to the superior
cycling performance of NVCMP. As shown in Fig. 4(d),
NVCMP retains 86.7% of its initial capacity after 500
cycles at 5C, markedly higher than the 68.8% retention of
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NVCP. Meanwhile, NVCMP exhibits lower energy loss
during cycling and a higher average energy efficiency than
NVCP (Fig. 4(e)). Figure 4(f) further compares the overall
electrochemical performance of the two materials, where
the discharge specific capacity, discharge specific energy,
and average discharge voltage are derived from the first
cycle at 0.1C, while the capacity retention and energy
efficiency are taken after 100 cycles at 5C. NVCMP exhibits
clear advantages across all these metrics. In addition,
cyclic voltammetry (CV) tests conducted over a range of
scan rates and galvanostatic intermittent titration
technique (GITT) measurements were employed to
evaluate the Na* transport kinetics of the two materials.
As shown in Figs. S13(a)-13(b), both materials exhibit two

(@) (b)

-~

well-defined pairs of redox peaks at low scan rates,
located at approximately 3.4 and 4.0 V, corresponding to
the V3+/V** and V**/V>* redox couples, respectively. With
increasing scan rate, both redox couples remain clearly
distinguishable for NVCMP, whereas the high-voltage
redox peak around 4.0 V becomes markedly weaker for
NVCP. Compared with NVCP, NVCMP also exhibits sharper
and more symmetric redox peaks with smaller
peak-to-peak separations, indicating lower
electrochemical polarization and faster reaction kinetics.
The linear dependence of the peak current on the square
root of the scan rate (Figs. S13(c)-13(d)) indicates
pronounced diffusion-controlled characteristics of Na*
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calculated from (g) multi-scan-rate CV and (h) GITT.

insertion/extraction. The apparent Nat diffusion
coefficients (Dapp, Na) calculated using the Randles-Sevcik
equation further demonstrates faster Na' kinetics in
NVCMP (Fig. 4(g)). GITT measurements further confirm
this trend (Fig. 4(h), Figs. S14-S15 in the ESM). During the
charge/discharge process, the average Dipp, na of NVCMP
reaches 2.15 x 10"*cm? s, higher than 1.2 x 10'cm? s7!
for NVCP.

In situ EIS was performed to gain deeper insight into
Na* transport across the electrode interface and within
the bulk during cycling. Figure S16 in the ESM shows the
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Nyquist plots collected at different potentials. For both
materials, the impedance spectra consist mainly of a
semicircle and an inclined line, corresponding to the
charge-transfer and diffusion processes, respectively.
During charging, the impedance of both electrodes
gradually decreases and then increases again upon
discharge. However, NVCMP exhibits a markedly smaller
variation in impedance than NVCP, indicating a more
stable interfacial and bulk response throughout the
electrochemical process. However, owing to the complex
microstructure of the electrodes, the characteristic
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.

Comparison of volume changes in NVCMP with other reported cathodes.

frequencies of processes such as electronic conduction,
ionic migration, physical contact, activation, and
concentration polarization tend to overlap, making it
difficult to deconvolute these processes solely through
Nyquist plots. To address this limitation, the
frequency-domain impedance spectra were transformed
into the time domain using the distribution of relaxation
times (DRT) technique, thereby enabling the identification
of distinct electrochemical processes via characteristic
peaks at different relaxation times. As shown in Figs.
5(a)-5(b) and Fig. S17 in the ESM, three groups of
characteristic peaks are clearly resolved in the DRT
spectra. The peaks in the relaxation time range of 10 to
102 s are assigned to Na®™ transport at the
electrode/electrolyte interface, those between 102 and
100 s correspond to charge transfer, and those in the
range of 100 to 10% s are associated with Na* diffusion
within the bulk material.[30] Throughout the entire
charge/discharge process, the intensities of all three DRT
peak groups are lower for NVCMP than for NVCP, with the

most pronounced difference observed for the
charge-transfer process, indicating reduced
charge-transfer resistance and enhanced interfacial

reaction kinetics in NVCMP.

In situ XRD analysis was conducted to investigate the
sodium storage mechanism during the electrochemical
process. Figs. 5(c)-5(d) present the charge/discharge
voltage profiles of NVCP and NVCMP together with
thecorresponding three-dimensional contour plots of the
(113), (024), (211), and (300) reflections during cycling,
all of which can be indexed to the R-3c space group. For
NVCP, the (113), (024), and (300) reflections gradually
shift toward higher angles during charging and return
toward lower angles during discharge. These peaks exhibit
only continuous shifts, without the disappearance of
existing peaks or the emergence of diffraction peaks,
indicating a  typical single-phase  solid-solution
reaction[31]. In contrast, the (211) reflection disappears
and subsequently reappears, suggesting a
phase-transition process associated with a two-phase
reaction mechanism[32]. These results indicate that the
sodium-storage process of NVCP involves the coexistence
of solid-solution and two-phase reaction mechanisms.
NVCMP exhibits a similar evolution of the diffraction
peaks, indicating that Mo substitution does not alter the
overall sodium-storage mechanism. Notably, the
diffraction peaks of NVCP undergo more pronounced
broadening during charge/discharge, whereas those of
NVCMP remain more concentrated, indicating a more
homogeneous structural evolution with lower lattice
strain. This is further corroborated by the stacked XRD
patterns in Fig. S18 in the ESM. The evolution of lattice
parameters as a function of the state of charge (SOC) is
shown in Figs. 5(e)-5(f). During charging, Na* ions are
extracted from the cathode, accompanied by a gradual

decrease in the a-axis parameter, which reaches its
minimum at the fully charged state. Upon discharge, Na+
reinsertion leads to a gradual recovery of the a-axis
parameter. The unit-cell volume follows a similar trend.
Benefiting from the stable Mo-O bonding environment,
NVCMP exhibits a volume change of 5.78% during cycling,
slightly lower than that of NVCP (5.83%). Although the
difference in volume strain between the two materials is
not substantial, the volume change of NVCMP is fully
reversible upon discharging, returning to its initial state,
while NVCP shows a certain degree of irreversible
deviation (dashed lines in Figures 5e-5f), indicating
superior reversible structural stability for NVCMP.
Furthermore, = compared  with  other  reported
NASICON-type cathode materials, NVCMP demonstrates a
favorable level of wunit-cell volume strain (Fig.
5(8))[33-38].

Finally, to evaluate the practical feasibility of NVCMP, we
systematically assessed its wide-temperature adaptability.
As shown in Fig. 6(a), at high temperature of 50 °C,
NVCMP retains 81.5% of its initial capacity after 200
cycles at 5C, significantly outperforming NVCP (55.6%),
indicating that Mo incorporation effectively enhances
structural stability at high temperatures. Moreover,
NVCMP exhibits superior low-temperature performance.
At -40 °C, it delivers a high initial discharge capacity of
82.1 mAh g at 0.1C and maintains 62.1 mAh g even at
1C (Fig. S19 in the ESM). In contrast, NVCP achieves only
61.2 mAh g? at 0.1C, with a rapid decline to 37.2 mAh g
at 1C. After 100 cycles at 0.5C, NVCMP retains 52.1 mAh
g! corresponding to a capacity retention of 82.7%,
considerably higher than that of NVCP (65.4%, Fig. S20 in
the ESM). At -60 °C, NVCMP still delivers a discharge
capacity of 62.4 mAh g (Fig. S21 in the ESM). Figure 6(b)
summarizes the capacity retention of NVCMP at various
temperatures relative to its room-temperature capacity,
demonstrating outstanding wide-temperature adaptability.
Compared with previously reported phosphate-based
cathode materials, NVCMP exhibits a broader operating
temperature range (Fig. 6(c)) [39-43]. To further assess
its practical applicability, NVCMP was paired with
pre-sodiated commercial hard carbon (HC) to construct a
full cell (NVCMP//HC). We first evaluated the
electrochemical performance of HC anode. As shown in Fig.
S22 in the ESM, the HC half-cell delivers a reversible
charge capacity of 290.3 mAh g™ at 0.1 C, providing
sufficient sodium-storage capacity for matching the
NVCMP cathode in the full-cell configuration. The working
principle of the full cell is illustrated in Fig. 6(d). During
charging, Na* ions are extracted from the NVCMP cathode
and inserted into the HC anode, with electrons flowing
from the cathode to the anode through the external circuit;
the reverse process occurs during discharging. Figure 6(e)
shows the rate performance of the NVCMP//HC full cell,
which delivers an initial discharge specific capacity of
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103.7 mAh g! at 0.1C and maintains stable operation over
a range of rates. The corresponding discharge profiles
retain well-defined voltage plateaus (Fig. 6(f)). Moreover,
the NVCMP//HC full cell exhibits excellent cycling stability,
retaining 80.9% of its initial capacity after 800 cycles at 1C
(Fig. 6(g)). Clear discharge plateaus remain visible with
prolonged cycling, further demonstrating its good cycling
stability. The full cell was also able to power an LED,
highlighting its practical application potential (inset of Fig.
6(g)). Based on the cathode mass, the NVCMP//HC full
cell delivers a discharge specific energy of 370.2 Wh kg
with an average operating voltage of 3.57 V, showing
advantages in specific capacity, operating voltage, and
specific energy over previously reported full cells
employing HC anodes (Fig. 6(h))[44-55].

3 Conclusion

In conclusion, regarding the issue that the capacity of
NVCP is much lower than the theoretical value, this work

. 10

characteristics and their influence on electron transport.
PDOS results reveal that the effective coupling between
the V 3d and Cr 3d electronic states in NVCP is weak,
accompanied by weak V/Cr 3d-0 2p orbital hybridization,
which impedes electron transport within the framework
and limits the capacity release. To tackle this issue, we
propose a "coupling network modulation" strategy.
Specifically, Mo®" with a 4d° empty orbital was employed
as an orbital probe to perform trace substitution at the V
and Cr sites. A series of theoretical calculations and
experimental characterizations demonstrate that Mo®*
doping at the Cr site can more effectively enhance the
coupling between the V and Cr 3d orbitals and the V/Cr
3d-0 2p hybridization. The optimized NVCMP exhibits a
two- orders- of- magnitude increase in electronic
conductivity, significantly facilitating electron transport.
COHP and ELF analyses indicate that Mo-O bonds exhibit
stronger bonding capability than V-O and Cr-O bonds,
while XAFS further confirms that NVCMP shows reduced
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Figure 6 (a) High-temperature cycling performance. (b) Capacity retention rate at different temperatures compared to 25 °C. (c¢) Comparison
with the temperature adaptability of the reported cathode materials. (d) Schematic diagram of the full battery working principle. (e) The rate
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density with other reported SIBs full cells.

local structural disorder, contributing to improved
structural stability during cycling. Consequently, the initial
discharge specific capacity of NVCMP at 0.1C increases
from 87.3 to 105.2 mAh g, while retaining 86.7% of its
capacity after 500 cycles at 5C under room-temperature,
and well performances over a wide temperature range
from -60 to 50 °C. The NVCMP//HC full cell delivers an
energy density of 370 Wh kg?! (based on the cathode
mass), together with excellent cycling stability. This work
reveals that effective coupling between orbitals of
different elements significantly influences electronic
conductivity, thereby limiting capacity utilization, and
demonstrates that electronic regulation can effectively
enhance electron transport kinetics and electrochemical
performance, offering a new design strategy for
high- performance high- voltage cathodes.

Acknowledgements

We gratefully acknowledge the financial support from the
National Key R&D Program of China (2023YFE0202000),
Scientific and Technological Innovation Project of
Changbaishan Laboratory, Jilin Province (Grant No.
CBS2026003-01); National Natural Science Foundation of
China (No. 52502221), Fundamental Research Funds for
the Central Universities (2412025QG001), National
Postdoctoral Program for Innovative Talents
(BX20240062), and GuangDong Basic and Applied Basic
Research Foundation (2026A1515012095).

Electronic Supplementary Material: Supplementary
material (experimental section, electrochemical measurement,
calculation section, Fiugres S1-S20, Tables S1-S3) is
available in the online version of this article at
https://doi.org/10.26599/NRE.2026.9120287.

References

[1] Gan L.; Yao H.; Dai J.; Lai Z.; Yuan X.; He W.; Zheng Q.; Wen
M.; Yuan W.; Lin M.; Xiao J.; Yu Z.; Guo Y.; Liu J.; Ning F.; Zhan F.;
Chen D.; Zheng L.; Huang Z.; Ouyang C.,Guo Y., Electronegativity and
entropy design of layered oxides for sodium-ion batteries. Nat. Commun.
2026, 17, 1255.

[2] Gu Z.; Wang X.; Heng Y.; Liu Y.; Zheng S.; Zhang K.; Hao
Z.,Wu X.-L., Polyanionic cathodes for sodium-ion batteries: Materials,
working mechanism, and applications. Mater. Sci. Eng.: R: Rep. 2025,
165,101008.

[3] Chen X.; Chen K.; Ji F; Han L.; Ai X.; Cao Y.Fang Y.,
Achieving Fast lon/Electron Transportation and Smooth Phase Transition
in Polyanion Cathode by the High Entropy Strategy. Adv. Energy Mater.
2025.

[4] Han L.; Ling Y.; Liu F.,Zhang Q., Fiber-shaped aqueous battery:
Design, advancements, and perspectives. Natl. Sci. Open 2025, 4,
20250051.

[5] Huang R.; Luo S.; Shi Z.; Qian L.; Liu X.,Yan S., P2-phase
FeipMni2 and NiisMnss manganese-based system materials for
advanced sodium-ion batteries: Quo Vadis? Adv. Powder Mater. 2026, 5,
100386.

[6] Yao A.; Benson S. M.,Chueh W. C., Critically assessing
sodium-ion technology roadmaps and scenarios for techno-economic

competitiveness against lithium-ion batteries. Nature Energy 2025, 10,
404-416.

. 11

[71 Fan H.; Chen X.; Li F.; Cao Y., Fang Y., Structure design and
electrochemical performance regulation of NasFes3(PO4):P207 cathode
materials for sodium-ion batteries. Acta Phys. Chim. Sin. 2026, 100247.

[8] Liu Y.; Zhou Y.; Zhao X.; Wang X.; Guo J.; Heng Y.; Cao J.; Liu
H.; Zhang H.; Liu D.; Gu Z.,Wu X., Orbital Coupling and Electron
Delocalization Engineered at Fe/V Heterointerfaces for Enhanced

Cathode Performance in Sodium-Ion Batteries. Energy & Environmental
Materials 2026, 0, €70454.

[9] Liang Y.; Xu L.; Chen Z.; Ning D.,Sun Z., Recent research
progress in the application of NaszVy(POs):F3 cathode materials in
sodium-ion batteries: synthesis, modification, and battery optimization.
Energy Mater. 2025, 5, 500115.

[10]  Liu C.; Chen K.; Li F.; Zhao A.; Liu P.; Chen Z.; Fang Y.,Cao Y.,
Unlocking Phase Purity of Sodium Iron Sulfate for Low-Cost and
High-Performance Sodium-Ion Batteries. J. Am. Chem. Soc. 2025, 147,
14635-14646.

[11]  Xu C.; Zhao J.; Yang C.,Hu Y.-S., Polyanionic Cathode Materials
for Practical Na-lon Batteries toward High Energy Density and Long
Cycle Life. ACS Cent. Sci. 2023, 9, 1721-1736.

[12]  Ke J..Su L., Advancing high-voltage cathodes for sodium-ion
batteries: Challenges, material innovations and future directions. Energy
Storage Mater. 2025, 76, 104133.

[13]  Qu Z.; Luo W,; Gao C.; Liu Y.; Shi Z.; Rao A. M; Li F.,.Lu B.,
Cryo-synthesized Prussian blue analogues as advanced cathode materials
for potassium-ion batteries. Natl. Sci. Open 2025, 4,20250022.

[14]  Wang X.-T.; Gu Z.-Y.; Liu Y.; Zhao X.-X.; Li K.; Cao J.; Dong F.;
Heng Y.; Yang J.,Wu X., From Inert to Active: Breaking Mott-localization
Enables High Na-Storage Performance in NasMnFe(PO4);-based Cathode.
Adv. Mater. 2026, 38, €73020.

[15]  Liu X.-H.; Lai W.-H.; Peng J.; Gao Y.; Zhang H.; Yang Z.; He
X.-X.; Hu Z.; Li L.; Qiao Y.; Wu M.-H.,Liu H.-K., A NASICON-typed
Na4Mnyg sFeo sAl(PO4); cathode for low-cost and high-energy sodium-ion
batteries. Carbon Neutraliz. 2022, 1, 49-58.

[16] Lv S.; Wei P.; Wu F.; Liang K.; Cheng F.; Peng J.,Ren Y., Recent
Progress of NasMnTi(PO4); Cathode for Sodium-lon Batteries:
Mechanism, Synthesis, and Optimization Strategy. Carbon Energy 2026,
8,¢e70162.

[17]  Chen M.; Hua W.; Xiao J.; Zhang J.; Lau V. W.-H.; Park M.; Lee
G.-H.; Lee S.; Wang W.; Peng J.; Fang L.; Zhou L.; Chang C.-K;
Yamauchi Y.; Chou S.,Kang Y.-M., Activating a Multielectron Reaction
of NASICON-Structured Cathodes toward High Energy Density for
Sodium-Ion Batteries. J. Am. Chem. Soc. 2021, 143, 18091-18102.

[18] Liu R.; Liang Z.; Xiang Y.; Zhao W.; Liu H.; Chen Y.; An
K.Yang Y., -in°Secondary-Recognition of V3*/V*/V3" Multielectron
Reactions in Na;V(PO4),: A Potential High Energy Density Cathode for
Sodium-Ion Batteries,”Vol.°25, (Eds.:Secondary-Liu R.; Liang Z.; Xiang
Y.; Zhao W.; Liu H.; Chen Y.; An K.,Yang Y.).e2020,0p."ppo1000.

[19]  Park S.; Wang Z.; Choudhary K.; Chotard J.-N.; Carlier D.; Fauth
F.; Canepa P.; Croguennec L.,Masquelier C., Obtaining V2(POs4); by
sodium extraction from single-phase NaxV2(PO4); (1 <x<3) positive
electrode materials. Nature Materials 2024, 24, 234-242.

[20]  Zhuang Y.; Liu J.; Liu Y.; Chen D.; Gu Z.; Wang X.; Heng Y.,Wu
X., Decoupling High - Voltage Instability of Na;VCr(PO4); Cathodes via
a  Graphitized Topological Interface for Wide - Temperature
Sodium - Ion Batteries. Adv. Funct. Mater. 2026, 36, €76219.

[21]  Wang X.; XuY.; Xi Y.; Yang X.; Wang J.; Huang X.; Li W.; Xu
K.; Zhang K.; Duan R.; Liu D.; Hou N.; Yang Z.; Wang H.,Li X., Doping
engineering of phosphorus-based polyanion-type cathodes for sodium
storage: a review. J. Mater. Chem. A 2024, 12, 9268-9295.

[22] Qi X.; Hou B.; Zhang R.; Chen X.; Fu Z.; Zhou X.; Liu H.;
Shang N.; Zhang S.; Wang L.; Li C.; Song J.; Chen S.,Zhao X.,
Regulation on Morphology and Electronic Structure Design of
Vanadium - Based Sodium Phosphate Cathodes for High - Performance
Sodium - Ion Batteries. Carbon Energy 2025, 7, €70030.

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy



Nano Research Energy

[23]  Zhou Q.; Xin Y.; Wang Y.; Wang Z.; Ding X.; Sun C.; Liu L.;
Wang Q.; Wu F.; Sheha E.,Gao H., Electronic structure engineering
through strengthened d—p orbital hybridization of sodium ferric sulfate
cathode with enhanced electrochemical performance for sodium-ion
batteries. Energy Storage Mater. 2025, 76, 104138.

[24]  Xu C.; Zhao J.; Wang E.; Liu X.; Shen X.; Rong X.; Zheng Q.;
Ren G.; Zhang N.; Liu X.; Guo X.; Yang C.; Liu H.; Zhong B.,Hu Y., A
Novel  NASICON - Typed  NasVMnosFeos(POs);  Cathode  for
High - Performance Na - Ion Batteries. Adv. Energy Mater. 2021, 11,
2100729.

[25] Liu R.; Xu G.; Li Q.; Zheng S.; Zheng G.; Gong Z.; Li Y.;
Kruskop E.; Fu R.; Chen Z.; Amine K.Yang Y., Exploring Highly
Reversible 1.5-Electron Reactions (V3*/V#/V3) in  NazVCr(POa)s
Cathode for Sodium-Ion Batteries. ACS Appl. Mater. Interfaces 2017, 9,
43632-43639.

[26]  Zhao Y.; Gao X.; Gao H.; Jin H.,Goodenough J. B., Three
Electron Reversible Redox Reaction in Sodium Vanadium Chromium
Phosphate as a High - Energy - Density Cathode for Sodium - Ion
Batteries. Adv. Funct. Mater. 2020, 30, 1908680.

[27]  Wang Q.; Zhao Y.; Gao J.; Geng H.; Li J.,Jin H., Triggering the
Reversible Reaction of V3*/V4#/V>* in NazV2(POs); by Cr** Substitution.
ACS Appl. Mater. Interfaces 2020, 12, 50315-50323.

[28]  Lee J.; Park S.; Park Y.; Song J.; Sambandam B.; Mathew V.;
Hwang J.,Kim J., Chromium doping into NASICON-structured
Na3V(POs); cathode for high-power Na-ion batteries. Chem. Eng. J.
2021, 422, 130052.

[29] Cheng W.; Zhao M.; Lai Y.; Wang X.; Liu H.; Xiao P.; Mo G.;
Liu B.,Liu Y., Recent advances in battery characterization using in situ
XAFS, SAXS, XRD, and their combining techniques: From single scale
to multiscale structure detection. Exploration 2024, 4, 20230056.

[30] Zeng J.; Sun L.; Gao J.; Jian W.; Wang H.; Li W.; Hong N.;
Zhang B.; Huang J.; Song B.; Deng W.; Zou G.; Hou H.Ji X,
Structurally Compatible Anion Substitution for the Enhanced
NASICON-NasMn; sFe; 5(PO4),P,07; Cathode. ACS Nano 2025, 19,
32432-32443.

[31] LiuY.; Wang X.; Zhang H.; Liu J.; Du M.; Liu H.; Zhang X.; Liu
D.; Gu Z.,Wu X., Unlocking Electronic Spatiotemporal Confinement to
Activate FeMn-Based Phosphates for High Energy Density and
Ultra-Wide Temperature Na Storage. J Am Chem Soc 2026, 148,
28893-28904.

[32] LiulJ.; Wang X.; Chen D.; Gu Z.; Liu Y.; Zhuang Y.; Heng Y.; Li
H.,Wu X., Hydrogen - Bond - Coupling Interfacial Microenvironment
Enables Fast Charging of Sodium - Ion Batteries Over a Wide
Temperature Range. Adv. Sci. 2025, 13, 17001

[33] Du M.; Hao Z. Y., Jialin; Nie X.; Zhang X.; Zatovsky 1. V.;
Zhang X.; Heng Y.; Liu Y.; Guo J.,Wu X., Schottky-Orbital Coupling
Drives lon-Electron Transfer: Triggering Stable Fast-Charging in
MnV-Based Phosphate Cathode. Angew. Chem. Int. Ed. 2026, 65,
€6009112.

[34] Hao Z.; Shi X.; Zhu W.; Yang Z.; Zhou X.; Wang C.; Li L.; Hua
W.; Ma C.-Q.,Chou S., Boosting Multielectron Reaction Stability of
Sodium Vanadium Phosphate by High-Entropy Substitution. ACS Nano
2024, 18, 9354-9364.

[35] Zhang H.; Wang X.; Qian W.; Gu Z.; Heng Y.; Liu Y.; Zhang X.;
Zhang X.; Zhong H.; Yu N.; Liu D.,Wu X, Electronic Cloud
Topology - Driven Electrostatic Decoupling: To Suppress High - Voltage
Parasitic Reactions of Phosphate Cathode in Sodium - Ion Batteries.
Angew. Chem. Int. Ed. 2025, 64, €202510387.

[36]  Zhang J.; Liu Y.; Zhao X.; He L.; Liu H.; Song Y.; Sun S.; Li Q.;
Xing X.,Chen J, A Novel NASICON-Type NasMnCr(POy)s
Demonstrating the Energy Density Record of Phosphate Cathodes for
Sodium-Ion Batteries. Adv. Mater. 2020, 32, €1906348.

[37]  Wu X,; Jiang W.; Dai C.; Liu L.; Chai Y.; Zhao M.; Yang L.; Lin
Y.; Zhao Y.,Huang W., A Phase - Transition—Free Sodium Vanadium
Phosphate Cathode via Medium - Entropy Engineering for Superior

. 12

Sodium Ion Batteries. Adv. Mater. 2025, 37, 2414358

[38] Xu C.; Xiao R.; Zhao J.; Ding F.; Yang Y.; Rong X.; Guo X.;
Yang C.; Liu H.; Zhong B.,Hu Y.-S., Mn-Rich Phosphate Cathodes for
Na-Ion Batteries with Superior Rate Performance. ACS Energy Lett. 2021,
7,97-107.

[39] Wang L.; Wang J.; Wang L.; Dong H.; Yang C.; Yan H.; Xiao Y;
Wang Y.; Chou S.,Chen S., Synergistic Strain Suppressing and Interface
Engineering in NasMnV(PO4);/C  for Wide-Temperature and
Long-Calendar-Life Sodium-lon Storage. ACS Nano 2024, 18,
10863-10873.

[40] Xu S.; Zhu W.; Yang Y.; Yao Y.; Ali G.; Zhang X.; Rui X,,Yu Y.,
Bimetal-Substituted Polyanion Cathode for Sodium-Ion Batteries: Less
Vanadium and Boosted Low-Temperature Kinetics. Small Struct. 2024, 5,
2300369.

[41] Shen X.; Su Y,; He S.; Li Y,; Xu L.; Yang N.; Liao Y.; Wang
M.,Wu F., A zero-strain Na-deficient NASICON-type
Naz.sMno4V1,0Ti0.6(PO4); cathode for wide-temperature rechargeable
Na-ion batteries. J. Mater. Chem. A 2023, 11, 16860-16870.

[42]  Zhou P.; Che Z.; Liu J.; Zhou J.; Wu X.; Weng J.; Zhao J.; Cao H.;
Zhou J.,Cheng F., High-entropy P2/0O3 biphasic cathode materials for
wide-temperature rechargeable sodium-ion batteries. Energy Storage
Mater. 2023, 57, 618-627.

[43]  Yang W.; Liu Q.; Yang Q.; Lu S.; Lv H.; Liu T.; Li L.; Chen
R.,Wu F., Dendritic conductive carbon networks enhance Na* transport
in Naz+sFer5(SO4):@C cathode for fast charging and wide temperature
sodium-ion batteries. Nano Energy 2025, 141, 111075.

[44] Xia Q.; Zhang L.; Wang D.; Wang J.; Xu Z.; Zhang Y.; Yao Z.;
Guo Y.; Jia P; Zhang L.,Yang Y., Metal ion complexation mediated
synthesis of NasFe3(PO4):P,07/C hollow microspheres: Insights into
structural evolution for high-performance sodium storage. Energy
Storage Mater. 2026, 84.

[45] Hu P; Cai C; Li X.; Wei Z.; Wang M.; Chen C.; Zhu T.; Mai
L.,Zhou L., V Doping in NASICON - Structured NasMnTi(PO4); Enables
High - Energy and Stable Sodium Storage. Adv. Funct. Mater. 2023, 34,
2302045.

[46]  Tarchuk A. R.; Sheptyakov D. V.,Abakumov A. M., Hydrothermal
Microwave-Assisted Synthesis of Naz+xV2yMny(POs)2F3 Solid Solutions
as Potential Positive Electrodes for Na-Ion Batteries. ACS Appl. Energy
Mater. 2021, 4, 5007-5014.

[47] LiY.; Liang X.; Chen G.; Zhong W.; Deng Q.; Zheng F.; Yang C.;
Liu M.,Hu J., In-situ constructing Na3V,(PO4),F3/carbon nanocubes for
fast ion diffusion with high-performance Na*-storage. Chem. Eng. J. 2020,
387, 123952.

[48] Huang H.; Xia Y.; Hao Y.; Li H.; Yousaf M.; Igbal S.; Pan H.;
Yan M.Jiang Y., Local Electronic Structure Regulation Enabling
Fluorophosphates Cathode with Improved Redox Potential and
Reversible Capacity for Sodium-Ion Batteries. J. Am. Chem. Soc. 2024,
146, 28906-28913.

[49] LuF.; Wang J.; Chang S.; He L.; Tang M.; Wei Q.; Mo S.,Kuang
X., New-type NASICON-NasFeV(POs); cathode with high retention and
durability for sodium ion batteries. Carbon 2022, 196, 562-572.

[50] Wang H.; Pan Z.; Zhang H.; Dong C.; Ding Y.; Cao Y.,Chen Z., A
Green and Scalable Synthesis of NasFex(PO4)P207/rGO Cathode for
High-Rate and Long-Life Sodium-lon Batteries. Small Methods 2021, 5,
€2100372.

[511]  Ahsan M. T.; Qiu D.; Ali Z.; Fang Z.; Zhao W.; Shen T.,Hou Y.,
Unraveling the Fast Na Diffusion Kinetics of NASICON at High Voltage
via High Entropy for Sodium - Ion Battery. Adv. Energy Mater. 2023, 14,
2302733.

[52] Hu X.; Li H.; Wang Z.; Liu M.; Lu Y.; Zhang Y.; Li J.; Ding K.;
Liu H; Ma Z. F,Wang Y., High Entropy Helps NasFe3(PO4),P,07
Improve Its Sodium Storage Performance. Adv. Funct. Mater. 2024, 35,
2412730

[53] Subast Y.; Altenschmidt L.; Lindgren F.; Ericsson T.; Haggstrom
L.; Tai C.-W.; Liu H.,Younesi R., Synthesis and characterization of a

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy



Nano Research Energy - 13

crystalline NasFe3(PO4)2(P207) cathode material for sodium-ion batteries.
J. Mater. Chem. A 2024, 12, 23506-23517.

[54] HoulJ.; Hadouchi M.; Sui L.; Liu J.; Tang M.; Kan W. H.; Avdeev
M.; Zhong G.; Liao Y.-K.; Lai Y.-H.; Chu Y.; Lin H.; Chen C.; Hu Z;
Huang Y.,Ma J., Unlocking fast and reversible sodium intercalation in
NASICON NasMnV(PO4); by fluorine substitution. Energy Storage
Mater. 2021, 42, 307-316.

[55] Zheng Z.; Wang Y.; Zhang Y.; Li X.; Zhang Y.; He Y.; Che H.; Li
L.,Ma Z., Sodium iron sulfate cathodes with ultra-long cycle-life and
high safety for sodium-ion batteries. Nano Energy 2024, 128, 109907.

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy



Nano Research Energy — 14

Jin-Ling Liu received her master’s degree from Fujian Normal University in 2013. She is currently a
Ph.D. candidate in the College of Environmental and Resource Sciences and College of Carbon Neutral
Modern Industry at the same university. Her research focuses on the cathode materials for sodium-ion
batteries.

Yan Zhuang is a Master's candidate in College of Environmental and Resource Sciences and College of
Carbon Neutral Modern Industry at Fujian Normal University. His main research direction is cathode
materials for sodium-ion batteries.

Denglong Chen is a professor in College of Environmental and Resource Sciences and College of
Carbon Neutral Modern Industry at Fujian Normal University. He received his Ph.D. in Polymer
Chemistry and Physics from Fujian Normal University. His focus is primarily on the research of new
energy materials.

Dr. Xiao-Tong Wang received her Ph.D. from Northeast Normal University (NENU) in 2026. She
currently works as a research assistant at NENU under the supervision of Prof. Xing-Long Wu. Her
research primarily focuses on the multi-scale design of phosphate cathode materials and the
closed-loop resource strategy throughout their entire life cycle..

Prof. Xing-Long Wu is currently a Professor of Materials Science and Chemistry at Northeast Normal
University (NENU), China. He received his Ph.D. from Institute of Chemistry, Chinese Academy of
Sciences (ICCAS) in 2011. After continuing a two-years postdoctoral working in ICCAS, he moved to
NENU as an Associate Professor in 2013, and become Full Professor in 2018. His current research
interests focus on the advanced materials for energy storage devices including metal ion batteries and
dual-ion batteries, and the reuse and recycle of spent lithium-ion batteries.

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy



1

OO0 I O W b~

10
11
12

14
15
16
17
18
19
20
21

Electronic Supplementary Material

Coupling Network Reconstruction-Driven Charge
Transport Transition: Capacity Breakthrough and
Wide-Temperature Sodium Storage in
Na3zVCr(PO4)3 Cathodes

Jin-Ling Liu"?3§, Yan Zhuang1,2,§, Zhen-Yi Gu?, Yan Liu?, Zhong-Hui Sun*, Yi-Fei Liu'?, Heng
Zhang?, Denglong Chen'3 (D<), Xiao-Tong Wang? (D<), and Xing-Long Wu? ()

1 College of Environmental and Resource Sciences and College of Carbon Neutral Modern Industry, Fujian
Normal University, Fuzhou 350117, China

2 State Key Laboratory of Integrated Optoelectronics, MOE Key Laboratory for UV Light-Emitting Materials and
Technology, Northeast Normal University, Changchun 130024, China

3 Quangang Petrochemical Research Institute, Fujian Normal University, Quanzhou 362801, China

4 Center for Advanced Analytical Science c/o School of Chemistry and Chemical Engineering c/o MOE Key

Laboratory for Water Quality and Conservation of the Pearl River Delta, Guangzhou University, Guangdong

510006, China

$Jin-Ling Liu and Yan Zhuang contributed equally to this work.

Supporting information to https://doi.org/10.26599/NRE.2026.9120287

Address correspondence to Denglong Chen, dlchen@fjnu.edu.cn; Xiao-Tong Wang, wangxt378@nenu.edu.cn;
xinglong@nenu.edu.cn

Xing-Long Wu



0NN W N =

—
DN bW —= O\

—_
o)}

W IR DN = ——
SOOI NP W~ OO

W
—

LnNonhhnhhnhunmandbh bbb, BSDWWLWLWWLWLWWWW
N WD, OOV DNDD WD~ OWOVWOINWN DA WN

1. Experimental Section

1.1 Materials synthesis

Naz91V0.97M00.03Cr(P04)3 (NVMCP) and Naz91VCros7Moo03(P04)z (NVCMP) was synthesized via a
sol-gel method and solid-phase ball milling process. CH3COONa, NH4VO3, Cr(NOs3)3-9H20, MoOs3,
NH4H2PO4 and Ce¢H100s were used as sources for sodium, vanadium, chromium, molybdenum,
phosphorus and carbon, and all chemical reagents were employed without further purification,
respectively. The specific preparation process is as follows: First, NH4VO3, Cr(NO3)3:9H20, MoO3z were
dissolved into deionized water according to calculated stoichiometric ratio to form solution A. Next,
C6H1008 was added to water to dilute, forming solution B. Solution B was then gradually added to
solution A and continuously stirred in an 80 °C water bath. Following thorough stirring, NH4H2PO4 and
CH3COONa solutions were added dropwise in turn. The mixture was stirred continuously at 80 °C until
gelation occurred. The resulting gel was vacuum-dried at 100 °C for 12 hours, ground and then heated
in an argon atmosphere at 400 °C for 4 hours. Finally, ground and then heated in an argon atmosphere
at 800 °C for 8 hours with a temperature increase rate of 5 °C min-1. For comparison, the NazVCr(P0O4)s3
(NVCP) composite was prepared using the same procedure without MoO3.

1.2 Materials characterization

X-ray diffraction (XRD) patterns were recorded with a Bruker D8 Advance Diffractometer,
employing Cu Ka radiation over a 26 range of 10-80°. The morphology and elemental distribution on
the material surface were analyzed using a Scanning electron microscopy (SEM, Hitachi SU 8000) and
a High-resolution transmission electron microscopy (HR-TEM, JEOL-2100F). The functional groups on
material surfaces were determined by Fourier-transform infrared spectroscopy (FT-IR, Thermo
Nicolet IS 5, USA). Thermogravimetric (TG) curves were measured using a simultaneous
thermogravimetry-differential scanning calorimetry (TG-DSC) instrument (STA 409C) in air, and the
carbon content was calculated from the weight loss due to carbon combustion. The valence states of
transition metal elements were determined by X-ray photoelectron spectroscopy (XPS, VG Scientific
ESCALab 220i-XL), with all XPS data calibrated based on the 284.8 eV peak of C 1s. The electrical
conductivity of the materials was tested by High resistance weak current tester (ST2643). X-ray
near-edge absorption spectra (XANES) were obtained using X-ray fine structure (XAFS) analysis
(Anhui Absorption Spectroscopy Instrument Co., Ltd.) to analyze changes in the local coordination
environment and electronic structure.

2. Electrochemical measurement

All CR2032 coin cells were assembled in an argon- filled glovebox with H20 and O: levels below 0.1
ppm. The cathode material, conductive carbon black (C45), and carboxymethyl cellulose (CMC) were
mixed in a mass ratio of 7:2:1. After thorough grinding, an appropriate amount of deionized water was
added. The uniformly mixed slurry was coated onto carbon-impregnated aluminum foil and dried in a
vacuum oven at 60 °C to produce the cathode electrode sheet. The electrode sheet was cut into circular
discs with a diameter of 12 mm, each with an active material loading of approximately 2 mg cm-2. The
half-cells were assembled using metallic sodium as the counter electrode. Whatman glass fiber was
used as the separator. The electrolyte was 1 M NaClO4 dissolved in a mixed solvent of propylene
carbonate (PC) and ethylene carbonate (EC) with a volume ratio of 1:1, containing 5 vol%
fluoroethylene carbonate (FEC) as an additive. It should be noted that for tests below room
temperature, the electrolyte was composed of 0.8 M NaPF6 in a mixture of diethylene glycol dimethyl
ether and 1,3-dioxolane with a volume ratio of 8:2.

The full cells were assembled using the NVCMP cathode and Hard carbon (HC) anode. The HC
electrodes were composed of 80 wt% HC, 10 wt% CMC. And 10 wt% C45, with water used as the
solvent. To achieve an appropriate capacity balance, the capacity of HC anode was slightly
overmatched, with a capacity ratio of approximately 1.2:1 relative to the NVCMP cathode. Before cell
assembly, the HC anode was pre-sodiated using a direct-contact method. Specifically, 60 pL of
electrolyte was dropped onto the surface of a sodium-metal foil, after which the HC anode was placed
flat on the sodium foil to ensure intimate and complete contact between the sodium metal and the HC
electrode. The HC electrode was maintained in this configuration for 10 h to complete the
pre-sodiation process.

Electrochemical performance was evaluated using a battery test system (LAND CT2001 and
NEWARE CT-4000). The Cyclic voltammetry (CV) curves were recorded at scan rates of 0.1-1.0 mV s-1
using an electrochemical workstation (CHI660). Electrochemical impedance spectroscopy (EIS) was
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performed using the Princeton Applied Research P2000 workstation, with a frequency range of 0.1 to
106 Hz with a perturbation amplitude of 10 mV. The Galvanostatic intermittent titration technique
(GITT) was performed following two activation cycles at 0.1 C, with a single drop charging time of 30
minutes and a relaxation time of 3 hours. The voltage range is 2-4.6 V.

3. Calculation Section

3.1 Calculation of Na+ diffusion coefficient
After conducting CV tests at various scan rates ranging from 0.1 to 1 mV s, the apparent sodium ion
diffusion coefficient (Dappna) Was calculated using the Randles-Sevcik equation[1,2].
I, =2.69Xx10% %% A Dyppna’? - Co - v}?
Where I, is the peak currentn, n is the number of transferred electrons, 4 is the area of the electrode,
Co is the concentration of Na*, and v is the scan rate.
In addition, Dapp,Na can also be calculated using the GITT test based on the following formula[3,4]:
_ 4 (mpVy\? (DEs\? 12
Dappya = ( MpS ) (AET) (T<<3)

ntT

Where T corresponds to the constant current pulse time; mg, Vi and Mp are the mass, molar volume
and molar mass of the active material, respectively; S is the area of the electrode; AEs is the voltage
change between two consecutive steady-state potentials after relaxation, and AE- is the voltage change
during a single titration step.

3.2 Theoretical calculation

The DFT calculations were performed using the Vienna ab-initio simulation package (VASP)
software[5,6]. The projector augmented wave (PAW) methodology was utilized to describe the
electron-core interactions[7]. The Perdew-Burke-Ernzerhof (PBE) formation of generalized gradient
approximation(GGA) was employed to treat electron exchange and correlation[8]. A plane wave cutoff
energy of 520 eV was used for total energy calculations, where the force convergence and the
electronic self-consistent convergence were set to 0.01 eV/A and 1 x 105 eV/atom, respectively. The
van der Waals forces were corrected using DFT + D3. For computational procedures, Brillouin zone
integration was implemented with 3 x 3 x 1 Gamma-centre k-point sampling. Partial occupancy of V, Cr
and Mo Coulombic interaction (DFT+U) was applied to the transition elements, employing a U-] value
of 3.5 eV, 2.0 Ev and 3.0 eV, respectively.
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Figure S1. PDOS for the V3d-02p and Cr3d-02p orbitals: (a, b) NVCP, (c, d) NVMCP, and (e, f) NVCMP.
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Figure S2. The 4d orbital PDOS of Mo in NVMCP and NVCMP.
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Figure S5. The SEM images of (a) NVCMP and (b) NVCP.
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Figure S6. FT-IR spectra of NVCP and NVCMP.
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Figure S8. EDS mapping images of NVCMP.
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Table.S1 Refined structural parameters of the NVCMP from XRD Rietveld refinements.

Atom Wyckoff X Y Z Occupancy
Nal 6b 0.33333 0.66667 0.16667 0.805
Na2 18e 0.66667 0.96178 0.08333 0.702
Crl 12c 0.33333 0.66667 0.02040 0.485
Mol 12c 0.33333 0.66667 0.02040 0.015
A%t 12c 0.33333 0.66667 0.02040 0.500
P1 18e -0.04633 0.33333 0.08333 1.000
01 36f 0.14193 0.49765 0.07762 1.000
02 36f 0.54047 0.84480 -0.02643 1.000

Space group: R-3c  a=b=8.6888 A =21.7385A V=1421.279 A3

Table S2. EXAFS fitting parameters at the V K-edge for various samples.

Sample Shell CN R(A) 0?x103 (A?) AEo(eV) R factor
NVCMP V-0 5.98 2.0027 2.66 0.59 0.0150
NVCP V-0 5.73 2.0025 3.87 0.21 0.0109

CN, coordination number; R, distance between absorber and backscatter atoms; 62, Debye-Waller
factor to account for both thermal and structural disorders; AEo, inner potential correction; R factor
indicates the goodness of the fit.

Table S3. EXAFS fitting parameters at the Cr K-edge for various samples.

Sample Shell CN R(A) 02x1073 (A% AEO(eV) R factor
NVCMP Cr-0 5.92 1.9658 0.81 2.83 0.0159
NVCP Cr-0 5.74 1.9707 6.15 2.43 0.0116

CN, coordination number; R, distance between absorber and backscatter atoms; 62, Debye-Waller
factor to account for both thermal and structural disorders; AEy, inner potential correction; R factor
indicates the goodness of the fit.
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