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Single-Phase Solid-Solution Reaction Facilitated Sodium-lon
Storage in Indium-Substituted Monoclinic Sodium-Iron

Phosphomolybdate Cathodes

Sharad Dnyanu Pinjari, Purandas Mudavath, Ravi Chandra Dutta,* lpsita Pal,
Dipan Kundu, Saikumar Parshanaboina, Anand Kumar Singh,
Ashok Kumar Nanjundan,* and Rohit Ranganathan Gaddam*

Despite being a compelling alternative to the existing lithium-ion battery
technology, the unavailability of cathodes with high energy density and
capacity poses a key challenge toward the wider adaption of sodium-ion
batteries (NIB). In this regard, iron-rich NASICONSs have triggered significant
attention owing to a greater abundance of Fe and higher operating voltages of
Fe?* [Fe** redox-couple. A major roadblock in such cathodes stems from the
voltage hysteresis at higher current rates. Herein, a NASICON-type
NaFe,In,(PO,)(M0O,), (NFIPM) cathode is reported that shows a stable
single-phase solid-solution reaction with significantly attenuated
overpotential. Indium is strategically incorporated at the iron sites, expanding
the lattice space to facilitate enhanced sodium-ion diffusion and also reducing
the energy bandgap of NFIPM. Magnetic susceptibility (M-T) and Electron
Paramagnetic Resonance (EPR) measurements reveal an increased spin state
of iron following indium substitution. First principle calculations also confirm
the lowering of the Na* migration energy barrier post indium doping. The
optimized NFIPM10 shows a specific capacity of 111.85 mAh g~" at 0.1 C with
remarkable cycling stability of up to 800 cycles at 2C. In situ X-ray diffraction
confirms reversible structural stability of NFIPM during (de)sodiation,
emphasizing the role of strategic doping in enhancing sodium-ion storage.

1. Introduction

Sodium-ion batteries (NIBs) are sought af-
ter as a resource-saving, sustainable alterna-
tive energy storage technology to lithium-
ion batteries.!l Despite the chemical sim-
ilarity between sodium and lithium, a se-
vere energy density deficit makes NIBs less
attractive for industrial adoption. The un-
availability of low-cost cathodes with better
sodium-ion uptake at high working voltages
and superior cycling stability poses a critical
challenge. Polyanion or mixed-polyanionic
type cathodes, with their unique 3D struc-
tural make-up, have gained significant
interest in addressing these limitations.
These cathodes explore redox-chemistries
of earth-abundant materials that can ex-
pedite the market readiness of NIBs.[?!

Notably, considerable research has
been devoted to sodium super ionic con-
ductor (NASICON)-type polyanions that
exist either in a rhombohedral (R-3c)
or monoclinic (C2/c) symmetry.?] Such
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compounds have a general formula of Na,MM’(XO,), where
M and M’ are multivalent cations and XO, represents the
polyanion. Here, the metal octahedra and the polyanion tetra-
hedra share corners forming 3D channels that facilitate faster
sodium-ion transport and provide better structural integrity. A
major roadblock in the NASICON cathode stems from its higher
energy band gap and sodium-ion storage at relatively lower
voltages.[*]

In order to increase the mean voltage and energy den-
sity of the cathode, the inductive effect of highly electroneg-
ative polyanion groups is leveraged by introducing them into
the NASICON backbone.l’! In this regard, Goodenough et al.
first reported the high-voltage iron phospho-sulfate cathode
NaFe, (PO,)(SO,), using a low-temperature synthesis method.!®!
Their electrochemical analysis indicates a single-phase reaction
for Na,,Fe,(PO,)(SO,), (where 0 < x < 2) with an average
working voltage of 3.15 V versus Na/Na*. However, this ma-
terial exhibited unusual cycling behavior due to unoptimized
morphology and reduced phase purity. Building on the ini-
tial work, several attempts have been made to synthesize high-
quality NaFe,(PO,)(SO,), by employing different experimental
approaches such as sol-gel, solid-state, and chemo-mechanical
synthesis.[®®’] In another work, Kim et al. reported a Fe-centered
NASICON-type cathode, Na,Fe,;(PO,),(P,0,), by including two
polyanionic groups, (PO,)*~ and (P,0,)* .8l This cathode
demonstrates a remarkable discharge-specific capacity, 88% of
its theoretical capacity (129 mAh g~!) at a slow current rate of
C/40, with an average redox potential of 3.2 V versus Na/Na*.
Zhang et al. further optimized this structure by doping (SiO,)*~
in place of (PO,)*~ resulting in Na,Fe;(PO,), 4(Si0,)y1(P,0;),
which demonstrates an improved Nat uptake from 103.2 to
108.7 mAh g=! at 0.1C.°! Additionally, pairing the sulfate
(SO,)*~ polyanion with phosphate (PO,)*~ can significantly en-
hance cathode performance due to the high electronegativity of
sulfate.[®®”] On the other hand, phosphomolybdate-based NAIS-
CON cathodes, NaFe,(PO,)(M0oO,), (NFPM), exhibit distinct
characteristics by making use of transition metal in its polyanion
group.l'd] For example, the larger size of the (MoO,)?>~ enhances
Na ion mobility by offering wider diffusion channels, while the
3d orbital of Mo helps attenuate the bandgap. The initial electro-
chemical investigation of Gao et al. demonstrated that this cath-
ode shows a sloping voltage profile with a Na* storage capacity
of 86 mAh g™ at 0.1 C.I'Y) However, significant voltage hystere-
sis, low cycling stability, and marginal specific capacity of NFPM
highlight the critical need for further optimization and develop-
ment of such cathode material.

Here, for the first time, we report NaFe, In (PO,)(MoO,),,
through a straightforward solid-state reaction, with In** substi-
tuted at Fe-site. Indium is chosen as a dopant due to its unique
chemical and structural properties. Theoretically, its low ion-
ization energy and electronic configuration enable it to func-
tion as an effective donor or acceptor, making it ideal for tun-
ing the electrical conductivity, thermal stability, and ionic con-
ductivity of materials.[') Moreover, indium’s atomic radius and
chemical compatibility allow it to integrate into crystal lattices
with minimal structural changes, ensuring long-term stability.
Despite this, indium has not been explored as a dopant in
phosphomolybdate-based NASICON-type cathodes. Our experi-
mental findings and first-principles calculations reveal that par-
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tial substitution of In** for Fe3* stabilizes the crystal structure,
enhances Na* diffusion kinetics, improves electrical conductiv-
ity, and reduces the energy bandgap and cell polarization. In-
terestingly, the optimal structure, NaFe, oIn,, (PO,)(MoO,), (re-
ferred to as NFIPM10), achieves a maximum specific discharge
capacity of 111.85 mAh g=! at 0.1C, with an impressive energy
density of 280 Wh kg~!. Furthermore, NFIPM10 demonstrates
~82% capacity retention over the first 100 cycles and 75% over
650 cycles (based on 100 cycles as an initial capacity) at 0.1 C. At
a current rate of 0.2 C, it maintains ~80% capacity retention over
200 cycles, and at a high current rate of 2C, it shows remarkable
cycling stability over 800 cycles. The enhanced performance of
the NFIPM cathode through In**-doping is thoroughly analyzed
using GITT, in situ EIS, DRT (distribution relaxation time), in
situ XRD, XPS, and electrical conductivity measurements. Addi-
tionally, Density Functional Theory (DFT) calculations comple-
ment the experimental observations of enhanced lattice param-
eters and lowered energy bandgap post-doping. We believe our
findings will offer valuable insights into NFIPM cathodes and
their potential for practical applications in NIBs.

2. Results and Discussion

2.1. Structure and Morphology

The thermogravimetric (TG) analysis shows that NFIPM is ther-
mally stable up to 750 °C with a carbon content of 6.20, 1.06, 1.53,
5.54, 3.02, and 2.57 wt.% for x = 0.0, 0.05, 0.07, 0.10, 0.20 and
0.30 respectively (Figure 1a). This suggests that In** incorpora-
tion significantly influences the thermal stability of the NFIPM
samples. Notably, all doped compositions exhibit lower decom-
position compared to the undoped sample (NFIPMO00), indicat-
ing that doping enhances the structural stability of the material.
Furthermore, NFIPMO0O, NFIPM10, and NFIPM30 exhibit early
weight loss during TG analysis, which is likely attributed to the
presence of residual solvents from the precursor solution, lead-
ing to evaporation at lower temperatures. Based on the TG anal-
ysis results, the temperature for the synthesis of NFIPM was
fixed at 600 °C. The NASICON structures for the NFIPM sam-
ples were confirmed via powder X-ray diffraction (PXRD) pat-
terns (Figure 1b), where all peaks can be indexed to a monoclinic
phase (space group: P2/c). The sharper diffraction peaks post-
doping indicate an improved crystallinity in NFIPM samples. As
the content of In** was increased, the XRD peaks correspond-
ing to the plane of (112) and (420) shifted leftward (zoomed-in
spectra of Figure 1b) indicating successful substitution of dopant
at the Fe-site. Detailed crystallographic parameters for NFIPM
cathodes were evaluated using Rietveld refinement via the Full-
prof software (Figure 1c,d; S1, Supporting Information). The
lattice parameters show an increase in cell volume postdoping
(Figure S2a, Supporting Information) due to the larger ionic ra-
dius of In** (r = 0.81 A) than Fe** (0.64 A).['!l The cell param-
eters a, b, and ¢ also increased with In3*-substitution, it follows
no particular trend related to the doping content, probably due
to the random distribution of In** into the Fe** site. Further,
compared with NFIPMOO data (@ = 12.76 A, b = 8.99 A, ¢ =
9.17 A, and v = 1052.95 A%), the cell parameters (a = 12.81 A,
b=9.00A,c=9.18 A, and v = 1058.31 A?) of NFIPM10 show
that the substitution of In3* enlarges the lattice sites leading to a
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Figure 1. a,b) TG profiles and XRD patterns show peak shifts corresponding to the (112) and (420) planes for all NFIPM samples. c,d) Represents the
XRD Rietveld refinement results for NFIPMO0O and NFIPM10, respectively. e) Structural schematic and the changes in Fe—O bond lengths due to indium

substitution in NFIPMOO.

slight distortion in structure. The average bond length of Fe—O
(1.9975 A) and Na—O (2.53096 A) of NFIPMOO is shorter than
NFIPM10 (Fe—O = 2.0041 A, and Na—O = 2.54423 A). A longer
Na—O bond length provides a larger interstitial space, reduces
the energy barrier, and enhances Na* diffusion kinetics. The
detailed crystal data including atomic positions, site occupancy,
and isothermal parameters for each composition are given in
Tables S1-S6 (Supporting Information). According to the Wyck-
off positions, there are 19 atoms positioned in their respective
crystallographic sites. Among them, Mo/P forms one tetrahe-
dron (Mo/PO,) coordinated with four oxygen atoms and Fe/In
forms a single octahedron (Fe/InOg) coordinated with six oxygen
atoms. A robust 3D framework of NFIPM cathode is formed via
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the linkage of these octahedrons and tetrahedrons units through
oxygen-sharing (Figure le). The FTIR analysis of the samples
reveals characteristic infrared absorption peaks related to Fe—O
bonds in the octahedra and Mo/P—O bonds in the tetrahedra
of the NFIPM structure (Figure 2a; S2b, Supporting Informa-
tion). In particular, the peaks ~1134 and 974 cm™! correspond
to the bending (O—P—O0) and stretching (P—O) vibrations of the
PO, polyanion, while peaks 2630 and 550 cm™! are associated
with Fe—O stretching vibrations.'?l A broad peak ~789 cm™!
indicates the presence of molybdate (MoO,) in NFIPM.!"3] Ra-
man spectra for NFIPM00 and NFIPM10 (Figure 2b) display two
peaks at ~252 and 352 cm™!, reflecting the symmetric and an-
tisymmetric bending modes (v, and v,) of the MoO,2~ anion.
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Figure 2. Characterization of NFIPM cathodes. a,b) Represents the FTIR patterns and Raman scattering spectra for NFIPM0O and NFIPM10 respec-
tively. c) The nitrogen adsorption-desorption isotherms along with the pore size distribution (inset) for NFIPM10. d) Temperature-dependant magnetic
susceptibility profiles for NFIPMOO and NFIPM10. e,f) EPR spectrum and electrical conductivity measurements for all NFIPM materials. g,h) The scan
XPS survey and i—k) Deconvoluted spectrum of In 3d, Fe 2p, Mo 3d in NFIPMOO and NFIPM10 respectively.

Additional peaks at ~793, ~872, and ~961 cm~! correspond to
the symmetric and antisymmetric vibrations (v, and v;) of the
MoO, tetrahedron.*l The specific surface area and pore size
distribution of the NFIPM10 samples were analyzed using the
N, sorption experiment (Figure 2c). NFIPM10 exhibits a higher
Brunauer-Emmett-Teller (BET) surface area and smaller pore
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size (1.7388 m? g71, 4.02 nm) compared to NFIPMOO (Figure S2c,
Supporting Information) sample (1.6909 m* g~!, 4.21 nm). The
enhanced specific surface area and smaller pore size distribu-
tion enhance electrolyte percolation allowing for the full capacity
of the electrode to be realized.">] Temperature-dependent mag-
netic susceptibility (y = M/H) measurements were conducted
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to quantify the magnetic properties of NFIPM00 and NFIPM10
(Figure 2d). The samples exhibited Curie—~Weiss paramagnetic
behavior within the temperature range of 50 to 300 K. The plot
of 1/ y versus T displayed a linear trend with a lower slope for
NFIPM10 compared to the NFIPMO00. These results indicate that
doping enhances the paramagnetic properties of the material,
along with an increase in the Pauli paramagnetism of free elec-
tron spins within the iron centers.['®! Electron paramagnetic res-
onance (EPR) measurements were also conducted to investigate
the energy levels of free electrons in both samples. This analy-
sis typically reveals the g-factor and offers insights into the spin
states of free electrons under an applied magnetic field. The EPR
profiles show a slight shift to the right following In** incorpora-
tion (Figure 2e). Variations in g-values arise from changes in the
angular momentum of free electrons. Notably, the increased g-
values post In** substitution suggest an enhanced spin state of Fe
in the NFIPM10 sample.l'’] To further validate these findings, the
electrical properties of NFIPM materials were evaluated using
two-point probe conductivity measurements. The average elec-
trical conductivity values for NFIPM00, NFIPM05, NFIPMO07,
NFIPM10, NFIPM20, and NFIPM30 are 1.92 X 1078, 8.32 x 1078,
8.42x107%,8.91 x 1078, 10.07 x 107%, and 10.50 x 108 S cm™1,
respectively (Figure 2f). These results show that indium doping
boosts the electrical conductivity of NFIPM cathodes. The X-ray
photoelectron spectroscopy (XPS) measurements were used to
detect the valance state of elements present in the NFIPM00
and NFIPM10 samples. While XPS is a surface analysis tech-
nique, to ensure that the obtained results reflect the composi-
tion of the bulk, the material was thoroughly ground and then
pressed into a pellet to ensure uniform mixing. The recorded
survey spectra of both samples show the peaks of Na 1s, O 1s,
C 1s, Fe 2p, In 3d, P 2p, and Mo 3d (Figure 2g,h). The decon-
voluted spectra of each element are shown in Figure 2i-k and
S3 (Supporting Information). The intense peaks positioned at
712 eV (Fe 2p;;,), and 725 eV (Fe 2p; ) are the characteristic
peaks of Fe* (Figure 2j).['¢8] Therefore, it is confirmed that Fe**
is not reduced during the high-temperature treatment. The addi-
tional signal observed ~716 eV can be attributed to the satellite
peak.[?! Further, the Mo 3d high-resolution spectra (Figure 2k)
were deconvoluted into two peaks at 232.05 and 235.25 eV cor-
responding to Mo 3d;, and Mo 3d;), respectively [*’. Similarly,
the In 3d spectra (Figure 2i) reveal two weak peaks deconvo-
luted at 445.81 eV (In 3ds,,) and 453.41 eV (In 3d,),), confirm-
ing the presence of In** in the NFIPM10 sample [2!l. Scanning
electron microscope (SEM) images of NFIPM00 and NFIPM10
clearly show that samples are almost cubic (Figures S4a,b, and
S5a—c, Supporting Information) and doping has little effect on
the surface morphology. High-resolution transmission electron
microscope (HR-TEM) images reveal that both NFIPMO00 and
NFIPM10 are crystalline in nature (Figure 3a,b; S6a, Supporting
Information). A carbon layer of thickness 3—4 and 1.5-2.5 nm
was also observable in NFIPM00 and NFIPM10 samples re-
spectively (Figure 3c; S6, Supporting Information). This layer
is likely formed due to the pyrolysis of citric acid during the
in-situ sintering process.[*’) The selected area electron diffrac-
tion (SAED) patterns indexed to the plane of (31-1), (412), and
(612) for NFIPMOO (Figure S6c) and (424), (41-6), and (436)
for NFIPM10 (Figure 3d) exhibits a sharp spot which indicates
a long-range order structure. The interplanar spacing corre-
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sponding to FFT analysis for all NFIPM samples was evaluated
from the TEM images (Figure 3e,f; S6d,e and Figure S10, Sup-
porting Information). The d-spacing for NFIPM00, NFIPMOS5,
NFIPMO07, NFIPM10, NFIPM20, and NFIPM30 samples are
0.3867 nm (12-1), 0.4125 nm (012), 0.4232 nm (020), 0.4397 nm
(10-2), 0.5060 (210), and 0.6783 nm (011) respectively. This con-
firms that In3*-doping increases the lattice spacing of NFIPM,
which aligns well with the results from Rietveld refinement of
XRD profiles. The enlarged interlayer spacing post-doping con-
tributes to the improved electrochemical performance of NFIPM
cathodes by facilitating Na* kinetics during the cycling pro-
cess. Further, the SEM energy dispersive X-ray (EDX) elemental
mapping of NFIPMOO (Figure S4c—i, Supporting Information),
NFIPM10 (Figure S5d-k, Supporting Information), and TEM-
EDX elemental mapping of all NFIPM samples (Figure 3g-n;
S6f-o, S7-S9, Supporting Information) illustrate an even distri-
bution of Na, Fe, P, Mo, C, O, and In dopant throughout the
material.

2.2. Electrochemical Measurements

The electrochemical properties of all NFIPM cathodes were
tested against sodium in a half-cell configuration. Figure 4a il-
lustrates the galvanostatic charge/discharge performance of each
composition within the voltage range of 1.5-3.8 V versus Na/Na*
and at a current rate of 0.1C. The specific discharge capaci-
ties for NFIPM00, NFIPMO05, NFIPM07, NFIPM10, NFIPM20,
and NFIPM30 are 97.36, 100.04, 105.96, 111.85, 102.04, and
86.81 mAh g1, respectively. Notably, the initial discharge capac-
ities of the In**-doped samples are higher than those of the un-
doped sample, except for NFIPM30. Additionally, the Na* stor-
age capacity improves as the amount of In3* in the sample in-
creases. This can be due to the higher size of In** which facil-
itates charge transfer rate by expanding the lattice framework.
Amongst all samples, NFIPM10 performs best and delivers the
first cycle charge/discharge capacity of 107.47/111.85 mAh g~!
(at 0.1C) with a Coulombic efficiency of 96%. It is observed
that the substituting In** beyond x = 0.10 is detrimental to
the electrode performance as it reduces the electro-active Fe
content in the sample. Moreover, the charge/discharge profiles
of NFIPMO0O and optimized NFIPM10 at various C- rates are
shown in Figure 4b,c respectively. Even at a high current rate
of 1C, NFIPM10 delivers a remarkable discharge capacity of
80.58 mAh g~!. The rate performance of all NFIPM electrodes
was evaluated at different current rates ranging from 0.1 to
10C (Figure 4d). NFIPMO0O exhibits specific discharge capacities
of 97.53, 88.18, 72.93, 61.63, 56.95, 23.14, and 3.55 mAh g!
at current rates of 0.1, 0.2, 0.5, 1, 2, 5, and 10C, respec-
tively. NFIPM10 demonstrates discharge capacities of 111.59,
101.59, 89.65, 80.58, 65.67, 42.64, and 22.65 mAh g! at the
same rates. The optimized cathode consistently showed sig-
nificant improvements in discharge capacities across all cur-
rent rates. Particularly, NFIPM10 exhibited less capacity fading
compared to NFIPMO0O. After 48 cycles and enduring a signif-
icant charge-discharge current rate of 10C, NFIPMO0O retained
95.52% of its capacity at 0.1C, while NFIPM10 achieved a re-
tention of 98%. At the high current rate of 10C, NFIPMOO dis-
played a minimal capacity retention of only 3.63% of its initial
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Figure 3. a,b) HRTEM image, c) Lattice fringes, d) SAED patterns, e) d-spacing and f) Corresponding FFT, g) HAADF image and h—n) elemental mapping
of NFIPM10 sample.

capacity, whereas NFIPM10 fared better with a capacity retention ~ of NFIPM cathodes at various current rates is crucial for large-
of 20.4%. scale energy storage devices. In this regard, cycling stability

These results indicate that the optimization of dopant plays  tests were carried out at current rates of 0.1, 0.2, 1, and 2C. At
a significant role in the enhancement of the Na* storage ca-  0.1C, for over 100 cycles, the discharge capacities for NFIPMOO,
pacities of NFIPM cathodes. In addition to charge storage ca-  NFIPMO05, NFIPMO07, NFIPM10, NFIPM20, and NFIPM30 were
pacity and rate capability, evaluating the cycling performance  80.70, 87.31, 88.59, 91.57, 86.52, and 75.91 mAh g~!, respectively
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Figure 4. Electrochemical performance of prepared NFIPM cathodes in the voltage range of 1.5-3.8 V. a) The initial charge—discharge curves obtained
at a current rate of 0.1 C. b,c) Charge—discharge profiles at different current rates of 0.1, 0.2, 0.5, and 1 C of NFIPM00 and NFIPM10 respectively. Rate
capability test d), cycling performance e) at 0.1C, and f) at 0.2 C for all electrodes. Long-term cycling of g) NFIPM00, h) NFIPM10 at 0.1C plotted after
completing initial 100 cycles. Similarly, cycling stability was evaluated at high current rate of 1C for i) NFIPMOO, j) NFIPM10 and at 2C for k) NFIPM0O
and I) NFIPM10.

(Figure 4e; Figure S11, Supporting Information). All indium-
doped samples showed better capacity retention than the un-
doped sample.

NFIPM10 achieved ~82% retention compared to 80% for
NFIPMOO0 over 100 cycles. Especially, after 650 cycles, NFIPMO0O
retained 71% capacity (Figure 4g) while NFIPM10 had a 75% re-

tention (Figure 4h) (both capacity retention calculated based on
their initial discharge capacities over 100 cycles). We deliberately
conducted this long-term cycling stability test at a low current
rate of 0.1C to assess the material’s durability over an extended
period. The results showed that NFIPM00 and NFIPM10 exhib-
ited excellent stability over 369 days. Further, at a current rate
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of 0.2 C, NFIPM10 delivers a discharge capacity of 83 mAh g!
over 200 cycles, the highest among all samples (Figure 4f). Also,
over 500 cycles at 1C, NFIPMO0O show ~59% retention while
NFIPM10 exhibits a remarkable retention of ~#80% (Figure 4i,j).
Additionally, at a high current rate of 2C, NFIPMO00 showed
a capacity of 56.30 mAh g=! with 39% retention after 500 cy-
cles (Figure 4k). In contrast, NFIPM10 demonstrated an impres-
sive discharge capacity of 63.47 mAh g~', maintaining ~64%
capacity retention after 500 cycles and ~50% over 800 cycles
(Figure 4l). Figure 4 shows that NFIPMO0O and NFIPM10 ex-
hibit minimal performance differences at low current rates (at
0.1, 0.2C) compared to high current rates (at 1, 2C). At low
currents, Na* has sufficient time to shuttle between the an-
ode and cathode, resulting in greater cell polarization. However,
at higher current rates, the faster movement of Na* reduces
resistive losses, minimizing the impact of cell polarization.[?}]
Also, the overall Coulombic efficiency approached ~100% high-
lighting the high reversible Na* storage behavior of cathodes.
Overall, optimal In** doping plays a crucial role in enhancing
charge/discharge capacities, rate performance, and cycling sta-
bility of the cathode materials. The cyclic voltammograms (CV)
for all NFIPM cathodes, recorded at a scan rate of 0.10 mV s,
are presented in Figure S12 (Supporting Information). Within
the voltage range of 1.5-3.8 V versus Na/Na*, all samples exhibit
a distinct redox peak, which can be attributed to the Fe?*/Fe3*
couple. The redox peaks for NFIPM00, NFIPMO05, NFIPMO07,
NFIPM10, NFIPM20, and NFIPM30 are located at 2.91/2.32,
2.81/2.39, 2.85/2.35, 2.86/2.40, 2.69/2.39, and 2.67/2.38 V, re-
spectively, with corresponding peak separations (AV =V, 4i.—
Veathodic) ©f 0.59, 0.42, 0.50, 0.46, 0.30, and 0.29 V. The degree
of separation between the anodic and cathodic peaks reflects the
cell polarisation along with the overall reversibility of the elec-
trochemical reaction.[?*] Notably, all indium-doped samples ex-
hibit a smaller peak separation than undoped samples. This re-
sult indicates that doping significantly reduces cell polarisation
and enhances the Na* kinetics. A similar observation was made
in charge-discharge profiles obtained at 0.1C current rate (Figure
S13, Supporting Information). CVs of NFIPM10 at various scan
rates of 0.10, 0.15, 0.20, 0.25, and 0.30 mV s~! are shown in
Figure 5a. Similar profiles for NFIPM00, NFIPMO05, NFIPMO7,
NFIPM20, and NFIPM30 can be found in Figure S14 (Supporting
Information). It can be observed that, as the scan rates increase
from 0.1 to 0.30 mV s7, all curves retain their overall shape, with
only minor shifts in the redox peaks. Particularly, NFIPMO0O ex-
hibits the polarisation voltage (AV) of 0.58 and 0.95 V at a sweep
rate of 0.10 and 0.30 mV s~! respectively. In contrast, NFIPM10
shows values of 0.46 and 0.64 V at the same sweep rates. Thus,
even at a higher sweep rate, NFIPM10 offers lower polarization.
Additionally, the reversibility of the electrochemical reaction was
examined by conducting repeated CV tests (5 cycles) at the same
scan rate (v = 0.15 mV s7!). The profiles for all NFIPM cath-
odes displayed overlapping curves (Figure S15, Supporting In-
formation), indicating a highly reversible Na* reaction. For the
first time, sharp CV and flat charge/discharge profiles for iron
phosphomolybdate cathodes are demonstrated here through our
work. This observation indicates the occurrence of a single-phase
solid-solution reaction during the Na* insertion/deinsertion pro-
cess (also confirmed via in-situ XRD analysis). Na* transport ki-
netics was further evaluated using a detailed analysis of CVs at
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different scan rates. The linear relationship between peak cur-
rents (i,,, i) versus square root of scan rates (v'/*) was observed
in all NFIPM cathodes (Figure 5b). Therefore, the Na* diffusion
co-efficient (Dy,, ) was determined using the following Randle—
Sevcik equation:[?]

o = (269x10°) 02 A (D)%) (Cyr) (v7) (1)
where n is the electrons transfer per mole in reaction, A is the
electrode area (0.785 cm?), Cy,, is the bulk concentration of
Na* within the electrode (in mol cm™), and v indicates the scan
speed (V s7!). The obtained slope and apparent Na* diffusion
coefficients for NFIPM cathodes are shown in Tables S7 and
S8 (Supporting Information) respectively. Specifically, NFIPM10
has a Dy,, values of 1.74 x 10~ and 1.29 x 107 cm? s7! for
desodiation and sodiation respectively (Figure S17b, Support-
ing Information). In contrast, NFIPM0O shows D,,, values of
2.14 x 107" and 0.91 x 107" cm? s7! for desodiation and so-
diation respectively. The higher Dy, values for NFIPM10 com-
pared to NFIPMOO can be attributed to In**-substitution, which
increases the interlayer spacing, shortens the diffusion pathways,
and enhances the Na* transport. The reaction kinetics and type of
Na* insertion and extraction in all cathodes were depicted using
the following relations,2°]

ip =al® (2)
log (i,) = blog (v) + log (a) 3)
ip = kv +k,v!/? (4

where a, b, k;, k, are the constant parameters can be determined
using the values of peak currents recorded at various sweep rates.
Typically, the explored battery materials exhibit charge storage
properties that are a blend of capacitive and Faradaic behavior.
The slope of the plot log (i) versus log (v) discloses the b values.
When the b value is ~0.5 indicates the Faradic process controls
the reaction while ~1.0 indicates the surface-controlled pseudo-
capacitive behavior. The obtained values of b for all cathodes are
shown in Figures S16 and S17a (Supporting Information). Fur-
thermore, the percentage contribution of each process was deter-
mined using Equation (4). The intercept and slope of the plot
of i, /v'/* versus v=!/* were used to evaluate k; and k, values.
The results of capacitive contribution and diffusion contribution
are shown in Figure 5c¢,d, and Figure S16 (Supporting Informa-
tion). The kinetic analysis shows that both mechanisms play a
vital role in Na* storage to enhance the overall performance of
cathodes. To further understand the phase transition, electrode
kinetics, and reversible Na* storage in all samples, the differen-
tial capacity (dQ/dV vs V) profiles of the first 100 cycles (start-
ing from 2nd cycle) were recorded at a constant current rate of
0.1C (Figure 5e,f; Figure S17c—f, Supporting Information). The
area beneath the curve reflects the charge storage capacity. Addi-
tionally, the plateau in the charge-discharge profiles (voltage vs
capacity) manifests as a peak in the differential capacity plot. A
flat plateau in these profiles corresponds to a sharp peak in the
dQ/dV vs V plot. In differential capacity plots, like the CV pro-
files, each cathode shows a distinct peak corresponding to the
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Figure 5. a) CV profiles at different scan rates from 0.1to 0.3 mV s~! for NFIPM10. b) Plot of peak current (ip) versus square root of scan rate (v'72)
for all NFIPM electrodes. c,d) Dunn plot at a scan rate of 0.10 mV s™' and percentage capacitive and diffusion contribution for NFIPM 10 respectively.
Differential capacity plot (dQ/dV) from 2nd to 100th cycles recorded at 0.1C for €) NFIPMO0O and f) NFIPM10. g) Galvanostatic intermittent titration
technique (GITT) profiles and corresponding charge h) and discharge i) Diffusion coefficients for all cathodes. j) Single titration step and k) Straight line
behavior of V versus 7!/2 for NFIPM10. |) Radar plot compares the electrochemical performance of NFIPMOO and optimized NFIPM10.

Fet /Fe’* redox couple. In the second cycle, the peak separa- larization compared to the undoped sample. Furthermore, after
tions were measured as 0.22, 0.16, 0.14, 0.18, 0.10, and 0.32 V. the 100th cycle, NFIPMO0O0 shows a sharp decrease in peak inten-
for NFIPM00, NFIPMO5, NFIPMO07, NFIPM10, NFIPM20, and  sity, indicating a reduced specific capacity due to increased cell
NFIPM30 respectively. Similarly, in the 100" cycle, the peak sep-  polarization.

arations were 0.37, 0.28, 0.20, 0.28, 0.15, and 0.55 V for the same The results of the Rietveld refinement for NFIPM cathodes in-
samples. These results indicate that, even after 100 cycles, the  dicate that In** doping increases the lattice parameters. The in-
In**-doped samples (apart from NFIPM30) exhibit lower cell po-  creased unit cell volume due to In** substitution enhances the
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electrochemical performance of the cathode due to improved Na*
mobility. Therefore, the galvanostatic intermittent titration tech-
nique (GITT) was employed to determine the Na* diffusion coef-
ficient of all NFIPM cathodes. The recorded GITT profiles for all
NFIPM cathodes in the voltage range of 1.5-3.8 V versus Na/Na*
are shown in Figure 5g. The simplified form of Ficks 2nd law of
diffusion can be used to evaluate the Na* diffusion coefficient as
follows:[?7]

msV,, \> [ AE,\’

D=% < NZ;”) (E) (r<1?/D) (5)
where V,_ represents the volume of electrode material (in
cm® mol™!), M;, defines the molar weight (in g mol ™), r is the ap-
plied current pulse time (in sec), my stands the mass of cathode
(in grams), s is the electrode/electrolyte interfacial contact area
(in cm?); AE (in V), and AE, (in V) were obtained from each
step of titration. To perform the GITT test the values of C-rate,
pulse time (7), and relaxation period were used as 0.1C, 30 min,
and 90 min respectively. The charge and discharge Na* diffusion
coefficients for all NFIPM samples are presented in Figure 5h,i
respectively. During the discharging process, NFIPMOO exhibits
Dy, values ranging from 107 to 1072 cm? s~!, while NFIPM 10
shows values between 10~ and 107" cm? s7!. Similarly, dur-
ing charging, NFIPM00 demonstrates a Dy,, range consistent
with discharging, whereas NFIPM10 displays values from 1071
to 107! em? s7'. Notably, NFIPM10 offers higher Dy, values
compared to NFIPMO0O in both charge and discharge processes.
Additionally, the charge/discharge curves reveal a sharp cusp
~2.5 V, where the lowest Dy, values are observed. This can be at-
tributed to the delayed Na* intercalation/deintercalation process.
These characteristics are typical of electrode materials where flat
plateaus are observed in the charge/discharge process.[?®! Addi-
tionally, the single titration step for NFIPM10 during the charg-
ing process is shown in Figure 5j. AE, represents the potential
difference between the E, (initial voltage) and the steady-state po-
tential of E_. Figure 5k represents the linear behavior of voltage
versus the square root of r validating the assumptions made in
deriving the sodium-ion diffusion equation. Further, the dispari-
ties in Dy,, values obtained from the CV, GITT, and EIS are not
uncommon.?®! Specifically, the Dy,, values obtained from CV
measurements may be low due to the higher concentration gra-
dient observed during the tests. However, NFIPM10 exhibits a
higher Na* diffusion coefficient compared to NFIPMO0O obtained
from CV, EIS, and GITT. As a result, these measurements high-
light that the In**-substitution strategy significantly mitigates ki-
netic hindrances, thereby improving the electrochemical perfor-
mance of NFIPM cathodes (Figure 51).

To further investigate the detailed Na® reaction kinetics
in NFIPM electrodes, electrochemical impedance spectroscopy
(EIS) was used. The recorded EIS spectra (in the frequency
range of 10 mHz-100 kHz, amplitude of 10 mV) for all NFIPM
cathodes show a similar Nyquist plot (Figure 6a) consisting of
a semicircle at higher to intermediate frequency region and
a spike in the lower frequency domain. In general, a 45° spike
in the low-frequency region of a Nyquist plot signifies purely
diffusion-limited charge transport. However, Figure 6a reveals a
combination of pseudocapacitive and diffusion-limited behavior
in the cathode material as the angle of the spike does not re-
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flect a perfect Warburg diffusion. Further, the depressed semi-
circle is composed of surface film and charge transfer resis-
tance while the spike is associated with Warburg impedance.
The equivalent circuit model used to fit the EIS spectra is
shown in the inset of Figure S18a (Supporting Information).
The component of the circuit consists of Ry, Ry, CPE, and
Z,, which are attributed to the surface and charge transfer resis-
tance, electrolyte resistance, double layer capacitance, and War-
burg impedance respectively. The values of R, and R, deter-
mined using the electrochemical circuit for NFIPM cathodes
are presented in Figure 6b and Table S9 (Supporting Informa-
tion). The charge transfer resistance (R,) values for NFIPMO0O,
NFIPMO5, NFIPM07, NFIPM10, NFIPM20, and NFIPM30 are
370.74,319.02,232.17,185.62, 367.57, and 273.20 Q, respectively.
Notably, all indium-doped samples exhibit lower charge transfer
resistance compared to NFIPMO00. However, R, does not show
significant changes following In**-substitution, which is ex-
pected. The Na* diffusion coefficient is determined using the EIS
data obtained in lower frequency regions based on the following
equation:[?]

R2T?
Pres = S Rmiecio? )
Z.=R + R, + oo/ (7)

where R is the gas constant, T indicates the absolute temperature,
A is the surface area of cathode material, n is the number of elec-
trons involved in the electrochemical reaction, F stands for the
Faraday constant, C is the bulk concentration of Na* in elec-
trode, o is the Warburg factor. The plot of Z,, versus w™'/? is pre-
sented in Figure 6c. Notably, the optimized NFIPM10 achieved
a Dy, value of 1.32 X 107 cm? 7!, which is higher than that
of NFIPMOO (0.40 x 107" cm? s71). To further explore the im-
pact of In** on the Na* activation process, EIS was conducted
at different temperatures. The EIS spectra for NFIPM10 were
recorded after all cells were charged at 2.5 V (Figure 6d) and at
3.8 V versus Na/Na* (Figure S19b, Supporting Information) fol-
lowing the completion of the first cycle. The apparent activation
energy (E,) of Na* was determined using Butler—Volmer and Ar-
rhenius equations as follows!*):

. (RT\ 1
w=(5F) & @
. E

10=Aexp<—é> ©)
Iniy = In -%% (10)

where A represents the temperature-independent coefficient, R
depicts the gas constant, T (K) is the absolute temperature, n is
the number of electrons participating in the reaction, and F is the
Faraday constant. The plot of log (i,) versus (1/T) is displayed in
Figure 6e. The activation energy (Ea) can be determined by ana-
lyzing the slope of this Figure 6e. NFIPM10 exhibits a lower E,
value (10.72 k] mol~!) at 3.8 V compared to 2.5 V (17.08 k] mol ™).

Moreover, a detailed in-situ EIS study was conducted (in the
voltage range of 1.5-3.8 V) to investigate the electrode kinetics
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Figure 6. Nyquist plots a) and corresponding R, and R, b) values were obtained using an equivalent circuit model for all NFIPM cathodes. c) The plot
of Z,, versus o ~'/? was obtained from the lower frequency data of the Nyquist plot. d) Temperature-varied EIS plots of NFIPM 10 sample recorded at the
cell voltage of 2.5 V. e) Arrhenius plots of NFIPM10 cathode. f) Distribution of relaxation times of NFIPM0O and NFIPM10. g) The in situ EIS profiles,
h) DRT curves, and i) 2D DRT intensity variation graphs of the NFIPMOO. j) The in situ EIS profiles, k) DRT curves, and |) 2D DRT intensity variation

graphs of the NFIPM10 during the charge/discharge process.

and interfacial resistance in the NFIPM00 and NFIPM10 cath-
odes. The analysis was performed on cells after completing the
first charge/discharge cycle. The Nyquist plots obtained are dis-
played in Figure 6g,j, with the fitted EIS spectra and correspond-
ing electrochemical circuit illustrated in Figure S19d (Support-
ing Information). During desodiation, the surface film resis-
tance (Ry) initially increased from 35 to 45.38 Q for NFIPM00
(Figure S19a, Supporting Information) and from 37 to 42.38 Q
for NFIPM10 (Figure S19¢, Supporting Information) within the
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voltage range of 1.5-2.5 V. This increase in resistance is attributed
to the formation of an interfacial film on the electrode surface.
The average R values observed during desodiation were 34.92 Q
for NFIPMO0O and 35.41 Q for NFIPM10, while the values for the
sodiation process were 32.59 and 34.63 Q, respectively. Overall,
both materials exhibited only a slight variation in their R val-
ues. The lower R during the sodiation process indicates reduced
electrode/electrolyte interfacial film.*") Conversely, the higher
average charge transfer resistance (R,) of NFIPMO00 (173.79 Q)
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compared to NFIPM10 (148.52 Q) during the entire cycle sug-
gests that a higher transport barrier for Na* exists in the undoped
material.

To further delineate the specific electrochemical processes, we
analyzed the EIS data using a distribution of relaxation time
(DRT).3Y This mathematical transformation allows us to convert
the Nyquist plot from the frequency domain into DRT spectra in
the time domain. In details, values of ¢ < 1073 s correspond to
resistance from particle-to-particle and particle-to-current collec-
tor (Figure 6f). Values between 1073 and 1072 s indicate charge
transport across the surface film layer. Meanwhile, values rang-
ing from 1072 to 107! s reflect charge transport resistance at the
electrode interface, and = > 107! s represents the resistance asso-
ciated with bulk electrode diffusion.3?! The four distinct peaks
labeled as P, P,, P,, and P, are obtained for both NFIPMO00
and NFIPM10 cathode during the desodiation/sodiation process
(Figure 6h,k). The P, peaks, located ~13.3 ms, show significant
overlap, indicating the contact resistance measured in the high-
frequency domain of the semicircle. The P, and P, peaks, with
time constants ranging from ~33.2 to #52.30 ms and ~120.5
to ~641.97 ms, respectively, for both NFIPM00 and NFIPM10,
represent the resistance at the electrode-electrolyte interfaces,
as seen in the mid-frequency semicircle. Lastly, the P4 peaks,
which ranges from 1.8 to 2.1 s, indicate the bulk electrode dif-
fusion observed in the low-frequency region. The lower relax-
ation time of 1.80 ms for NFIPM10, compared to 1.88 ms for
NFIPMOO, indicates reduced impedance for Na* diffusion in the
indium-doped material. The changes in peak intensities during
the charge/discharge process are clearly illustrated in the con-
tour plot (Figure 6i,1). In the 2D contour plot for NFIPM10, the
P, peaks shift toward higher relaxation times during the deso-
diation process (in the voltage range of 1.5-2.5 V). This shift is
attributed to the formation of a surface film on the electrode and
ion transport through it.** On the other hand, during the sodia-
tion process, the P, peaks shift to the left, indicating an unstable
film formation on the electrode. A similar trend was observed for
the NFIPMOO cathode.

To gain a more comprehensive understanding of the struc-
tural evolution of NFIPM10 during different charge/discharge
stages, in-situ XRD analysis was performed for the 1st and 2nd
cycle (within a voltage of 1.5-3.8 V) over the 26 range of 10-50°
(Figure 7a). At the start of the analysis, several distinct peaks
corresponding to the (112), (321), and (420) planes were identi-
fied and marked. All marked diffraction peaks reversibly changed
throughout the subsequent charge/discharge processes, indicat-
ing that NFIPM10 exhibits the single-phase solid-solution reac-
tion and retains structural integrity following electrochemical ac-
tivation. As the discharge progressed to 2.4 V in the 1st cycle, all
Bragg peaks shifted to lower angles, suggesting an expansion in
lattice volume due to the gradual insertion of Na* in the cath-
ode. At the end of the charging process, these peaks returned
close to their original positions, reflecting the minimal changes
in the structural volume. This behavior was also observed in the
2nd discharge/charge cycle. Moreover, the indexed (420) peak
showed a larger 26 shift (Figure 7b), likely due to the contin-
uous extraction of Na* increasing the electrostatic interactions
between neighboring Fe** cations and expanding the FeO, octa-
hedral distance. This increased spacing between octahedra can
facilitate Na* diffusion without impacting the voltage plateau.
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The in situ XRD patterns collected during the first cycle were
refined using Fullprof to analyze the variation in cell parame-
ters across different electrochemical states. Figure S20 (Support-
ing Information) displays the refined XRD patterns at the sec-
ond stage of the discharge process. Figure 7c—e highlights the
reversible changes in all three cell parameters corresponding to
the observed peaks. Additionally, the electrode exhibited a mini-
mal volume change of ~8.78% (Figure 7f) reflecting the greater
flexibility of the lattice structure during Na* insertion and extrac-
tion. Such minor cell parameter variation and reversible struc-
tural evolution significantly contribute to the extended cycling
stability of NFIPM10.

Density functional theory (DFT) calculations were conducted
to elucidate the impact of dopant on electronic structure, charge
distribution, and Na* migration in both NFIPM00 and NFIPM10
samples. The optimized crystal structures of both samples are
shown in Figure S20b,c (Supporting Information). A close agree-
ment between our simulations and experimental data for the
values of three lattice parameters was observed, demonstrating
the accuracy of the model used to depict NFIPM samples. We
then calculated the charge density distribution for both samples
(Figure 7gh) to understand the effect of In** doping on charge
distribution. A uniform charge distribution was observed for the
samples irrespective of doping which indicates that In3* substi-
tution helps to retain the structure, ensuring resistance to ex-
cess oxidation and ion dissolution during high-current rates over
an extended cycling life. A Bader charge analysis.?*! further re-
veals that charge is uniformly distributed on both the samples,
i.e.,, NFIPMOO (Figure 7j) and NFIPM10 (Figure 7k), indicat-
ing the negligible differences in charge depletion or accumula-
tion upon In** doping in NFIPM samples. Furthermore, electro-
chemical analysis showed that the charge storage behavior of the
electrode material is influenced by a combination of pseudoca-
pacitive and diffusion characteristics. Therefore, climbing-image
nudged elastic band (CI-NEB) calculations were performed to in-
vestigate the activation barrier for Na* diffusion in NFIPMO00
and NFIPM10. The diffusion pathway and corresponding en-
ergy barrier are shown in Figure 7ik respectively. The NFIPM10
exhibits a lower energy barrier compared to NFIPMO00. Thus,
In** substitution enhances the Na* diffusivity, as experimen-
tally demonstrated in NFIPM10 samples. The density of states
(DOS) analysis (Figure 7m,n) reveals that the electron distri-
bution in both the valence and conduction bands of NFIPM10
is more extensive and closer to the Fermi level, indicating en-
hanced redox reactivity of Fe. Moreover, NFIPM10 shows a re-
duced bandgap of 0.23 eV compared to 0.44 eV for NFIPMO0O,
confirming that the dopant enhances electrical conductivity. In
all, the combined results from DFT calculations and experimen-
tal findings strongly highlight the enhanced electrochemical per-
formance of NFIPM10 as compared to the pristine sample, which
is attributed to improved electrical conductivity, faster Na* kinet-
ics, and reduced energy barriers achieved through the selective
optimization of In**-doping at the Fe site in NFIPM cathodes.

3. Conclusion

In summary, NaFe, In (PO,)(MoO,), was successfully synthe-
sized via a solid-state method. Detailed characterization of
doped NFIPM showed enhancement in the spin-state post In*
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introduction which helped in reducing the electron-transport
resistance in the sample. DFT calculations reveal a lowered
bandgap for the In**-substituted NFIPM sample which corrob-
orates with electrical conductivity measurements where the re-
sistance was lowered post-doping. Further, the increased lat-
tice parameters of NFIPM promoted better sodium-ion kinet-
ics, which was also confirmed via the diffusion coefficients ob-
tained through CV, EIS, and GITT. With 0.10 moles of In** dop-
ing, the NFIPM samples were optimized to host sodium ions
with a specific capacity of 111.85 mAh g-! with reduced volt-
age hysteresis. This cathode showed superior structural stabil-
ity and reversible charge storage up to 600 cycles with ~75%
capacity retention. Nearly 100% coulombic efficiency with an
energy density of 280 Wh kg™ was achieved. In situ, XRD re-
vealed a single-phase solid-solution reaction with negligible vol-
ume changes during one charge and discharge cycle. We believe
that NaFe, In (PO,)(MoO,), could inspire the engineering of
high-rate, high-voltage, and stable cathodes making such polyan-
ion compounds a competitive candidate to accelerate the indus-
tridl adoption of NIBs.

4. Experimental Section

Synthesis of NaFe,.,In,(PO,)(MoO,),: Analytical-grade sodium dihy-
drogen phosphate [NaH,PO,4-H,0O, Sigma Aldrich, > 98%)], iron nitrate
[Fe(NO3)3-9H,0, Sigma Aldrich, > 98%)], indium acetate [In(C,H;0,)s,
Sigma Aldrich, > 98%], ammonium molybdate [(NH4)¢Mo;0,,-4H,0,
Sigma Aldrich, > 98%], and citric acid [C¢HgO5-H, O, Sigma Aldrich, >
98%] were used to synthesize NaFe, ,In, (PO4) (MoO,), powders (where x
=0.0,0.05,0.07,0.10,0.20, and 0.30 moles). As an example, for the synthe-
sis of NaFe; gIng 1 (PO,4) (M0Oy), (x = 0.10), 1 mmol of NaH,PO,-H,0,
1.9 mmol of Fe(NO3);-9H,0, and 0.1 mmol of In(C,H;0,); were added
in 100 mL of deionized water at room temperature. This mixture was
stirred vigorously at 400 rpm for 30 min, followed by heating at 50 °C
for an additional 20 min. Then, 0.29 mmol of (NH4)gMo,0,,4-4H,0 and
3 mmol of CgHgO;-H,O were added, and the mixture was dried at 120 °C
overnight. The powder retrieved was carefully ground and made into pel-
lets and placed in a muffle furnace at 600 °C for 24 h (with a ramp rate
of 5 °C min~") to yield NaFe; 4Ing; (PO,)(MoOy,), as the final product.
Similar protocols were followed for all NaFe,_In, (PO,)(MoO,), compo-
sitions which were labeled as NFIPM00, NFIPMO5, NFIPMO07, NFIPM 10,
NFIPM20, and NFIPM30 for x = 0, 0.05, 0.07, 0.10, 0.20, and 0.30 moles,
respectively.

Material Characterizations: The powder X-ray diffraction (PXRD) was
conducted using a PANalytical Empyrean diffractometer with Cu-Ka ra-
diation (1 = 1.54 A) over a 260 range of 10° to 80°. All diffraction
peaks from the powder samples were analyzed through Rietveld refine-
ment using the Foolproof software. The crystal structure of NFIPM cath-
odes was visualized using VESTA. Thermogravimetric analysis (TGA)
was performed via a PERKIN ELMER TGA-8000 instrument. Surface area
and pore size distribution were measured via Brunauer—-Emmett—Teller
(BET) and Barret—Joyner—Halenda (BJH) methods, utilizing N, adsorp-
tion/desorption experiments (using Nova 600 BET, Anton Paar). Electri-
cal conductivity measurements were carried out using a two-point probe
method. The temperature-dependent magnetic properties were investi-
gated using Quantum Design PMMS/PMMS-3 magnetometer in the tem-
perature range of 10 K < T < 300 K and magnetic field (H) up to 90 kOe.
Low-temperature electron paramagnetic resonance (EPR) experiments
were performed by EMX MICRO X, Bruker instrument. Surface functional-
ity and elemental valence states were analyzed using Fourier transform in-
frared spectroscopy (FTIR, Shimadzu, DRS — 800 A), Raman spectroscopy
(Enwave Optronics, USA), and X-ray photoelectron spectroscopy (XPS,
Kratos Axis Supra with monochromated Al Ka X-ray source). Addition-
ally, scanning electron microscopy (SEM, JEOL, JSM-7610F) and high-
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resolution transmission electron microscopy (HRTEM, JEOL 2100, 200
kV) with selected area electron diffraction were employed to examine ele-
mental composition, surface features, and morphologies.

DFT Study: DFT simulations of the NFIPM00 and NFIPM10 struc-
tures were carried out using the Vienna Ab Initio Simulation Package
(VASP).[*3] The initial structure of NFIPMOO was taken from the Cam-
bridge Crystallographic Data Centre.l'd] A 1x 2 x 1 supercell consisting of
16 Mo atoms, 16 Fe atoms, 8 P atoms, 8 Na atoms, and 96 O atoms were
used for all the calculations. Further, the structure of NFIPM10 was pre-
pared by substituting one of Fe atoms with Indium at random in NFIPMO0O
representing the structure close to that of NaFe,glny; (PO,)(MoOy),.
The optimized structure of NFIPMO0O and NFIPM 10 was obtained by per-
forming structural minimization by allowing the ionic positions, as well
as the size and shape of the simulation box, to change using the Perdew—
Burke—Ernzerhof (PBE) function modified for solid materials with the pro-
jector augmented wave (PAW) method. An energy cutoff of 520 eV for
the plane-wave basis was employed for the optimization calculations. The
electronic and ionic relaxation convergence criteria were set to 1076 eV
and 0.01 Ev A™", respectively. A climbing image nudged elastic band
method,3¢] with a spring constant of 5 eV A=2 between the images
was employed for finding minimum energy paths and associated en-
ergy barriers for Nat diffusion. Na ion migration between two adjacent
sites was assumed, and five intermediate possible structures have been
generated between the initial and final configurations of NFIPM0O and
NFIPM10. Selective dynamics without allowing the ionic positions of non-
migrating atoms, size, and shape of the simulation box to change were
performed.

Electrochemical Characterization: To perform the electrochemical test
of the NFIPM cathode, the electrode material was prepared using a mix-
ture of 80 wt.% active material, 10 wt.% multi-wall carbon nanotubes
(MWCNT), and 10 wt.% polyvinylidene (PVDF) binder. To this mixture,
N-methyl-2-pyrrolidinone (NMP) was added dropwise and ground with
a mortar and pestle to achieve a uniform suspension. The resulting
electrode paste was then evenly cast on aluminum foil using a man-
ual doctor blade method and vacuum-dried at 100 °C overnight. Fi-
nally, NFIPM electrodes were punched into circular discs with a diame-
ter of 12 mm and stored in an inert atmosphere. Electrochemical tests of
NaFe,,In, (PO4)(M0o0Oy,), (x = 0.0-0.30) compositions were carried out
using CR 2032-coin cells at room temperature. A unit of 1M NaClO,
(Sigma Aldrich, > 98%) solubilized in PC (Sigma Aldrich, > 99%) with
10% (v/v) with additive FEC (Sigma Aldrich, > 99%), glass fiber (GF/C,
Whatman), and pure Na-metal (Sigma Aldrich) were used as the elec-
trolyte, separator, and counter electrode respectively. The coin cells were
fabricated in a high-purity argon-filled glove box (H,0 < 0.1 ppm, O, <
0.1 ppm) and rested for 12 h before testing to ensure full electrolyte pene-
tration into the electrode. Galvanostatic charge/discharge (GCD, Neware
Battery Tester), cyclic voltammetry (CV, Metrohm AutoLab), and galvano-
static intermittent titration technique (GITT, Metrohm AutoLab) measure-
ments were performed in the voltage range of 1.5-3.8 V versus Na/Na™.
Electrochemical impedance spectroscopy (EIS, Metrohm AutoLab) mea-
surements (frequency range = 100 kHz—10 mHz, amplitude = 10 mV)
were carried out after the first discharge-charge cycle. The DRT (Distribu-
tion of Relaxation Time) analysis was used to interpret the EIS data using
an open-source MATLAB GUI-based program (DRT tools).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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