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Sodium-ion batteries have emerged as a promising alternative to conventional lithium-ion batteries due to

the abundance and low cost of sodium resources. NaSICON-based materials represent a highly competitive

class of cathodes for sodium-ion batteries. Engineering NaSICON-type cathodes through rational design is

a compelling approach to enhancing the overall energy density of sodium storage systems. In this study, the

known NaszsV;sMng5(PO4)s phase was strategically modified by partially substituting Mn with Fe using
a Pechini route, followed by an ex situ carbon coating, leading to the formation of a novel ternary
NaSICON-type NazsVisMngasFeq25(PO4)s/C (NVMFP/C) cathode with enhanced properties. Structural
and morphological analyses confirmed the high crystallinity and phase purity of the designed material

(NVMFP/C). Electrochemical

evaluation versus Na*/Na demonstrated a

reversible capacity of

167 mA h gt (~0.30 mA h cm™) at 0.1C, outstanding rate capability, and a high energy density of 412

Wh kg™t at 1C. Furthermore, the material exhibited remarkable cycling stability, with 74% capacity

retention after 1400 cycles at 10C within the 1.5-4.3 V potential window. This promising electrochemical

performance is attributed to the fast Na* diffusion kinetics, as confirmed by the galvanostatic

intermittent titration technique (GITT), and the structural stabilization, resulting from this compositional
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engineering. Moreover, the synergy between the Pechini route, ex situ carbon coating, and Fe

incorporation activates multiple redox reactions and enables the designed cathode to operate within an
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1. Introduction

The growing demand for energy storage systems, driven by
continuous technological progress, has substantially increased
the consumption of critical raw materials required for their
fabrication.'” Among these systems, lithium-ion batteries
(LIBs) currently dominate the market. However, the scarcity of
lithium and its uneven geographic distribution pose challenges
to long-term sustainability, highlighting the urgent need for
alternative materials.>® In this context, sodium has attracted
considerable attention due to its natural abundance and low
cost, positioning sodium-ion batteries (SIBs) as a promising
replacement for LIBs. Importantly, SIBs operate through
a “rocking-chair” mechanism similar to that of LIBs, enabling
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expanded potential range with significant capacitive contribution, providing a robust pathway toward
high-energy-density sodium-ion batteries.

comparable working principles while offering a more resource-
sustainable pathway.*”

Since the appearance of SIBs, enormous amounts of effort
have been deployed to develop new components for them,
especially cathode materials, which are key determinants of the
battery's total electrochemical capacity.*® The employment of
a high-voltage and large-capacity cathode material promotes the
energy density and facilitates the practical application of SIBs.*
Cathode materials for SIBs fall mainly into four categories:
organic compounds, Prussian blue analogs, transition metal
oxides, and polyanionic compounds.” Among these, NaSICON-
phosphate, which belongs to the polyanionic compounds, has
received great attention due to its robust framework resulting
from stable P-O covalent bonds that provide crucial structural
stability and generate spacious 3D interstices.”*™*® While devel-
oping high-capacity cathode materials is essential, the overall
performance and safety of sodium-ion batteries also depend on
the electrolyte system. Recent advances in supramolecular gel
electrolytes (SGEs) have shown that self-assembled network
structures can significantly improve ion transport and
mechanical stability."”” Combining such innovative electrolyte
strategies with robust NaSICON-type frameworks could lead to
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the next generation of safe and high-energy-density storage
devices.

In recent decades, the phosphate NazV,(PO,); (NVP) has
been extensively studied as a cathode for sodium-ion batteries
due to its relatively high operating voltage (~3.4 V) and
remarkable structural stability. Nevertheless, the practical
application of this compound is limited by various factors,
including its unsatisfactory capacity and energy density, as well
as the toxicity of vanadium.” To address these limitations,
various strategies have been employed, including the substitu-
tion of vanadium with low-cost and eco-friendly cations (e.g., Fe
and Mn),'®* carbon coating® and nanosizing.* In fact, metal
cation doping is considered one of the most effective
approaches to enhance the electrochemical performance of
NVP.>?

Recently, Nas,,V,_,Mn,(PO,); (NVMP) has been extensively
investigated as a cathode material for SIBs, especially the
Naj 5V, sMng 5(PO,); NaSICON, driven by the low cost of Mn and
its ability to enhance the operating voltage owing to the high
voltage (3.6 V) of the Mn**/Mn** couple compared to that of the
V2 /v** couple (3.4 V).'°**7 Indeed, the substitution of V** with
Mn*" ion in NVP material enhances performance by increasing
the charge carrier concentration and enlarging the lattice
volume, which significantly facilitates the rapid diffusion of
sodium ions.?® Additionally, the synergistic effect of the V**/v*",
V¥ V%', and Mn*'/Mn*" multi-electron reactions enables the
appearance of three distinct voltage plateaus at 3.3, 3.6, and
3.9 Vupon extending the cut-off voltage to 4.3 V.> Specifically, it
has been shown that incorporating manganese at a content of
up to x = 0.25 into NVMP triggers a beneficial V**/V>" redox
reaction at 4.0 V and enhances the material's capacity, which
ultimately improves the operating voltage and energy density of
the material." However, due to the Jahn-Teller distortion
inherent in manganese ions, Mn-rich cathode materials such as
Na,MnV(PO,); face significant challenges in terms of electro-
chemical stability.”*® Therefore, to further optimize the
amount of manganese and enhance the electrochemical prop-
erties, the introduction of an additional inexpensive active
element into NVMP is a promising approach. Indeed, bimetallic
doping of NVP materials is considered an effective strategy for
achieving multi-electron reactions and improving both elec-
trical conductivity and structural stability.>' Previous research
has demonstrated that the partial replacement of Mn>* with
Mg>* and AP** in the Na,MnV(PO,); lattice significantly
improves the electrochemical behavior of the host material.
These modified compounds displayed smoother voltage
profiles, faster Na' transport, improved rate capability, and
remarkable cycling durability, retaining about 96% of their
capacity after 100 cycles at 1C.**> More recently, Xusheng Zhang
and co-workers reported the successful design of Nas;V; s-
Mn, 3Aly 5(PO,);, derived from the parent Naz 5V, sMng 5(PO,)3
through partial substitution of Mn®" with AI**. The superior
performance of this new phase was attributed to the suppres-
sion of Jahn-Teller distortion, achieved by tuning the local
MnOs octahedral environment and strengthening Mn-O
interactions.*
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Building upon these promising findings, a novel stoichi-
ometry of V/Mn/Fe-based NaSICON Naj 5V; sMng »5Feq 25(PO4)3
(denoted as NVMFP) was synthesized in this work using
a Pechini route. As demonstrated in our previous work,** the
Pechini route effectively minimizes particle size, which can
contribute to improving the electrochemical properties of the
material. Additionally, a low-cost ex situ carbon coating was
applied using sucrose to promote electron transfer within the
NVMFP material, yielding NVMFP/C. Structural characteriza-
tion confirmed the purity of the synthesized NVMFP/C powder,
which crystallized in a trigonal system with the R3¢ symmetry.
Electrochemical tests in a sodium half-cell configuration
revealed that the NVMFP/C cathode delivers a discharge
capacity of 167 mA h g~" at 0.1C over a 1.5-4.3 V potential
window, corresponding to an areal capacity of ~0.30 mA h cm >
based on an active mass loading of ~2 mg em™>. This novel
stoichiometry exhibits a competitive energy density compared
to many reported V/Mn/Fe-based NaSICONSs,>” %3 making
this material a strong candidate for a high-performance SIB
cathodes.

2. Experimental procedure

2.1. Material preparation

The Naj 5V, sMng 2s5Feg 25(PO4); powder was synthesized using
a Pechini approach, a wet chemical method that forms a stable
polymeric complex to ensure uniform distribution of the metal
cations and yields ultra-fine, chemically homogeneous
powders. In this synthesis, sodium nitrate (NaNOj, 99.5%,
Solvachim), ammonium metavanadate (NH,VO3, 99%, Sigma-
Aldrich), manganese acetate ((CH3CO,),Mn, 98%, Sigma-
Aldrich), iron oxalate dihydrate (FeC,0,-2H,0, 99%, Sigma-
Aldrich), and ammonium dihydrogen phosphate (NH,H,PO,,
=99%, Sigma-Aldrich) were employed as precursors in a molar
ratio of 3.5:1.5:0.25:0.25:3, respectively. Initially, NaNO3,
(CH3CO,),Mn, and FeC,0,-2H,0 were dissolved in 20 mL of
distilled water with 4 mL of HNO; in a beaker immersed in
a silicone oil bath under heating at 60 °C. NH,VO; was then
introduced, and the solution was stirred at 60 °C for 30 minutes.
In parallel, citric acid (molar ratio 1:3 relative to metals) and
NH,H,PO, were solubilized in 20 mL of distilled water and
introduced into the mixture. A blend of ethylene glycol (99.5%,
Panreac) and 10 mL of H,O, with a 4 : 1 molar ratio of ethylene
glycol to citric acid, was subsequently incorporated. The
resulting solution was heated at 80 °C with continuous stirring
until complete solvent evaporation occurred. The dried
precursor was first heated in air at 190 °C for 4 hours, then
ground and calcined at 750 °C for 10 hours under Ar atmo-
sphere, using a ramp rate of 4 °C min~". To improve electronic
conductivity, an ex situ carbon coating was applied. Sucrose
(15 wt%) and the NVMFP powder (85 wt%) were mixed with
4 mL of acetone and ground thoroughly in an agate mortar for
20 minutes. The mixture was then pyrolyzed at 500 °C for 2
hours under an argon atmosphere with a heating rate of 5 ©
C min~' to yield the final carbon-coated product, Nas sV, s-
Mny ,5Feg 55(P0Oy4);/C (NVMFP/C).

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

The crystal structures of NVMFP and NVMFP/C were examined
using powder X-ray diffraction (XRD) on a Rigaku SmartLab
diffractometer. Data were collected at ambient conditions using
a 5° min ' scan rate, 0.02° step increments, and a 26 interval of
10-100°. Rietveld refinement was conducted using FullProf
software,* and schematic representations of the structures were
generated with Diamond software.* Fourier-transform infrared
(FT-IR) spectra were acquired on a Bruker spectrometer,
covering the mid-infrared region from 400 to 4000 cm ™ *. Raman
spectra were collected using a Renishaw micro-Raman spec-
trometer over the 500-2300 cm ' frequency range. Thermal
stability was investigated by thermogravimetric analysis (TGA)
using a NETZSCH STA analyzer in air, with temperatures
ranging from 25 to 600 °C and a heating rate of 10 °C min~".
The morphological features and elemental distribution of the
powders were examined using field-emission scanning electron
microscopy (FEG-ESEM-FEI) equipped with energy-dispersive X-
ray spectroscopy (EDS), along with transmission electron
microscopy (TEM, Talos F200S).

2.3. Electrochemical tests

Cathode electrodes were fabricated from a slurry containing
polyvinylidene fluoride (PVDF) binder, carbon black and active
material in a mass ratio of 1: 2 : 7, using N-methyl-2-pyrrolidone
(NMP) as solvent. The resulting slurry was applied onto the Al
foil substrate and dried for 4 hours at room temperature and at
120 °C in a conventional oven for another 4 hours. After drying,
the slurry was shaped into discs with a diameter of 10 mm and
dried at 120 °C for 12 hours under vacuum before being
transferred to an Ar-filled glove box with H,O and O, concen-
trations not exceeding 0.01 ppm. CR2032 coin cells were utilized
to test the electrodes with an electrolyte consisting of 1 M
NaClO, dissolved in a 50:50 (v/v) solvent mixture (ethylene
carbonate (EC)/propylene carbonate (PC)) with 5 vol% of
fluoroethylene carbonate (FEC). The cell configuration included
sodium metal for the reference and counter electrodes and
a GF/D glass fiber membrane as the separator. Electrochemical
measurements, including galvanostatic cycling, cyclic voltam-
metry (CV), and the galvanostatic intermittent titration tech-
nique (GITT), were carried out on a Bio-Logic VMP-3 battery
testing system. During the GITT experiments, the electrodes
were subjected to charge/discharge steps of 30 minutes at a rate
of 0.05C, each followed by a relaxation period of 2 hours.
Electrochemical impedance spectroscopy (EIS) was performed
by a Biologic SP-200 Potentiostat after the first charge and first
discharge at C/20. The impedance data were fitted using ZView
software. The electrodes had an active material mass loading of
approximately 2 mg cm ™2, All electrochemical properties pre-
sented in this manuscript, including specific capacity and
energy density, were normalized to the mass of the active
material only. For ex situ XRD measurements, the cells were
disassembled in an Ar-filled glove box and the electrodes were
washed with dimethyl carbonate (DMC), dried, and covered
with Kapton foil to prevent air exposure during data collection.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Material characterization

NVMFP powder was successfully synthesized using a Pechini
approach. The XRD patterns of NVMFP and NVMFP/C are
identical (Fig. S1a). The Rietveld refinement of NVMFP/C is
shown in Fig. 1a. The experimental XRD pattern displays no
detectable impurities and correlates well with the calculated
XRD pattern, with a satisfactory reliability factor, indicating that
the structure of this phosphate is consistent with a trigonal
NaSICON structure with R3¢ symmetry. These results also
indicate the amorphous state of the coated carbon. The unit cell
parameters of NVMFP/C are a = b = 8.7892 (2), ¢ = 21.7124 (5)
and V = 1452.55 (5) A>. Compared with those of NVP (@ = b =
8.72 A, ¢ =21.81 A, V = 1436.46 Ag),41 an increase in “a” cell
parameter was observed, resulting in a larger cell volume than
that of NVP. Table 1 provides the refinement details of the
NVMEFP/C. The unit cell of this material is illustrated in Fig. 1b,
which is a three-dimensional open framework built from
“lantern units” formed by edge-sharing PO, tetrahedra and VOg/
MnOg/FeOg octahedra. Furthermore, two types of interstitial
sites can host sodium atoms: Na1 site (100% occupied) with 6-
fold coordination and Na2 site (80.5% occupied) with 10-fold
coordination. The transition metals V, Fe and Mn share the 12¢
Wyckoff position with 75%, 12.5% and 12.5% occupancies,
respectively. During the Rietveld refinement, the occupancies of
Fe, Mn, and V sites were fixed to their nominal values after
preliminary tests revealed that their simultaneous refinement
caused divergence due to the strong parameter correlation,
whereas individual refinement (with the other two fixed) was
stable. Furthermore, this constraint improved the stability of
the anisotropic displacement parameters. The elemental
composition of Na, Mn and Fe was verified by Inductively
Coupled Plasma (ICP) analysis (Table S1). The experimental Na/
Fe and Mn/Fe ratios are in excellent agreement with those ex-
pected from the Rietveld refinement, confirming the stoichi-
ometry of the synthesized material. The Bond Valence Sum
(BVS) values (Brown & Altermatt)*> are in agreement with the
oxidation states of P1, Na1, Na2, O1 and O2, with values of 5.174
(31), 0.872 (4), 1.063 (5), 2.129 (12) and 1.985 (17) for each atom,
respectively. However, for the mixed Fe1/Mn1/V1 site, the BVS
values are 2.786(14), 2.989(15), and 2.854(14), yielding a total
BVS of 5.7247, which exceeds 5 valence units. This indirect
interpretation may indicate the presence of other species with
higher oxidation state, such as Fe*" due to the reducing capa-
bility of the reducing agent, as observed in previous work.*
Although the BVS analysis provides a strong indication of the
electronic environment, further investigations using X-ray
Photoelectron Spectroscopy (XPS) or Mdssbauer remain neces-
sary to unambiguously assign the oxidation states at the mixed
V/Fe/Mn site. The details of atomic site, occupancy and BVSum
obtained by Rietveld refinement are listed in Table 2. Geometric
parameters are given in Table S2.

The FT-IR spectra of NVMFP and NVMFP/C materials are
presented in Fig. 1lc. Both samples exhibit identical band

positions; however, slight differences in intensities are

RSC Adv, 2026, 16, 21465-21477 | 21467
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Fig.1 (a) Rietveld refinement for the XRD pattern and (b) crystal structure visualization for NVMFP/C. (c) FT-IR and (d) Raman spectra of NVMFP
and NVMFP/C. (e) Raman intensity mapping of the G and D bands, (f) Ip/Ig and Ig/lp intensity ratio maps, (g) SEM, (h) TEM, (i) HR-TEM, and (j) EDS
elemental mapping of NVMFP/C.

observed. The coated material exhibits high intensity, which is  entirely to the vibration modes of the [PO,J*~ ion: »; (P-O)
likely due to the improved infrared absorption conferred by the —around 1175 cm™ " and 1015 cm™ ' »; (P-O) around 987 cm™ ' v
carbon layer.** The detected absorption bands correspond (P-O)around 628 cm™ %, 577 cm *, and 532 cm ™', and », (P-O)
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Table 1 Crystallographic data, data acquisition and structural refinement for NVMFP/C

Crystallographic data

Chemical formula
M, (g mol™)
Crystal symmetry
X-ray source
Temperature (K)
a, c(A)

v (A%

zZ

Data acquisition
Diffractometer
26 values (°)

Refinement
Reliability factors
Refined parameters
Collected data points

located at 452 cm ™', These findings are in agreement with those
reported in earlier studies.**** Fig. 1d displays the Raman
spectra of NVMFP and NVMFP/C, showing the presence of two
peaks at 1350 cm ™" (D-band) and 1590 cm™ " (G-band), attrib-
utable to carbon, as well as an additional band at 1000 cm™*
corresponding to the PO, stretching vibrations. The weak G and
D bands observed in the NVMFP sample confirm the presence
of minor residual carbon originating from the decomposition of
citric acid and ethylene glycol during the calcination step. In
contrast, the increased intensity of the carbon bands accom-
panied by the attenuation of the PO, band in NVMFP/C provides
direct evidence of the higher carbon content in the composite.*®
To accurately quantify the structural evolution of the carbon
coating, a Raman deconvolution of the D and G bands (inset in
Fig. 1d and Table S3) was performed according to previous
work.*” The Ip, /I ratios (D, peak intensity/G peak intensity) for
NVMFP and NVMFP/C samples are comparable. However, the
Ip /1 ratio is higher for NVMFP than for NVMFP/C, while the
Ip /I ratio is approximately twice as high for NVMFP. Addi-
tionally, NVMFP/C exhibits the lowest Full Width at Half
Maximum (FWHM) values for both the D, and G bands, with
values of 77.6917 and 36.1320, respectively (resulting in
D (rwrm)/ Grwrm) ratio of 2.1502). These Raman results suggest
that NVMFP/C possesses a more ordered carbon structure than
NVMFP, as evidenced by its lower Ip /I and I, /I ratios and

Naj 5V1.5Mng 25F0.25(PO4)3
469.4887

Trigonal, R-3¢

Cu Ka (A = 1.5406 A)

298

8.78915 (14), 21.7124 (5)
1452.55 (5)

6

Rigaku SmartLab
20min = 10, 20y = 100, 201 = 0.02

R, = 4.387, Ryp = 5.517, Rexp = 4.385, Rpragg = 3.856, x> = 1.58
94
4500

narrower D; and G Raman bands, indicative of larger graphitic
domains. It has been reported that the increase in the graphitic
character of carbon, reflected by an increased sp® carbon
content, is responsible for improved electrical conductivity
through the formation of extended graphitic m-electron
networks.**** Raman mapping, shown in Fig. 1e and f, was
employed to investigate the carbon distribution on the NVMFP/
C grain surfaces by comparing the spatial intensities of the D
and G bands, alongside both Ip/Ig and Ig/I intensity ratio
maps. The overlapping and homogeneous distribution of G and
D signals (Fig. 1e) confirms a uniform carbonaceous coating on
the grain surfaces of NVMFP/C. The intensity ratio maps
(Fig. 1f) reveal a predominance of graphitic character, although
a small area exhibiting characteristic D-band features is
observed, indicating localized structural disorder. The average
carbon cluster size L, of NVMFP/C calculated using the Tuin-
stra-Koenig method (Note S1) is 4.09 nm. The TGA measure-
ments (Fig. S1b) revealed carbon contents of about 2 wt% and
2.87 wt% for NVMFP and NVMFP/C, respectively. The micro-
structure of NVMFP/C powder was investigated by electron
microscopy (SEM and TEM). As displayed in Fig. 1g and h, the
NVMEFP/C particles have sizes ranging from 0.3 to 1 um with
irregular shapes. Lattice fringes with a spacing of 0.376 nm are
visible in the HR-TEM image (Fig. 1i), which is consistent with
the djx value for the (113) plane of the NVMFP/C, indicating

Table 2 Atomic coordinates, displacement parameters (A?), site occupancy rate and BVS calculation for NVMFP/C

Atom Wyckoff position X y z Uiso Occ. (<1) BVSum
Nal 6b 0.00000 0.00000 0.00000 0.116 (5) 0.872 (4)
Na2 18e 0.6364 (6) 0.00000 0.25000 0.049 (3) 0.805 (7) 1.063 (5)
Fel 12¢ 0.00000 0.00000 0.14767 (9) 0.0154 (8) 0.12501 2.786 (14)
Mn1 12¢ 0.00000 0.00000 0.14767 (9) 0.0154 (8) 0.12501 2.989 (15)
\%! 12¢ 0.00000 0.00000 0.14767 (9) 0.0154 (8) 0.75000 2.854 (14)
P1 18e 0.2921 (3) 0.00000 0.25000 0.0159 (10) 5.174 (31)
o1 36f 0.1919 (4) 0.1686 (5) 0.0897 (2) 0.0134 (13) 2.129 (12)
02 36f 0.0259 (6) 0.2106 (5) 0.19288 (16) 0.0266 (17) 1.985 (17)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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that the particles possess a high degree of crystallinity. In
addition, the presence of an amorphous carbon shell approxi-
mately 3.5 nm thick was observed on the surface of the crys-
tallized particles, which is in excellent agreement with the value
calculated from the Raman spectra (~4 nm). EDS mapping
(Fig. 1j) indicates a uniform distribution of Na, V, Fe, Mn, O, C,
and P throughout the NVMFP/C particles.

3.2. Electrochemistry

The electrochemical investigation of NVMFP/C and NVMFP
cathode materials within the voltage window of 1.5-4.3 V vs.
Na'/Na was examined using CR2032 coin cells (1C ~
114.2 mA g~ ' which is defined as 2 Na* exchange in 1 hour).
Electrochemical comparisons between NVMFP/C and NVMFP
cathodes (Fig. S2) were performed based on the second galva-
nostatic cycle to ensure a complete evaluation of the redox
transitions across the full potential range (1.5-4.3 V). This
approach accounts for the capacity contributions below the
open-circuit voltage, which are not fully captured during the
initial charging process. A notable difference in specific charge
capacity at 0.1C was observed between the two cathodes, with
NVMFP/C exhibiting a higher charge capacity of approximately
167 mA h g~ ' (~0.30 mA h cm™?) compared to 130 mA h g *
(~0.23 mA h em™?) for NVMFP. The enhanced capacity observed
between the pristine and carbon-coated Fe-modified phase,
notwithstanding a slight increment in the amount of carbon
(from ~2.0 wt% to ~2.87 wt%), is due to the improved elec-
tronic conductivity achieved by the ex situ carbon coating, which
promotes charge transfer within NVMFP cathode material, as
evidenced by the Raman results. Fig. 2a demonstrates the first
three charge/discharge cycles of NVMFP/C cathode at 0.1C. The
electrode delivers initial charge and discharge capacities of
141 mA h g ' (~0.25 mA h cm %) and 167 mA h g !
(~0.30 mA h em™?), respectively. Two distinct charge/discharge
voltage plateaus are observed at approximately 3.42 Vand 4.0 V,
matching well with the V**/V**, Mn**/Mn*" and V**/V*" redox
couples, respectively.®**»*> An additional, smaller plateau
appears near 2.62 V, consistent with the potential range of the
Fe’*/Fe®" redox activity in the NaSICON framework.'®37:
Moreover, a pseudo-plateau around 3.15 V is evident during
charge, which may result from the extraction of Na* from two
distinct crystallographic sites within the NVMFP/C framework,
a phenomenon previously reported in related studies.***” In the
second cycle, a new charge/discharge plateau emerges at
around 1.7 V, aligning with the expected potential for the V**/
V>* redox couple,*** which provides an additional 20 mA h g™*
to the charge capacity. Consequently, the total charge and
discharge capacities are 167 mA h g (~0.30 mA h cm?)
(extraction of approximately 2.94 Na' ions per formula unit) and
164 mA h g7 " (~0.29 mA h cm™?), respectively, achieving
a coulombic efficiency of 98.23% in the second cycle. The dQ/dV
plot (Fig. 2b) derived from the second cycle of NVMFP/C
cathode further corroborates the aforementioned -cycling
results by providing a clear signature of the redox transitions.
Specifically, a pair of peaks at high potential is clearly evi-
denced, in good agreement with the V°>*/V*" transition.
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Additionally, shouldered and intense oxidation/reduction peaks
were observed, which could correspond to the overlapping V**/
V** and Mn*"/Mn*" couples, likely due to their similar redox
potentials in the NaSICON framework. In contrast, a faint signal
(inset in Fig. 2b), barely discernible from the baseline, could be
attributed to the Fe**/Fe®" redox feature. Notably, peak splitting
is observed at approximately 1.7 V during reduction and at
3.14 V during oxidation; these features can be attributed to the
multi-step electrochemical insertion and extraction of Na" into
the NaSICON structure, as observed in related studies.”***
Remarkably, NVMFP/C electrode requires a presodiation treat-
ment to achieve its full capacity. It is worth noting that the
NVMEFP/C electrode shows a capacity discrepancy of 26 mAh g™*
between the first charge and discharge cycles, corresponding to
approximately 0.45 moles of Na'. This surplus suggests a reso-
diation mechanism, where additional sodium ions are incor-
porated into the lattice to occupy the limited interstitial space of
4 Na' available within the NaSICON framework,** which can
lead to Na,V;sMng,sFeq,5(PO,); phase at a lower voltage
~1.6 V. Consequently, the first-cycle irreversibility can be
attributed primarily to Na inventory increase, where additional
Na' are inserted into the framework. Furthermore, the pre-
sodiation process can be mitigated through material optimi-
zation, notably by developing sodium-rich cathodes. However,
this approach remains complex due to the need for precise
stoichiometric control and demanding synthesis conditions.
Alternatively, electrolyte optimization offers a strategy to regu-
late this phenomenon, particularly in full-cell configurations,
through the incorporation of sacrificial sodium-source addi-
tives.>**® The cyclic voltammograms of the NVMFP/C electrode
at 0.8 mV s~ * (Fig. 2c) display four distinct redox peak pairs at
1.82/1.5V,3.33/2.99V, 3.70/3.26 V, and 4.06/3.89 V attributed to
the V**/V?**, the split Na* extraction phenomenon, the V**/
Vv¥*(Mn*/Mn*") couples and the V**/V*" couple, respectively.
However, the Fe*"/Fe®" redox peaks are not clearly distinguish-
able in the CV curves, despite their contribution being evi-
denced by a smaller plateau in the galvanostatic test. A similar
behavior was reported in a previous study.*® The cycling stability
of both high- and low-voltage regions was investigated over 50
cycles at 0.5C (Fig. S3). It is observed that both high- and low-
voltage contributions remain significant throughout the
cycling. However, a noticeable capacity fade was recorded, with
a capacity retention of only 75%, which may be attributed to
electrolyte decomposition resulting from prolonged exposure to
both potential extremes. It is reported in the literature that, at
high voltage, the Cathode Electrolyte Interphase (CEI) suffers
from poor self-healing capability and dissolution, which nega-
tively affects cycle life.>”*® Notably, the coulombic efficiency of
NVMFP/C at 0.5C remained stable and higher than 95% over 50
cycles, indicating that while some capacity is lost, the remaining
redox processes maintain high reversibility and the parasitic
reactions are relatively limited. These findings confirm the
successful activation of multiple redox centers and their cycla-
bility, highlighting the benefits of this specific stoichiometry.
The rate performance of the NVMFP/C electrode is shown in
Fig. 2d. The NVMFP/C cathode provides initial discharge
capacities of 146, 134,119,101, and 97 mA h g™, corresponding

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Charge—discharge profile of NVMFP/C cathode at 0.1C, (b) dQ/dV curve of the second cycle for NVMFP/C at C/20, (c) CV curve of

NVMFP/C electrode in the voltage window of 1.5-4.3 V at a scan rate of 0.8 mV s™%, (d) rate capability of NVMFP/C cathode and (e) corresponding
second-cycle charge—discharge curves, (f) the average voltage and first discharge capacity of NVMFP/C cathode, compared with other reported
V-based NaSICON cathodes (at 1C) (for reference see Table S4), (g) cycle life of NVMFP/C cathode at 10C in the voltage range of 1.5-4.3 V.

approximately to 0.27, 0.25, 0.22, 0.19 and 0.18 mA h cm™2 at
0.5,1,2.5,4 and 5C current rates, respectively. When the current
rate was returned to 0.5C, the NVMFP/C electrode recovered
a specific discharge capacity of 141 mA h g'
(~0.26 mA h cm™?), indicating its remarkable reversibility and

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

structural stability. The charge/discharge profiles with the
increased rate as shown in Fig. 2e. It is clearly observed that the
contribution of both high- and low-potential regions to the total
capacity decreases as the C-rate increases. At 5C, the capacity is
primarily sustained by the V*/V*" and Mn*'/Mn*" redox
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regions. Interestingly, the NVMFP/C cathode exhibited an
excellent energy density of 412 Wh kg™' at 1C, and is well-
positioned among the highest values reported for V/Mn/Fe-
based NaSICON systems (Fig. 2f and Table S4). The long-term
cycling performance of the NVMFP/C cathode was evaluated
at a high rate of 10C (Fig. 2g). The electrode delivered an initial
specific capacity of 111 mA h g (~0.22 mA h cm ?) and
retained 82 mA h g~' (~0.16 mA h cm™?) after 1400 cycles,
corresponding to capacity retention of 74.34%. This excellent
cycling stability highlights the robust structural integrity of the
material, which enables highly reversible sodiation/desodiation
within the wide voltage range of 1.5-4.3 V. To further evaluate
the kinetic stability of the cell at 10C, the polarization during
long-term cycling was analyzed (Fig. S4). The polarization
decreases from 0.39 V at cycle 1 to 0.22 V at cycle 10, then
gradually increases to 0.47 V at cycle 100, 0.74 V at cycle 1000,
and reaches 1 V at cycle 1400. The initial decrease may be
related to a stabilization or activation process during the early
cycles. While the present results do not allow a definitive
identification of the underlying mechanisms, the observed
polarization growth could suggest cumulative interfacial
occurring during prolonged cycling. Overall, the charge/
discharge profiles exhibit minimal evolution during cycling
that indicates well-preserved electrochemical kinetics. This is
further supported by ex situ XRD (Fig. S6b) analysis after cycling,
which confirms that the characteristic peaks of the NaSICON
framework remain intact. The absence of structural degrada-
tion or secondary phase formation demonstrates the robust
structural integrity of the NVMFP/C cathode during long-term
cycling. Furthermore, ex situ XRD diagrams of the NVMFP/C
electrode at different voltage stages during the first cycle at C/
10 (Fig. S6a) demonstrate that the NaSICON structure
undergoes reversible structural evolution, which confirms its

structural stability during sodium insertion/extraction
processes.
3.3. Charge storage behavior and Na-ion kinetics

The charge storage behavior and Na* ion transport kinetics of
NVMFP/C were evaluated using cyclic voltammetry (CV) at
various sweep rates and the galvanostatic intermittent titration
technique (GITT). From the cyclic voltammograms (Fig. 3a), the
Na" diffusion coefficient (Dy,+) and the charge storage behavior
were analyzed by employing the following equations:

ip = 2.69 x 10’7328 Dy, * Cov'’? (Randles—Seveik equation) (1)
ip = av’ (2)
i= k]V + kzl/llz (3)

where i, is the peak current (A), n is the number of electrons
transferred, and S is the electrode surface area (0.79 cm?), Dy,
is the diffusion coefficient (cm? s™*), Cy, is the molar concen-
tration of Na ion (2.39 x 10~ mol cm™?), » is the scan rate (V
s, a, b, ki, and k, are adjustable parameters that are deter-
mined by the fitting results between i}, and v.
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The diffusion coefficients Dy, were estimated using the
Randles-Sevcik equation, assuming a reversible, diffusion-
controlled electrochemical process based on the linear rela-
tionship between the peak currents (01, 02, 03, R1, R2 and R3)
and the square root of the scan rate (v'/?) as presented in Fig. 3b.
The peak currents (01, 02, 03, R1, R2 and R3) were determined
at the maximum intensity of each identified redox process, as
the well-defined nature of the peaks allowed for a consistent
selection across all scan rates. The slope obtained from the
linear fit, combined with eqn (1), yielded Dy, values (Table 3)
ranging from 1.87 x 10 "' to 5.38 x 10 ** em® s, which is
comparable to those of typical cathode materials with a NaSI-
CON structure.”*” It is important to emphasize that the Ran-
dles-Sevcik equation used in these calculations only describes
faradaic-controlled processes while neglecting any pseudo-
capacitive contributions. Nevertheless, the Na' insertion/
extraction mechanism can be rationalized by analyzing the b-
value obtained from eqn (2). Depending on the value of b, two
distinct charge storage behaviors can be distinguished: (i)
a diffusion-controlled process when b ~ 0.5, corresponding to
semi-infinite ion diffusion in the solid-state host lattice, and (ii)
a capacitive-controlled process when b ~ 1.0, associated with
surface or pseudocapacitive contributions. As shown in Fig. 3c
and Table S5, the linear fit of log(iy,) versus log(v) yields a slope
(b) ranging from 0.49 to 1, which suggests a mixture of faradaic
intercalation and pseudocapacitive mechanisms.*® The contri-
bution of each mechanism to the Na' insertion/de-insertion in
NVMFP/C electrode was evaluated using eqn (3). This equation
contains two types of current: capacitive current (ky») and
diffusion-limited current (k,»*'?). Fig. 3d displays the capacitive
and the diffusion contributions versus scan rate (v). At a scan
rate of 0.8 mV s, the capacitive process accounted for 63% of
the total current (Fig. 3e). With increasing scan rate from 0.8 to
2 mV s, the capacitive contribution increases from 63% to
73%. This clearly shows that capacitive behavior dominates the
electrochemical reaction process of NVMFP/C cathode. Due to
the minimal carbon content of our material, the capacitive
dominant processes can be attributed to the small particle sizes
and optimized interface, achieved by the Pechini approach,
which facilitates surface-controlled reaction kinetics.>**°

The apparent diffusion coefficient of Na* (Dy,') was also
calculated from GITT measurements using eqn (4). This
method is considered more precise because it operates under
near-equilibrium conditions, providing a more reliable
measurement of the Na'* diffusion coefficients.

2 /T (<5) o

The parameter I corresponds to the applied current, while Vy
denotes the molar volume of the electrode material (cm?
mol™"). The symbol n designates the number of electrons
involved in the charge-transfer process, and F refers to Faraday's
constant (A s mol '). The term S represents the electrode
surface area (0.79 cm?®). The derivative dV/dx expresses the slope
of the potential variation as a function of sodium composition

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) CV curves of NVMFP/C electrode at various scan rates, (b) the current as a function of the square root of the scan rates, (c) log (current)

versus log (scan rate), (d) pseudocapacitive contribution at various scan rates, (e) the capacitive contribution to the total current at 0.8 mV s %, and
(f) and (g) the GITT curves for (f) charge and (g) discharge as a function of the Na* concentration in Na,V; sMng 2sFeg 25(PO4)s.

(Vv mol™"), whereas dV/dyt corresponds to the slope of the
potential versus \/t curve, obtained from the voltage-time profile
(v s~ 2). Fig. 3f and g show the charge/discharge GITT curves
and the variation of the apparent diffusion coefficient as
a function of Na' concentration in Na,V; sFeq,5Mng 55(PO,)s.
During the charge/discharge process, the voltage plateau
around 3.5 V exhibits a smaller overpotential, corresponding to
an apparent diffusion coefficient of approximately 10" cm?
s~ '. However, when the voltage is either higher or lower than
3.5V, the overpotential increases, and the apparent diffusion
coefficient fluctuates between different values. At low voltages
during discharge, a significant drop in the apparent diffusion
coefficient was observed due to high occupation of vacancy sites

Table 3 Diffusion coefficient of redox peaks for the NVMFP/C cathode

by Na' sodiation, which hinders further sodium insertion
within the material's structure.*®

EIS measurements were conducted on the NVMFP/C elec-
trode after first charge and first discharge (Fig. 4). The inset in
Fig. 4 displays the equivalent circuit used to fit this response,
which consists of several components: a resistance (Ro) at
a higher frequency, representing the ohmic resistance due to
the electrolyte; a resistance (Rcg) in parallel with a constant
phase element (CPEcg;) at intermediate frequency, describing
the Cathode-Electrolyte Interphase (CEI) layer response;
a resistance (R.) connected in series with a Warburg element
(W), both of which are in parallel with a constant phase element
(CPE,) at lower frequency. This last combination corresponds

Peak R1 R2 R3

o1 02 03

Dna™ (em®s™) 5.58 x 10 5.17 x 101

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EIS spectra of NVMFP/C electrode after first charge/discharge
at C/20.

to faradaic impedance, where R./CPE. is indicative of the
charge transfer process, and the Warburg impedance (W)
represents the diffusion of Na' at the electrode-electrolyte
interfaces. Table S8 summarizes the fitting parameters of
NVMFP/C after first charge and first discharge. At the end of the
first charge, the EIS plot shows a single semi-circle, which
corresponds to the CEI layer response, followed by a diffusion
line.** At this stage, the Rcgr and R, resistance values are 143.4
and 2090 Q, respectively. The higher R, prevents the formation
of a distinct charge-transfer semi-circle. After the first
discharge, the Rcg; and R, resistance show values of 550.2 and
1462 Q, respectively, and an additional semi-circle appears. This
new semi-circle corresponds to the charge transfer response
and can indicate the domination of electrochemical intercala-
tion reaction at this stage. This behavior was observed in
previous work dealing with Li-ion system, in which a dominant
intercalation-deintercalation process occurs.®> Moreover, the
significant increase in Rcg; after the first discharge is a conse-
quence of the CEI growth caused by the decomposition of the
electrolyte.®® Furthermore, R.. remained relatively high at the
end of both charge and discharge, indicating persistent inter-
facial limitations. The high value of R.; may result from several
combined factors, including the electrode thickness, which
increases ionic transport pathways, and the electrolyte compo-
sition. Although NaClO, in EC : PC with FEC provides good bulk
conductivity, FEC decomposition and high-voltage operation
(4.3 V) can promote the formation of a resistive CEI layer,
thereby increasing interfacial impedance.** Despite the rela-
tively high Na" diffusion observed by GITT within the NaSICON-
type NVMFP/C framework, R is mainly governed by interfacial
charge-transfer processes, explaining why it remains in the kilo-
ohm range.

4. Conclusion

In summary, we report the successful design and synthesis of
Naj 5V, sMng »5Feq 25(PO,)s (NVMFP/C), a novel V/Mn/Fe-based
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NaSICON-type cathode material, via the Pechini method fol-
lowed by an ex situ carbon coating. Structural and morpholog-
ical characterizations using XRD, FT-IR, Raman, TGA, SEM,
EDS, and TEM confirm the formation of a highly crystalline,
phase-pure trigonal NaSICON framework with uniform particle
distribution and homogeneous elemental composition. The
electrochemical evaluation of NVMFP/C as a cathode material
for SIBs demonstrates a high reversible capacity of 167 mAh g™*
(~0.30 mA h ecm ™ ?) within a wide voltage window of 1.5-4.3 V at
0.1C, enabled by the activation of multi-electron redox reac-
tions. The material achieves a remarkable energy density of 412
Wh kg™ at 1C, good rate capability, and remarkable long-term
cycling stability, retaining 74% of its initial capacity after 1400
cycles at 10C. These outstanding performances are attributed to
a combination of rapid Na' diffusion through the robust 3D
framework, enhanced electronic conductivity and structural
integrity during repeated sodiation/desodiation achieved by the
synergy between Fe-incorporation, Pechini-derived nano-
structure, and the low-cost ex situ carbon coating. Kinetic
studies using cyclic voltammetry, GITT, and EIS reveal a signif-
icant capacitive contribution, indicating that surface-controlled
processes play a key role in facilitating fast charge storage. The
synergy between bulk diffusion and pseudocapacitive kinetics
underpins the superior rate performance and high-energy
output of NVMFP/C. This work highlights that careful compo-
sitional engineering, multi-electron redox activation, and
microstructural optimization can be strategically combined to
develop NaSICON-type cathodes with high energy density, rapid
kinetics, and long-term durability.
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