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We report the electrochemical sodium-ion kiinetics and distribution of relaxation time (DRT)
analysis of a newly designed mixed polyanionic NaFe1.6V0.4(PO4)(SO4)2@CNT composite as a
cathode. The specific capacity of 104 mAhg−1 is observed at 0.1 C with the average working
voltage of ∼3 V. Intriguingly, a remarkable rate capability and reversibility are demonstrated
up to very high current rate of 25 C. The long cycling test up to 10 C shows high capacity
retention even after 2000 cycles. The detailed analysis of galvanostatic intermittent titration
technique (GITT) and cyclic voltammetry (CV) data reveal the diffusion coefficient of 10−8–10−11

cm2s−1. We find excellent stability in the thermal testing between 25–55◦C temperatures and
80% capacity retention up to 100 cycles at 5 C. Further, we analyse the individual electrochemical
processes in the time domain using the novel DRT technique at different temperatures. The
ex-situ investigation shows the stable and reversible structure, morphology and electronic states
of the long cycled cathode material. More importantly, we demonstrate relatively high specific
energy of ≈155 Wh kg−1 (considering the total active material loading of both the electrodes)
at 0.2 C for full cell battery having excellent rate capability up to 10 C and long cyclic stability at 1 C.

I. INTRODUCTION

In recent years, the gradual expansion and develop-
ment of renewable resources (i.e., wind, solar, geother-
mal and water tides) create a demand for cost-effective
energy storage systems (EES) for sustainable develop-
ment [1]. Now-a-days lithium ion batteries (LIBs) are
widely used in making commercially applicable electric
vehicles (EVs), portable devices, grid EES and proves as
the most efficient battery technology in terms of high en-
ergy density and large power output [2]. However, the
issues of lithium extraction costs, non-uniform geograph-
ical distribution, scarcity in earth’s crust (20 ppm)[2] and
hazardous effect of Li-metal with its electrolytes create
many challenges for their wide applications in the future
market. These challenges in LIBs shout out a need for
alternative battery technology, which proves as a promis-
ing candidate for multi-billion battery industry. In this
line, the sodium-ion batteries (SIBs) have been consid-
ered as a green and cost-effective solution due to its nat-
ural abundance, eco-efficient nature and similar electro-
chemistry as that of LIB. Despite of these advantages,
the SIBs suffer slow Na-ion kinetics, low specific energy
and power density and cycling issues owing to its high
molecular weight (23 g mol−1), higher redox potential
(-2.71 V vs. SHE) and larger radius (1.02 Å) as com-
pared to the lithium [3, 4]. To overcome with some of
these challenges faced in SIBs, it is vital to design new
composite electrode materials, understand the diffusion
kinetics and target for high energy density and long cyclic
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life along with fast charging capability and the thermal
stability. Here, the layered metal oxides and polyanionic
compounds drag profound attention as potential cath-
odes [5–10] where the layered oxides exhibit high specific
capacity and good electronic conductivity, but possess
low operating potential, poor cycle stability, irreversible
phase transitions and highly hygroscopic nature. On the
other hand, some recently developed high entropy layered
oxides helps to improve the energy density and cycle life
by curbing the irreversible phase transitions [11, 12].

Among various complex oxides explored in past few
decades, the NASICON (Na Super Ionic CONductor)
type polyanionic based structures are considered suit-
able cathode materials for high performance energy stor-
age devices due to their high ionic conductivity, high
operating voltage, very stable framework, low gravimet-
ric and volumetric capacity, diverse cationic and anionic
substitutions with tunable characteristics [6, 13]. In gen-
eral, the polyanionic structure involves tetrahedral an-
ions (XO4)

n− or their derivatives (XmO3m+1)
n− (X =

P, S, Si, B, W or Mo) connected with MOx polyhedra
(M = transition metal) [7]. This characteristic struc-
ture provides stability during the redox reactions and
enhance the ionic conductivity. The operating potential
of these materials can be tuned through inductive effect
where the X−O and M−O bonds in polyhedra play an
important role [6, 8, 9]. More interestingly, the mixed
polyanionic compounds possess robust and durable struc-
tural support for continuous de-/intercalation of Na-
ion with relatively high redox potential owing to their
inductive effect of high electro-negative anionic groups
[9]. For example, a NASICON type mixed polyanionic
Na4Fe3(PO4)2P2O7 (NFPP) cathode material delivers a
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theoretical specific capacity of 129 mAhg−1 and work-
ing voltage of 3.2 V with multiple redox activity centres
[14]. In fact, the multi electron reaction in carbonophos-
phate Na3MnPO4(CO3) provides high specific energy 374
Wh/kg [15]. Also, the Na4Co3(PO4)2(P2O7) delivers a
bit less specific capacity of 95 mAhg−1 at 0.2 C, but a
very high working voltage upto 4.5 V due to its induc-
tive effect and stable crystal structure [16]. This mate-
rial shows anodic characteristic [17] and paves the way
towards its use in symmetric cells.

A useful approach is to combine the high electronega-
tive nature of (SO4)

2− with the PO4 group, which for the
first time was reported by Goodenough’s group on a high-
voltage phospho-sulfate cathode NaFe2(PO4)(SO4)2 [18].
Then, Belharouak’s group provided a detailed electro-
chemical investigation on this cathode material, which
shows a specific capacity of 89 mAhg−1 at 0.05 C hav-
ing a working voltage of 3 V [19]. Li et al. modified
this material with rGO, enhancing the specific capacity
upto 90 mAhg−1 at 25 mAg−1 (0.2 C) and also main-
tains upto ≈60% retention after 300 cycles tested at 50
mAg−1 [20]. Further, the V doping at the Fe site, i.e.,
the optimized NaFe1.6V0.4(PO4)(SO4)2 cathode exhibits
the specific capacity of around 90 mAhg−1 at 0.1 C and
a retention of 96% is reported after 50 cycling, which was
found to be better than other compositions [21]. Addi-
tionally, the calculated diffusion coefficients of this ma-
terial from GITT falls in the range of 6–7×10−11 cm2s−1

[21]. However, for in depth understanding it is important
to perform the advanced analysis including DRT (Distri-
bution of Relaxation time) and temperature dependent
behavior for these types of polyanionic materials [22–25].
Intriguingly, the DRT analysis at different charged states
depict the polarization resistances at different time con-
stants [23, 24]. Also, the DRT analysis can provide direct
information on the number of individual processes occur-
ring due to the electro-chemical reactions and their rela-
tive contribution to the total impedance without fitting
the large number of equivalent circuits [26]. Further, the
thermal behavior of Na3V2(PO4)3 at 55◦C showed the
capacity retentions of 50.1% and 24.7% after 1000 cy-
cles at 5 C. The electrochemical study on rGO modified
NFPP at 50◦C was reported to exhibit a significant ca-
pacity retention of 91.4% at 0.5 C [22].

Therefore, we investigate a detailed electrochem-
ical analysis including DRT and thermal stability
of NASICON type NaFe1.6V0.4(PO4)(SO4)2@CNT
(NFVPS@CNT) composite, which shows the high rate
capability, long cycling and thermal stability. The
optimized concentration of vanadium doping and the
inter-connected channels of CNT increase the elec-
tronic conductivity and vacancy defect sites, which
demonstrated an improved specific discharge capacity
of 104 mAhg−1 at 0.1 C with operating voltage of 3 V.
The severe cycling of cells upto very high current rate of
25 C with 95% retention of initial capacity upon cycling
back to 0.1 C signifies the highly reversible nature of
this cathode material. Intriguingly, the long cycling

test at various current rates up to 10 C shows 71, 57
and 36% capacity retention after 500, 1000, and 2000
cycles, respectively. The bulk diffusivity of Na-ion is
evaluated through detailed analysis of GITT and CV,
which falls in 10−8 –10−11 cm2s−1 range. Through
these electrochemical testing, we demonstrate higher
specific capacity, stability, reversibility and diffusivity of
NFVPS@CNT composite as compared to the reports in
refs. [18–21]. More importantly, we used the novel DRT
technique for this cathode material at different tempera-
tures to analyse the individual electrochemical processes
in the time domain. The thermal treatment of half-cells
between 25–55◦C temperatures and long cycling at
45◦C holds out-standing capacity retention of 80% upto
100 cycles at 5 C rate. Furthermore, the ex-situ XRD,
FE-SEM and XPS analysis compares the phase, mor-
phology and electronic states respectively, of the cycled
and pristine material, which confirms the stable Na-
ion dynamics and reversibility of NFVPS@CNT cathode.

II. EXPERIMENTAL DETAILS:

A. Synthesis of NFVPS@CNT composite material:

The NFVPS@CNT composite material was synthe-
sized through sol-gel route where we use precursors
(≥99% purity) in stoichiometric ratios of NaNO3,
NH4VO3, Fe(NO3)3.9H2O, citric acid (C6H8O7),
NH4H2(PO4) and (NH4)2SO4 for the reaction. The
citric acid and NH4VO3 were added in 20 ml of distilled
water in a mole ratio of 2:0.4 forming an orange colour
solution. In order to modify the composite, 5 wt%
of the assumed product weight of CNT was added in
15 ml of water and ultra-sonicated for 30-40 mins for
uniform dispersion, attachment of functional groups at
the side walls and opens the convoluted ends of CNT.
The NaNO3, Fe(NO3)3.9H2O and (NH4)2SO4 were
dissolved in the above orange solution with continuous
stirring by forming dark brown solution (solution-1).
The NH4H2(PO4) was added in 10 ml of distilled water
to form solution-2. Then, solution-1 and CNT solution
were gradually added in solution-2 with continuous
stirring. The final solution was sonicated again for 1
hr at room temperature and then stirred at 80◦C for
overnight. The obtained powder was annealed under
Argon flow at 400◦C for 26 hrs to remove the volatile
H2O, NH3 and NO2 molecules, which finally formed as
uniform NASICON phase.

B. Structural and physical characterizations:

In order to study the crystallographic structure of the
synthesized material, the room temperature x-ray diffrac-
tion (XRD) patteren (using Panalytical Xpert 3 system)
is recored with CuKα radiation (1.5406 Å) in 2θ range
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of 10 to 80◦ at scan rate 2◦/min. The high-resolution
transmission electron microscopy (HR-TEM) measure-
ments are performed with a Tecnai G2 20 system to
analyse the morphology and crystallinity. To investigate
the stoichiometry and elemental distribution across the
composite, we use EDX from RONTEC system model
QuanTax 200. The Raman spectrum is recorded us-
ing a Renishaw inVia confocal Raman microscope 2400
lines/mm grating at a wavelength of 532 nm with a laser
power of 10 mW on the sample. To probe the elec-
tronic states of individual elements in pristine sample
as well as in charge/discharge states, we perform x-ray
photo-electron spectroscopy (XPS) measurements using
AXIS Supra system having monochromatic Al Kα source
(1486.6 eV) and energy resolution of 0.5 eV. The binding
energy of C 1s core-level at 284.6 eV is used to calibrate
individual peak positions. We use the Voigt function
and Tougaard method for deconvolution of the core-level
peaks and background subtraction, respectively.

C. Coin cell fabrication:

The as-synthesized NFVPS@CNT composite is used
as the cathode to fabricate the half-cells of SIBs to in-
vestigate the electrochemical performance. The active
material, acetylene black (to improve electronic conduc-
tivity) and polyvinyldiuoride (PVDF) binder are mixed
in N-methylpyrrolidone (NMP) solvent in weight ratio of
7:2:1 to form uniform slurry. The as prepared slurry was
coated on a aluminium foil using a doctor blade method
with active material mass loading about 2 mg cm−2 fol-
lowed by vacuum drying at 1200C over night to evaporate
the excessive solvent and moisture. The electrodes were
cut and dried under vacuum before inserting in glove box
(MBRAUN). The CR2032 type coin cells were fabricated
in Ar filled glove box under controlled level of O2 and
H2O (<0.1 ppm). The Na foil was used as the counter
and reference electrode. We use 1 M NaPF6 in a mixture
of ethylene carbonate (EC) and diethyl carbonate (DEC)
1:1 (vol %) as electrolyte. The experimental details of
hard carbon testing as anode and the NFVPS@CNT||HC
full cell are provided in [27].

D. Electrochemical and DRT analysis:

The galvanostatic charge-discharge (GCD) profiles
were measured by using a Neware battery analyzer
BTS400 in a voltage window of 1.5–4.5 V (vs Na+/Na)
at different current rates. The cyclic voltammetry
(CV) was conducted using a Biologic VMP-3 model
in the same voltage range at different scan rates. The
electrochemical impedance spectroscopy (EIS) measure-
ments were performed using VMP-3 in the frequency
range of 0.1 Hz to 100 kHz, and ac amplitude of 10
mV was used at the open circuit voltage of the cells.
The DRT (Distribution of Relaxation Time) analysis

of the corresponding EIS spectra was done using an
open source MATLAB based program (DRT Tools).
In order to fit the discrete impedance data, Tikhonov
regularization was implemented with non-linear least-
square method by fixing the parameter at 0.0001 with
second-order regularization derivative. Further, the
FWHM of the radial basis function (RBF) was set at
0.5 for getting appropriate fitting of the EIS data. After
obtaining the DRT results, the peaks were fitted with
Gaussian non-linear curve fitting method by using the
Levenberg-Marquardt iteration in ORIGIN software to
evaluate the values of time constant and polarization
resistance.

III. RESULTS AND DISCUSSION:

A. Structural and morphological characterization:

The x-ray diffraction (XRD) pattern of the
NFVPS@CNT material with Rietveld refinement
and Bragg’s positions are shown in Fig. 1(a). The
refined pattern represents trigonal crystal symmetry
(space group: R-3c, no.#167) [21] with the lattice
parameters a = b = 8.3536Å, c = 21.702Å, α = 90◦, β
= 90◦and γ = 120◦and the values of Rp (3.36%) and
Rwp (4.49%) define a good accordance of calculated
pattern with the observed profile. The FE-SEM image
in Fig. 1(b) depicts the layered morphology, which
enhances the charge storage ability by providing large
active surface area for the electrochemical reaction. In
order to know the existence of CNT, phosphate and
sulfate groups, the de-convoluted Raman spectrum is
presented in Fig. 1(c). The most intense peak around
1004 cm−1 corresponds to the symmetric stretching (ν1)
vibrational mode of (SO4)

2− tetrahedra [28, 29] and
the peaks near 1000 cm−1 attribute to the stretching
vibrations of νP−O−P of (PO4)

3− anion [30]. The
peak at 1050 cm−1 denotes the anti-symmetric internal
stretching (ν3) vibration of PO4 group [31] and the
bands observed at 737 cm−1 attribute to the ν2 bending
mode of (PO4)

3− anion, whereas the peaks between 400
to 600 cm−1 comprise ν4 bending modes of PO4 and SO4

groups [28, 30]. All the other small structural vibrations
below 400 cm−1 are assigned to the Fe-O and V-O
based lattice modes, which are reported to be sensitive
to the metal substitution [32, 33]. The Raman mode
around 1200 cm−1 depicts the characteristic features
of MWCNTs (multi-walled CNTs), which include the
D-band indicating Ag mode at 1348 cm−1 due to the
introduction of disorder in the CNT structures. Also,
the G-band at 1579 cm−1 refers the E2g vibration
mode owing to the in-plane displacement of carbon
atoms strongly attached with the hexagonal structures
[34]. Additionally, a D-band appears at 1612 cm−1

denoting the structural defects due to the amorphous
carbonaceous materials [34–36]. Herein, the ID/IG ratio
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FIG. 1. Basic charectrizations of as prepared NaFe1.6V0.4(PO4)(SO4)2@CNT sample: (a) The Rietveld refinement
(black color) of x-ray diffraction pattern (red color) with Brag peaks and difference curve, (b) the FE-SEM image showing the
layered structure, (c) the Raman spectrum in a range of 100-2000 cm−1, (d-e) the FE-SEM images showing embedded CNTs.
The HR-TEM images showing 2-D lattice fringes with inter-planar distance and CNTs in (f). The well interconnected CNTs
anchored on NFVPS particles and the SAED pattern with indexed planes are shown in (g) and (h), respectively.

of the composite is found to be 1.14, which indicates
successful introduction of structural dis-orderness in
the composite. This structural disorder is expected to
increase the electronic conductivity of the composite,
which reflects by having high-rate capability of the
cathode material during the electrochemical reaction.

Figs. 1(d, e) show very well structural integration be-
tween NFVPS and CNT, where the successful incorpora-
tion of CNT clusters within the NFVPS bulk structure
owing to the tight binding of CNTs (indicated by dashed
yellow circles) with the NFVPS crystal structure. These
interconnected and firmly anchored CNTs on NFVPS
particles provide high electronic conductivity resulting
superior performance in the rate capability, discussed

later. In Figs. 1(f–h), the high-resolution transmission
electron microscopy (HR-TEM) confirms the well crys-
talline nature of the material, as clearly demonstrated
from the 2-D lattice fringes mentioned in Fig. 1(f). The
inter-planar distances of 0.35 nm and 0.27 nm are corre-
spond to the planes (006) and (116), respectively. The
diameter of the CNTs varies between 10 and 21 nm [see
Figs. 1(e–g)], which are homogeneously dispersed be-
tween the aggregated NFVPS material, see Fig. 1(g). In
addition, the SAED (selected area electron diffraction)
pattern shown in Fig. 1(h) depicts the indexed bright
crystal planes (012), (104), (024), (306), (042) and (0213)
corresponding to the inter-planar distance of 0.62, 0.44,
0.30, 0.20, 0.17 and 0.15 nm, respectively.
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FIG. 2. Electrochemical measurements of NaFe1.6V0.4(PO4)(SO4)2@CNT cathode: (a) the galvanostatic discharge-
charge voltage profiles at a current rate of 0.1 for 6 cycles, (b) the cyclic voltammetry curves at a scan rate of 0.1 mVs−1 for
3 cycles in a voltage window of 1.5–4.5 V, (c) the rate capability measurement at different current rates for 6 cycles each in a
voltage window of 1.5–4.5 V, (d) the galvanostatic discharge-charge voltage profiles of 2nd cycles at different current rates from
0.1 to 25 C, (e) the EIS spectrum of freshly prepared half-cell (at OCV), (f) the EIS spectra of the same half cell as presented
in (f) after 1st, 5th, 10th, 20th and 50th cycles along with circuit diagram, (g) the specific capacity and Coulombic efficiency
(%) in long cycling measurement at different current rates of 2 C, 5 C and 10 C up to 2000 cycles.

B. Electrochemical analysis:

In order to get a comprehensive idea about the
charge storage activity and redox mechanisim of the
NFVPS@CNT composite material, the galvanostatic
charging discharging (GCD) measurements are per-
formed at a current rate of 0.1 C in a voltage window of
1.5–4.5 V, as presented in Fig. 2(a) up to six cycles. The
half-cell was first discharged to 1.5 V to convert Fe3+ to
Fe2+ by reducing the material and again charging it back
to higher cut-off voltage up to 4.5 V. We observe a signif-
icantly high specific discharge capacity of 104 mAhg−1 in
the 2nd initial cycle at 0.1 C with a capacity retention of
98% up to 6th cycle. The observed plateau and maximum
specific capacity are consistent with 1.6 electron reaction,
which is considered to be 1 C = 102 mAg−1. This high ca-

pacity is possible due to the vacancy defects created from
the vanadium doping and CNT-modification, which im-
proved the electronic conductivity [37]. In this context,
the V5+ doping at the Fe3+ site can produce oxygen va-
cancies with a partial reduction of Fe3+ to Fe2+, which
also helps to enhance the electronic and ionic conductiv-
ity due to the higher ionic radius of Fe2+ as compared
to the Fe3+ [37]. As a result, the activation barrier for
Na-ion migration decreases, providing ease insertion/de-
insertion of Na-ion in the bulk structure. The CV mea-
surement in Fig. 2(b) depicts the activation process of the
Fe3+/2+ redox couple during Na-insertion/de-insertion in
a voltage window of 1.5–4.5 V at a scan rate of 0.1 mVs−1

for 3 cycles [18, 19]. Here, the initial insertion process of
the 1st cycle shows the conversion of less number of Fe3+

to Fe2+ resulting lower redox current, which is consis-
tent with the GCD profile, attributing low initial spe-
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cific discharge capacity (54 mAhg−1) in the 1st discharge
[Fig. 2(a)]. After that, the capacity is found to be stable
around 104 mAhg−1.
Fig. 2(c) presents the rate capability measurements

at different current rates up to 25 C with the Coulom-
bic efficiency nearly 100% except the 1st cycle. The
NFVPS@CNT electrode delivers maximum specific dis-
charge capacities of 104, 99, 88.3, 78, 60, 44, 33 and 29
mAhg−1 at current rates of 0.1, 0.2, 0.5, 1, 5, 10, 20 and
25 C respectively, for 6 cycles each. After testing the cell
up to 25 C, we again checked the capacity at 0.1 C and
found 95% retention of the initial capacity. These rate
capability measurement assures the highly reversible na-
ture and more importantly fast charging capability of this
electrode, which are crucial to improve the power density
factor of the battery. The corresponding GCD profiles
of 2nd cycles of Fig.2 (c) at different current rates are
provided in Fig. 2(d), indicating single-phase behavior
during charge/dis-charge with the operating voltage of
∼3 V. The material is also tested in full cell configura-
tion using hard carbon as anode, see Fig. S5 of ref. [27].
Moreover, we use the electro-chemical impedance spec-
troscopy (EIS), i.e., the Nyquist plot at OCV to under-
stand the Na-ion transport mechanism during cycling,
where the fitted circuit element R1 attributes the solution
resistance of the electrolyte and intrinsic resistance, the
two parallely connected constant phase element (Q) and
resistance (R) determine the contribution of SEI layer
and charge transfer between SEI/electrode interface, as
shown in Fig. 2(e). In Fig. 2(f), we present the EIS
plots measured after 1st, 5th, 10th, 20th and 50th cycles.
We note that the charge transfer resistance gradually de-
creases from 1st to 10th cycle due to the degradation of
SEI layer and activation process. After 10th cycle, the
impedance increases for 20th and 50th cycle indicating
large over-potential due to the electrolyte degradation in
products at high voltage.The long cycling measurement
in Fig. 2(g) records 48%, 53% and 57% capacity reten-
tions between 3rd and 1000 cycles at 2 C, 5 C and 10 C
respectively; whereas after 2000 cycling the retention is
found to be 34%, 38%, and 36% at 2 C, 5 C and 10 C re-
spectively. Also, we observe some fluctuations in specific
capacity and decrease in Coulombic efficiency at 2 C rate,
which might be due to the lack of stability of SEI layer
at higher potentials above 4.2 V [38] as well as the effect
of relaxation time/state and internal temperature of cell
during long cycling [39]. After these measurement, the
cell cycled at 10 C was dismantled and the cathode ma-
terial was procured for XRD and FE-SEM measurements
to study the structural and morphological changes during
the cycling, as shown in the Figs. S2(a, b) of ref. [27].

C. Cyclic voltammetry and GITT analysis:

In order to study the redox processes in the fabricated
half cells, we use the cyclic voltammetry (CV) technique,
which also probes the chemical reactions initiated by elec-

tron transfer. Fig. 3(a) shows the CV curves at different
scan rates for 2nd cycle each in a voltage window of 1.5–
4.5 V. The anodic and cathodic peaks are denoted as A
and C, respectively and determine the reversible redox re-
action of Fe 3+/2+ occurring in both forward and reverse
scans. The peak height and area gradually increases with
the scan rate, indicating the occurrence of more number
of redox reactions at higher scan rates. This is consis-
tent as the peak area divided by the scan rate results the
capacity, which should be constant. Notably, the redox
peaks inherited the original shape even at higher scan
rate of 0.5 mVs−1 with a small shift, indicating small
polarization effect in the NFVPS@CNT cathode mate-
rial. In Fig. 3(b), the linear relationship between peak

current (ip) and square root of scan rate (ν
1
2 ) determines

the slope for the calculation of diffusion coefficient. If we
consider the Na-ion diffusion as the rate limiting step and
the charge transfer resistance at the interface is very neg-
ligible, then the peak current follows a linear relationship
with ν

1
2 , as per the equation below [17]:

ip = (2.69× 105)AD
1
2Cn

3
2V 1

2 (1)

Using the above Randles-Sevcik equation, we calcu-
late the diffusion coefficient of Na-ion during the inser-
tion/extraction, where the ip is termed as the peak cur-
rent (mA), ν is the scan rate (mVs−1), A is the active
surface area of the electrode (cm2), n is the number of
electron transferred during the chemical reaction, C is the
initial concentration of Na-ion in the electrode (mol/cm3)
and D is the diffusion coefficient of Na-ion in the elec-
trode material (cm2s−1). Considering the appropriate
values of these parameters, the calculated values of D for
anodic and cathodic peaks are found to be in the range
of 2.6×10−8 to 3.2×10−10cm2s−1.
Moreover, in order to quantitatively demonstrate

about the surface controlled (pseudo-capacitive) and/or
Faradic nature of the cathode material, we perform de-
tailed analysis of CV data using the power law [40]:

ip = aνb (2)

here, the ip determines the peak current value at the cor-
responding scan rate, a and b are the parameters. We can
obtain equation (3) by taking the logarithmic function of
equation (2) as described below [41]:

log i = b log ν + log a (3)

where, b is the slope obtained from the linear fitting of log
ip vs log ν plot, as shown in Fig. 3(c), which attributes
the pseudo-capacitive behavior. The Faradic nature of
the material dominates, when the value of b = 0.5 and b
= 1 determines the capacitive behavior. The value of b
in between 0.5 and 1 suggest for the pseudo-capacitance
contribution (both surface controlled and diffusion con-
trolled) in the electrode material. In the present case, the
obtained values of b for anodic and cathodic peaks are
0.74 and 0.77 respectively, which represent the pseudo-
capacitive nature of the NFVPS@CNT cathode material.
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FIG. 3. Quantitative and kinetic analysis of Na+ diffusion coefficient in NaFe1.6V0.4(PO4)(SO4)2@CNT cathode:
(a) The cyclic voltammetry curves at different scan rates in a voltage window of 1.5–4.5 V, having anodic (A) and cathodic (C)
peaks, (b) the linear relation between peak current ip and square root of scan rate for different scan rates, (c) the linear fitting

between log i versus log ν, (d) the linear relation plot between i(V )/ν1/2 versus ν1/2 for both cathodic and anodic peaks, (e)
the capacitive contributed part for 0.2 mVs−1 shown by shaded area, (f) the contributions of capacitive and diffusive current
at different scan rates, (g) the GITT measurements at a current rate of 0.5 C in a voltage window of 1.5–4.5 V for a fresh cell,
(h) the representation of different parameters in a single titration curve before, during and after application of a current pulse
for 5 min, (i) the logarithmic variation of diffusion coefficient as a function of cell voltage for the GITT profile shown in (g).

Now it is important to get more insight about the
pseudo-capacitance nature, i.e., to quantify the capac-
itive controlled and diffusion controlled reactions at a
particular voltage using the equation below [40, 41]:

i(V ) = k1ν + k2ν
1/2 (4)

here, the i(V ) corresponds to the total current response
from both capacitive and diffusive part, k1ν depicts the
capacitive effects and k2ν

1/2 represents the diffusion con-
trolled effects. The constants k1 and k2 are resulted from
the linear relation between i(V)/ν1/2 and ν1/2, as below:

[i(V )/ν1/2] = k1ν
1/2 + k2 (5)

where k1 represents the slope and k2 determines the in-
tercept of the linear relation, as shown in Fig.3 (d). More

clearly, the shaded region in Fig.3 (e) represents the ca-
pacitive controlled part, which found to be around 51%
of the total current contribution. The area of simulated
curve is found to be slightly more than the actual area
of the CV curves, which can be due to small residual
current in the charge storage mechanism [42]. Moreover,
we observe a clear increase of the capacitive contribution
with the scan rate, see Fig. 3(f). Note that the diffusive
contribution dominates at slow scan rate like 0.05 mVs−1

providing 65.2% of the total contribution, which gradu-
ally decreases to 31.3% at high scan rate of 0.8 mVs−1.
This trend indicates the dominance of surface controlled
reactions at higher scan rates. In order to calculate the
self-diffusivity of Na-ion in the host cathode material, the
GITT measurements are performed for the first cycle at
particular voltages at a fixed current rate of 5 C. Fig. 3(g)
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FIG. 4. The electrochemical performance of NaFe1.6V0.4(PO4)(SO4)2@CNT cathode at different temperatures:
(a) The EIS spectra recorded at 25◦C, 30◦C, 35◦C, 40◦C, 45◦C, 50◦C and 55◦C, i.e., the fitted Nyquist plots with equivalent
circuit in the inset, (b) the Arrhenius plot of the resistance contributions of the solid electrolyte interface RSEI and the charge
transfer resistance RCT , (c) the cyclic voltammetry at a scan rate of 0.5 mVs−1. The galvanostatic charge-discharge specific
capacity (d) measured at a current rate of 5 C up to 11 cycles at each temperature indicated, (e) the corresponding galvanostatic
charge-discharge profiles of 2nd cycles of (d) at different temperatures from 25–55 ◦C at 5 C current rate, and (f) the long
cycling up to 100 cycles measured at 5 C current rate and 45◦C temperature.

elucidates the potential versus time curves, which orig-
inate from the continuous current pulse of duration (τ)
5 min followed by a relaxation time of 30 min for both
positive and negative current, and the response is con-
sistent with the galvanostatic charge-discharge plateaus
in Fig. 2(a). The diffusion coefficient of Na+ can be cal-
culated using the Fick’s second law of diffusion and the
linear relationship between E and τ1/2 (see Fig. S3(c) of
ref. [27]), as given below [20, 43]:

DNa+ =
4

πτ

[
mBVM

MBA

]2 [
∆Es

∆Et

]2
; τ = L2/DNa+ (6)

where, mB is the mass loading of the material (g), MB

is the molecular weight (g mol−1), VM is the molar vol-
ume (cm3 mol−1), A is the active surface area between
the electrode and electrolyte (here, for simplification we
have considered the geometrical surface area, i.e., 1.130
cm2), L is the thickness of the electrode, ∆ Et represents
the change in potential during the application of current
pulse, and ∆ Es attributes the potential difference be-
tween the equilibrium states or steady state voltage. A
better representation of all the parameters can be seen in
Fig. 3(h) by using a single titration curve. The values of
the diffusion coefficient are plotted in a logarithmic scale
with respect to the change in potential of the cell dur-
ing both charging and discharging process, as shown in
Fig. 3(i). The diffusivity of Na-ion varies in the range of

10−8.5 to 10−10.5 cm2s−1 for charging/discharging pro-
cess. Intriguingly, we are able to improve the Na-ion
diffusion kinetics by developing the CNT-modified com-
posite material of NaFe1.6V0.4(PO4)(SO4)2, as compared
to the values reported in ref. [21].

D. Temperature dependent electrochemical study:

In order to understand the active ion kinetics and the
cell dynamics during different physical and chemical pro-
cesses, we perform the EIS measurements in 25–55◦C
temperature range and extract the kinetic parameters
involved in the SEI formation and charge transfer me-
chanics through detailed analysis. Note that the Na-
ion diffusion can be interpreted as a four step process
through Barsoukov’s model [44], where the ion first mi-
grate through the liquid electrolyte and solid electrolyte
interface (SEI) layer followed by a charge transfer across
the SEI/electrode interface, and the final process involves
the solid diffusion inside the active material. Fig. 4(a)
shows the EIS spectra as the Nyquist plot at different
temperatures with the equivalent circuit in the inset.
We observe that the diameter of the semi-circles in the
fitted Nyquist plots decreases with temperature. This
indicates the lower resistances of SEI layer (RSEI) and
charge transfer process (Rct), as more amount of self dis-
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charge occurs followed by sodium plating and dendrite
formation at high temperatures [45]. We use the fol-
lowing Arrhenius equation derive the activation energy
involved during the Na-ion transport through SEI layer
and SEI/electrode interface [46, 47]:

σT = Aexp(−Ea/KBT ) (7)

where, A is the proportionality factor and can also be
termed as frequency factor, Ea is the activation energy,
σ is the ionic conductivity, KB is the Boltzmann constant
and T is the absolute temperature. Here, σ represents the
multiplication product of cell constant (c) and reciprocal
of resistance obtained from the fitted circuits. As the
cell constant of the interface can not be obtained, the
y-axis of Fig. 4(b) is denoted as log (R−1T) instead of
log (cR−1T) [48]. The slope of log (R−1T) and 1000/T
provide the activation energy for the respective chemical
process [49] and we found the values 0.29 eV and 0.27 eV
in case of charge transfer across SEI/electrode interface
and the SEI layer, respectively, as shown in Fig. 4(b). In
both the cases, the Na-ion transport face low activation
energy due to the surface modification of the active ma-
terial with CNT, which provides large active surface area
with interconnected frame-work to increase the electronic
conductivity of NFVPS material. Further, the studies of
bode plot and Na-ion kinetics at different temperatures
are provided in Figs. S3(a, b) of ref. [27].

Fig. 4(c) displays the CV curves measured at different
temperatures between 25 and 55◦C with a scan rate of 0.5
mVs−1. Intriguingly, the oxidation and reduction peaks
are almost at same potential and similar current values
for all the temperatures. This indicates that the CNT
modified cathode material is highly reversible for the ap-
plications in a wide range of temperature up to 50◦C.
However, slight change is observed in the peak intensity
and the voltage values, which signifies the low stability of
the electrode/electrolyte combination and large IR drop
with some irreversible behavior, respectively, when mea-
sured at 55◦C [43]. Further, we use a fresh half-cell and
tested at a current rate of 5 C with 11 cycles at each tem-
perature between 25 and 55◦C, as shown in Fig. 4(d),
which demonstrate the improvement in the specific ca-
pacity and stability at higher temperature. This is due
the fast reaction kinetics and higher Na+ diffusion, as
both sodiation and SEI forming kinetics in the host ma-
terial increase at high temperatures [25]. Further we ob-
serve small fluctuations in values of specific capacity at
55◦C, which might be due to some electrolyte degrada-
tion [50]. It is likely that the SEI layer forms due to elec-
trolyte degradation when the cell is cycled at high tem-
perature and high-potential region, which can result in
some irreversible capacity and low Coulombic efficiency
at 55◦C. Also, there can be some overcharge issues in the
initial cycles at each temperature that may result in some
fluctuations in the Coulombic efficiency [51, 52]. More-
over, in Fig. 4(f) we present the long cycling measure-
ment of NFVPS@CNT cathode at a high current rate of
5 C, which shows high stability with 80% capacity reten-

tion up to 100 cycles at 45◦C. The faster Na-ion kinetics
and smaller charge transfer resistance at 45◦C provides
smaller IR drop, which improves the specific capacity and
cycling stability. This may be possible due to enhanced
conductivity of the NFVPS materials with CNT compos-
ite, which helps to prevent the undesirable side reactions
between the electrode and electrolyte during long cycling
at high temperatures [53].

E. Distribution of Relaxation Time analysis:

The EIS fitting model includes more number of cir-
cuit elements and overlap semicircles in the same fre-
quency domain, which make its analysis more difficult for
the electrochemical processes. Therefore, a more reliable
mathematical tool named DRT (Distribution of Relax-
ation Time) is used to analyse the cell behavior in the
time domain by measuring the large and small polariza-
tion effects that occurred in the similar frequency domain
[54–58]. In this method, an infinite Voigt circuit with se-
ries connection of parallel RQ elements is used to fit the
impedance spectra [56] where the RQ determines a time
constant, τ as following:

τ = (RQ)1/α (8)

where, R is a resistor, Q is the constant phase element
(CPE) and α is a number between 0 to 1. The DRT tool
provides an access to visualize individual processes of the
system and the kinetic parameters involved in the partic-
ular process. Furthermore, this tool attributes higher res-
olution than the conventional EIS representation through
Nyquist or Bode plots. We can also get quantitative in-
formation regarding the reaction kinetics by using the
peak area, height and the position. For the DRT anal-
ysis, the measurement must be high quality and should
satisfy time invariance. Therefore, Kramers-Kronig cri-
terium is used to check the data validity. The link be-
tween DRT and EIS is established through the following
equation developed by Fuoss and Kirkwood [57]:

Z(ω) = Rs +Rp

∫ ∞

−∞

γ(τ)

1 + jωτ
dlnτ (9)

where, Rs is the series resistance (also high frequency in-
tercept), Rp is the polarization resistance (low frequency
intercept). In the DRT method, γ(τ) is a normalized
function, which satisfy the following equation:∫ ∞

−∞
γ(τ)dlnτ = 1 (10)

where, τ = 1/2π f = 1/ω. On subject to the above con-
dition, the area under the curve of the following equation
results the total polarization resistance of the system.∫ ∞

−∞

γ(τ)

1 + jωτ
dlnτ (11)
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FIG. 5. The Distribution of Relaxation Time (DRT) analysis of NaFe1.6V0.4(PO4)(SO4)2@CNT cathode: the
simulated EIS spectra (a) compared at different temperatures, (b) 25◦C, (c) 30◦C, (d) 35◦C, (e) 40◦C,(f) 45◦C, (g) 50◦C and
(h) 55◦C, (i) the Na||Na symmetric cell, and (j) the NFVPS||NFVPS symmetric cell at 25◦C. The peaks marked P1 to P7 in
(b–h) are corresponding to the contact and charge-transfer resistances as well as the diffusion process inside the cell. The peaks
marked with A1 to A8 and C1 to C4 are corresponding to the anodic and cathodic contributions of different physical processes.

For example, if we consider ith peak, then the time
constant τ i represents the position of maximum and the
area of the peak defines the value of resistance Ri. So,
we can calculate the value of capacitance as follows [26]:

Ci = τi/Ri (12)

The authenticity of the impedance curves is checked
through Kramer-Kronig model using LIN-KK software,
as shown in Fig. 4 of ref. [27]. We note that the DRT
profiles generated from the EIS data in Fig. 4(a) show
different local maxima (peaks) in the distribution func-

tion γ(τ), see Fig. 5(a). The area of these peaks inter-
pret the total polarization resistance (Rp) and the shift in
their position depicts the contribution of different physi-
cal processes inside the cell. It has been reported that the
time constant domain ≤10−3 s represents the resistance
between particle-particle and particle-current collector,
between 10−3–10−2 s and 10−2–10−1 s indicate the ac-
tive ion transportation through the SEI layer and charge
transfer resistance of the active ion at cathode and anode
interface, respectively; and ≥10−1 s attributes to the dif-
fusion process of active ion in the bulk electrode [58–61].
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FIG. 6. The photoemission spectra of NaFe1.6V0.4(PO4)(SO4)2@CNT cathode material: The core-levels Fe 2p, V
2p, P 2p, O 1s, Na 1s and S 2p of (a1–a6) pristine sample, (b1–b6) in fully discharged and (c1–c6) fully charged states.

The fitted DRT profiles at different temperatures in
Figs. 5(b–h) show seven local maxima (marked by P1–
P7), where each peak can be differentiated according to
the frequency range of the EIS spectrum. In Fig. 5(b),
the DRT peaks P1 and P2 positioned at 8.82 ms and
18.16 ms, which determine the contact resistance indicat-
ing the high-frequency region of the semi-circle. Further,
the peaks P3, P4, P5, P6 at time constants 61.90, 235,
500 and 658 ms constitute the mid-frequency range of
the semicircle representing the charge transfer resistance
at SEI and cathode-electrolyte/anode-electrolyte inter-
face. At last the peak P7 at 5 s in the low frequency
region depicts the diffusion process inside the solid. In
order to differentiate the cathodic and anodic origin
of these peaks, we tested the symmetric Na||Na and
NFVPS@CNT||NFVPS@CNT cells [56, 62], as shown in
Figs. 5(i, j), respectively. Fig. 5(i) shows a strong peak
A3 in the region of 10−4–10−2 s, whereas in Fig. 5(j)
the peak C1 in the same region is very weak in inten-
sity. This indicates that the peak P3 in mid-frequency
region shows dominant anodic contribution due to the
the charge transfer resistance at anode/electrolyte inter-
face (SEI). By comparing the intensity of peaks A3 and
C4 around 5 s in Figs. 5(i, j), respectively, we can con-
clude that the peak P7 in low frequency region resulted
from a dominant cathodic contribution. Interestingly, we
observe that all the peaks P1–P7 in Figs. 5(b–h) are sen-
sitive to the change in temperature, where a significant
decrease in intensity of peak P3 is visible at high tem-
peratures. This suggests that the large resistance at the

anode/electrolyte interface (SEI) at around room tem-
perature is due to the lower ionic conductivity of the elec-
trolyte, which slows down the charge-transfer processes
[26]. On the other hand, the relative intensity of peak P7
first increase at 30◦C, implying higher activation barrier
for diffusion of active ions, then it decreases gradually in-
dicating higher diffusivity of ions at high temperatures.
The DRT analysis is consistent with the observed temper-
ature dependent electrochemical behavior in Fig. 4, and
found to be very useful to understand the kinetics of elec-
trode materials at different temperatures by separating
between cathodic and anodic contributions. The DRT
can also be used to study the surface reactivity, perfor-
mance limiting mechanisms and cell aging [55, 57, 58, 63].

F. Ex-situ photoemission spectroscopy study:

Finally, we use x-ray photoelectron spectroscopy
(XPS) to investigate the elemental oxidation state of pris-
tine NFVPS@CNT material as well as in the fully charge
and discharge states after Na-ion insertion/de-insertion.
In Fig. 6, we present the core-level spectra of Fe 2p, V 2p,
P 2p, O 1s, Na 1s, and S 2p for the pristine sample (a1–
a6), after the first electrochemical discharge (b1–b6) and
after first charge (c1–c6), respectively. The Fe 2p core-
level split into two spin-orbit components namely 2p3/2
and 2p1/2, where the deconvolution with Voigt function

confirm the presence of both Fe2+ and Fe3+ oxidation
states in the ratio of 32% and 68%, respectively. For
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FIG. 7. Electrochemical performance of a full cell battery (NFVPS@CNT||HC) in a voltage window of 1.5–
4.2 V: (a) The CV curves of HC as anode, NFVPS@CNT as cathode and NFVPS@CNT//HC full cell at a scan rate of 0.1
mVs−1, (b) the GCD plots of initial 5 cycles at 0.2 C, (c) the rate capability measurements at different current rates for 5 cycles
each with Coulombic efficiency, (d) the corresponding galvanostatic discharge-charge voltage profiles of 2nd cycle at different
current rates from 0.2 to 10 C of (c). The specific capacity and Coulombic efficiency (%) in (e) measured at current rates of
1 C and 0.5 C up to 150 cycles.

the pristine sample, the binding energy (BE) values of
the Fe3+ peaks are found to be 712.3 eV (2p3/2) and

725.6 eV (2p1/2), respectively; whereas, for the Fe
2+, the

respective peaks are situated at 710.7 eV and 724.2 eV
[64]. Also, the presence of surface peak at 715 eV cor-
responds to the Fe3+ ions in the sublayers and the peak
at 717.6 eV represents the shake-up satellite of Fe3+ ions
[64]. In the discharge process, the Fe3+ is expected to
reduce to Fe2+ and during the charging process it should
oxidize back to Fe3+, which found to be consistent with
the observation of dominant Fe2+ (≈78%) in the fully
discharged state [Fig. 6(b1)] and a dominant Fe3+ con-
tribution of 76% in fully charged state [Fig. 6(c1)]. We
also observe the evolution of two new peaks at 701 and
706.7 eV, marked as the plasmon loss features of F 1s
[65] in Figs. 6(b1, c1), which are probably due to the
degradation of NaPF6 electrolyte and formation of NaF
at electrode/electrolyte interface during charging [66, 67],
as also marked in Fig. S6 of ref. [27].

The V 2p core-level spectra of the pristine, discharge
and charge states are shown in Figs. 6(a2, b2, c2), re-
spectively. In Fig. 6(a2), the spin-orbit components at
517.3 eV (2p3/2) and 524.6 eV (2p1/2) indicate the V5+

oxidation state in the pristine sample [68]. In Figs. 6(b2,
c2) we find no shift in the V 2p peak positions confirming
the V in 5+ state for charge/discharge states, which is

consistent as the V is not expected to participate in the
electrochemical process as also evident in Figs. 2(a, b).
Also, for both the cases (charge/discharge) we observe a
strong feature at 523.3 eV [Figs. 6(b2, c2)] whose origin
seems to be controversial in the literature; therefore, we
marked this as unidentified peak. It has been reported
that this peak might be due to Na KLL Auger electrons,
plasmon loss peaks, and O 1s photoelectrons from the in-
terphase and SEI layers [69]. The P 2p core-level spectra
in Figs. 6(a3, b3, c3) show spin-orbit peaks at 133.3 and
134.1 eV corresponding to the 2p3/2 and 2p1/2, respec-
tively, consistent with chemical environment for P ele-
ment in (PO4)

3− anions [70]. However, in Figs. 6(b3, c3)
we observe extra peaks with spin-orbit splitting around
137 eV (2p3/2) and 138 eV (2p1/2) in discharge/charge
states. These suggest a P-F linkage or the generation of
POxFy products from NaPF6 degradation during elec-
trochemical process [70].

The O 1s spectra in Figs. 6(a4, b4, c4) exhibit a con-
sistent peak at 531.4 eV indicating oxygen atoms in the
(PO4)

3− and (SO4)
2− groups or lattice oxygen [70]. The

weak broad characteristics at 532.2 and 533.4 eV indicate
oxygenated carbon at the surface [70]. We observe that
during charge and discharge, the oxygenated species and
Na2O production at the electrode surface cause a new
peak at 530 eV [71] as well as Na KLL auger peak at
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535.7 eV [72, 74], see Figs. 6(b4, c4). The BE value of the
Na 1s core-levels spectra is found to be at 1072.1 eV for
all the three samples [see Figs. 6(a5, b5, c5)]. This peak
can be assigned as a signal of NaF formation, a useful SEI
component, which helps to improve the ionic conductiv-
ity and other mechanical properties [75]. In Figs. 6(b5,
c5), the asymmetry towards lower BE side fits a peak
at 1070.2 eV, suggesting the presence of Na2O in the
charge/discharge states [71]. The S 2p core level peaks
in Figs. 6(a6, b6, c6) are observed at 168.7 (2p3/2) and
169.9 eV (2p1/2) [76]. In case of the charge and discharge

states, a more reduced form of S as (SO3)
2− peaks are

visible at 167.2 (2p3/2) and 168.4 eV (2p1/2) [76]. In case
of the charge and discharge states, a more reduced form
of S as (SO3)

2− peaks are visible at 167.2 (2p3/2) and
168.4 eV (2p1/2) due to the interaction between the edge
sulphur and oxygen from the surface [76]. Also, it is pos-
sible that weak features of thiosulfonate (SO3)

2− species
may overlap for charging state owing to the oxidation of
(SO3)

2− to (SO4)
2− [76].

G. Full cell study:

Lastly we fabricate and test the full cell battery by cou-
pling NFVPS@CNT as cathode and hard carbon (HC)
as anode. The CV curves of NFVPS@CNT||HC full cell
in comparison with HC anode and NFVPS@CNT cath-
ode at a scan rate of 0.1 mVs−1 are shown in Fig. 7(a).
There is one pair of redox peaks 2.5/2.25 V for the full
cell, which are closest to the NFVPS@CNT-Na half cell
with a lower redox polarization of 0.25 V. Fig. 7(b) shows
the galvanostatic charge-discharge profiles of the full-cell
in a voltage window of 1.5-4.2 V where we observe a
maximum specific discharge capacity of 85 mAhg−1 at
0.2 C and maintains 93% of initial capacity retention
after 5 cycles. Notably, considering the nominal volt-
age of 2.7 V, the specific energy density of the full cell
is evaluated to be around 155 Whkg−1 [27] considering
the active material masses of both negative and positive
electrodes, which found to be excellent for Na-ion bat-
tery system [77]. Moreover, the rate capability data in
Fig. 7(c) depicts excellent electrochemical performance
of the full cell battery up to high current rate of 10 C.
Also, the same cell was cycled back to 0.2 C which found
to retain 78% of the initial specific capacity. Fig. 7(d)
shows the corresponding GCD profiles at different cur-
rent rates in respective 2nd cycle. Further, the long cy-
cling measurements in Fig. 7(e) at current rates of 1 C
and 0.5 C exhibit 70% and 34% capacity retentions after
100 cycles, respectively. The poor stability at slower cur-
rent rate is the occurrence of interfacial reactions due to
relatively large exposure time of electrolytes at high po-
tential around 4.2 V [37, 40]. There is also inhibition of
some reactions and structural evolution at higher current
rates, which helps to provide high-capacity retention as
compared to the lower current rates [37, 40]. The better
stability at higher current rates indicates the high-rate

capability nature of the full cell battery. Furthermore,
the full cells exhibit faster capacity decay than half cells
owing to the limited sodium inventory in full cells, as it is
partially consumed on the hard carbon surface through
irreversible process during SEI formation [78].

IV. SUMMARY AND CONCLUSIONS:

In summary, we demonstrated the mixed polyanionic
NFVPS@CNT composite as fast electronic and ionic con-
duction owing to the 3D interconnected channels, high
specific capacity, thermal stability and reversibility as
cathode material in sodium-ion batteries (SIBs). The
cathode delivers a high discharge specific capacity of 104
mAhg−1 at 0.1 C with an average working voltage of
∼3 V. Furthermore, the rate capability measurements
upto a high current rate of 25 C, reveal the fast charg-
ing activity of the material and it retains 95% of ini-
tial capacity after returning back to 0.1 C. Notably, the
long cycling measurement at different current rate up
to 10 C provides 57% and 36% capacity retention after
1000 and 2000 cycles, respectively. The evaluated dif-
fusion coefficient of the electrode material through CV
and GITT falls in the range of 10−8 to 10−11 cm2s−1,
which is considered as a fast sodium-ion transport. We
have employed DRT analysis to differentiate between the
individual physical processes occurring inside the half-
cell at different temperatures in the frequency domain.
Intriguingly, the temperature dependent electrochemical
investigation reveal the thermal stability and significant
capacity retention of 80% at 5 C rate at 45◦C up to 100
cycles. Moreover, ex-situ XRD, FE-SEM and XPS results
of the cycled materials confirm the stable structural, mor-
phological and electronic properties. The full cell battery
shows ∼155 Wh kg−1 (85 mAhg−1 and 2.7 V) specific
energy at 0.2 C (considering the active material weight
of both the electrodes). Our study provide a new path
to develop 3D interconnected phosphate–sulfate frame-
works in CNT modified NFVPS electrode to improve the
energy density of SIBs.
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