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Abstract: The development and study of Na ion batteries are expanding. This study employs
the hydrothermal technique to produce single-phase, well-crystallized, fluorine-added O3-type
NaFe1-xMgxO2. Using XRD, FESEM, and HRTEM, the sample’s phase structure and morphological
information were characterized. Initially, without adding fluorine the electrode suffers from poor
stability at high voltage ranges and also during long-term cycling. So, fluorine was added to the
structure and the electrochemical performance of the material was greatly increased. The electro-
chemical performance of O3-type positive electrode materials for rechargeable Na ion batteries is
evaluated. The capacity of fluorine-added O3-type NaFe1-xMgxO2 is approximately 163 mAh g−1

(50 mA g−1). Adding fluorine to the host structure increases the stability of the electrode, leading to
improved electrochemical performance during long-term cycling. The electrochemical results indicate
that fluorine-added O3-type NaFe1-xMgxO2 cathode material for cost-effective and environmentally
friendly sodium-ion batteries is promising. Fluorine-based electrodes will be a future for Na ion
energy storage devices.

Keywords: O3-type; fluorine; Na ion batteries; cost effective; cathodes

1. Introduction

Sodium-ion batteries (SIBs) with low cost and abundant sodium supplies are a poten-
tial alternative to lithium-ion batteries (LIBs) for large-scale energy storage [1–7]. Since the
cathode material is a crucial part of the SIB, it has a significant impact on the battery’s elec-
trochemical performance. Due to Na+’s larger size relative to Li+, cathode materials must
have efficient Na+ diffusion pathways and strong structural stability. Due to their low cost
of production and high theoretical specific capacities [1,2,5,8–10], layered Na-containing
transition metal oxides have garnered a lot of attention as potential cathode materials for
solid oxide fuel cells. NaxMeO2 (Me, transition metal) has a number of different layered
polymorphs, the majority of which may be categorized into O- and P-type stacking layered
structures, respectively [11].

O3-NaFeO2 is one of the layered Na-containing transition metal oxides that has been
given serious consideration as a cathode material because of its abundant, nontoxic, and
low-cost iron source. Importantly, many conventional layered cathode materials can be
viewed as O3-NaFeO2 derivatives with a space group of R-3 m. This includes materials
like LiCoO2 [12], LiNi0.5Mn0.5O2 [13], LiNi1/3Mn1/3Co1/3O2 [14], and NaxMeO2 [15–18].
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Electrochemically inactive NaFeO2 is easy to generate from the wrong choice of Fe and
Na sources, making the synthesis of NaFeO2 a challenge in general [19]. The less reactive
starting material Fe2O3 was used by Takeda et al. [20] in a topotactic reaction to produce
-NaFeO2, however, the use of Na2O2 as the sodium source and the need for an inert gas
atmosphere negated any cost savings. In a recent hydrothermal reaction, NaFeO2 was
synthesized from FeOOH and NaOH. However, this hydrothermal reaction is problematic
for cost-effective and large-scale production since it requires ultrahigh NaOH concentration
(45 M) and subsequent cleaning.

There has been a lot of work in recent years to develop excellent positive electrode
materials with high reversible capacity, rapid insertion/extraction of Na ions, and good
cycle stability because cathode materials play such a large role in determining energy
density and cost. Layered oxides, polyanionic frameworks, hexacyanoferrates, and organic
compounds are only some of the many substances studied as potential cathode materials.
NaxTMO2 layered oxides (0× 1; TM Fe, Cr, Co, Mn, Ni, V, Cu, and mixes thereof) are one of
the most promising groups of cathode materials for SIBs [21–24] due to their high capacities,
sufficient operating potentials, and facile and scalable synthesis. These findings suggest
that Na-intercalation electrochemistry is substantially different from Li-intercalation electro-
chemistry, presenting opportunities for developing cutting-edge materials and discovering
innovative Na storage mechanisms.

In this present work, O3-NaFe1-xMgxO2 performance was enhanced by adding fluorine
into the structure by the conventional hydrothermal method. The main purpose of the
present work is to enhance the stability of the material at higher voltage and to increase
the cyclic performance of the electrode. Previously, O3-NaFe1-xMgxO2 was reported by J.
Jayachitra et al. [25] in which the capacity fade was observed at a higher range due to ion
decomposition in the electrolyte. Based on the previous results in this present work we
added fluorine to increase the voltage range and the stability of the material.

2. Experimental Procedure

Electrode materials of O3-NaFe1-xMgxO2F with varying ratios (X = 0.1, 0.2, 0.4, and
0.5) were manufactured using a conventional hydrothermal process, as shown in Figure 1.
We bought everything we needed from Sigma Aldrich and used it as-is. Sodium acetate,
iron acetate, magnesium acetate, and sodium fluoride were each dissolved in 50 cc of DI
water and stirred for many hours until the desired stoichiometry was reached. To bring
the solution’s PH up to 8, some NaOH was diluted into it. After stirring the solution for
4 h. A Teflon-lined autoclave was used to keep the solution at 160 ◦C for 12 h. Once the
sample reached room temperature, it was collected and cleaned multiple times with ethanol
and distilled water to remove any remaining contaminants. After washing, a sample was
dried in a 100 ◦C oven for 10 h. After being prepared, the sample was precalcined at
300 ◦C and calcined at 650 ◦C for 6 h. The number assigned to the finished product
was NMFF 1. The same method was applied to different ratios, which were given the
NMFF1 (O3-NaFe0.9Mg0.1O2F (x = 0.1), NMFF2(O3-NaFe0.8Mg0.2O2F (x = 0.2)), NMFF3(O3-
NaFe0.6Mg0.4O2F (x = 0.4)), and NMFF4(O3-NaFe0.5Mg0.5O2F (x = 0.5)) designations.

2.1. Process for Electrochemical Study

For the electrochemical examination, the CR2032 coin cells were prepared in a glove
box(GS Glove box) with an argon atmosphere. The prepared sample served as the cathode,
while pure Na metal served as the anode and polypropylene served as the separator.
Combining EC and DEC (1:1 v/v) with 1M NaClO4 produced the electrolyte. Cathodes
were produced by combining 2.5 g of the active ingredient with 0.5 g of ketjen black and
0.5 mg of teflonized acetylene black (TAB-2) in the ratio of 80:20:20. To create coin cells,
the produced mixture was applied to a stainless-steel current collector and dried at 160 ◦C
in a vacuum oven. The loading mass of the material is 2.5 g. Utilizing an Arbin BT-2000
battery tester, charge-discharge cycles were performed at a variety of voltages and current
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densities (50–2000 mAg−1). An electrochemical analyzer was utilized for EIS analysis
(SP-150, BioLogic, Seyssinet-Pariset, France).
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Figure 1. The Schematic Preparation of O3-NaFe1-xMgxO 2F through the hydrothermal method.

2.2. Materials Characterization

After conducting, a structural study with X-ray diffraction (XRD Cu K radiation, Rint
1000, Rigaku Tokyo, Japan) in the range 2 of 10–90◦), the lattice parameters and crystal
values were determined with Rietveld Refinement in Full-Proof software. Utilizing a
Hitachi scanning electron microscope and an HR transmission electron microscope, the
surface’s atomic composition, and morphology were determined (HRTEM, JEOL Ltd.
Tokyo Japan). Surface composition and elemental valence were analyzed by Thermo
ESCALAB250Xi X-ray photoelectron spectrometer (XPS) (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) with the monochromatic Al Ka X-ray source.

3. Results and Discussion
3.1. XRD and Rietveld Analysis

The phase purity and crystal parameters were analyzed using XRD and Rietveld
analysis. Figure 2 shows the prepared samples’ XRD and Rietveld patterns. The samples
were prepared at different ratios (x = 0.1, 0.2, 0.4, and 0.5). Compared with the previous
studies, O3-NaFe1-xMgxO2F, all the peaks were indexed matches the standard values
(Figure 2a). In the present work, the addition of fluorine was confirmed by the presence of
a peak at 180, confirming the presence of fluorine in the prepared samples. The presence of
fluorine greatly influences electron transport at higher voltages during the electrochemical
performance. The well-indexed peak confirms the presence of the crystalline phase, and
it is evident that there is no other impurity peak observed in the prepared samples. The
reitveld analysis helps us to understand more about crystal structure and phase parameters.
To further analyze the phase structure and change in cell parameters on doping with
different ratios, we analyzed by using Rietveld refinement analysis (Figure 2b–e). The
Rietveld patterns also confirm the sample’s crystalline nature. On analyzing further, the
change in size was observed during refinement, which is due to adding Mg in ratios
on the core-shell of O3-NaFe1-xMgxO2F. The space group P4/mmm is displayed by the
NaFe1-xMgxO2F. After careful calculation, the refined crystal structure has the dimensions
(a, b, c) of a = 8.5167, 8.5187, and 8.5336 angstroms. The low Rwp and Rp values indicate that
NaFe1-xMgxO2F was the form in which the O3 layered oxide was synthesized. The oxygen
was twisted in a cubic close-packed array, while the transition metals (Fe/Mg) and Na
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occupied two octahedral positions (3a and 3b), respectively. The computed Fe/Mg-O and
Na-O interatomic lengths are 1.66 and 2.26, respectively. Changes in crystal characteristics
were detected, albeit only slightly [26–28]. This was attributed to an increase in the Mg
ratio. To confirms the element presence ICP analysis was taken and the results are tabulated
in Table 1.
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Figure 2. (a) XRD and refinement results of (b) NMFF1, (c) NMFF2, (d) NMFF3, and (f) NMFF4
(e) crystal structure of O3-type NaFe1-xMgxO2.

Table 1. ICP analysis of the prepared samples.

Na Fe Mg F O
Calculated Ratio

NMFF1 0.400 0.900 0.100 0.150 0.200
NMFF2 0.400 0.800 0.200 0.150 0.200
NMFF3 0.400 0.600 0.400 0.150 0.200
NMFF4 0.400 0.500 0.500 0.150 0.200

Ratios by ICP analysis
NMFF1 0.401 0.899 0.101 0.150 0.200
NMFF2 0.401 0.788 0.212 0.150 0.200
NMFF3 0.401 0.600 0.400 0.150 0.200
NMFF4 0.401 0.500 0.500 0.150 0.200

3.2. FESEM Analysis

The FESEM and HRTEM analysis was performed to analyze the samples’ morpho-
logical natures. Figure 3 shows the FESEM and HRTEM images of the prepared samples.
Figure 3a shows the result of the NMFF1 samples. The sample’s morphological nature was
slightly changed compared to NaFe1-xMgxO2 due to adding fluorine to the structure. On
the surface, and in between the layers of NaFe1-xMgxO2, polished thin sheet-like structures
are formed, which may be due to adding fluorine to the core structure. On increasing the
ratio from 0.1 to 0.2, the changes in the particle’s size were clearly observed in Figure 3b
NMFF2 the polished thin sheets are clearly increased in size on the ratios of Mg into the Fe
ions. The fluorine and Mg clearly show their presence in the morphological structure. The
aim of the present work is to introduce fluorine in between O3 layers of NaFe1-xMgxO2
and it is confirmed by analyzing the prepared samples by FESEM images. The thin layer of
the sheet was clearly shown in between the particles. On seeing the images in Figure 3c,d,
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the increase in the particle’s size was clearly observed upon increasing the doping ratios.
The increase in particle size was in the range of 22 nm (NMFF1)–45 nm (NMFF4). The
EDS spectrum of the prepared sample was shown in Figure 3e. The changes in size and
addition of fluorine between the layers of NaFe1-xMgxO2 enhance the sample’s morpho-
logical structure and also confirms the refinement patterns [29,30]. Figure 4a–d shows the
HRTEM images of the prepared samples. The HRTEM results also confirm and match the
FESEM results. Adding fluorine to the core NaFe1-xMgxO2, we may see, on the top, some
thin sheets with fringes that may be due to the presence of fluorine on the samples. The
increase in doping of Mg with different ratios results in an increase in the particle’s size, as
is confirmed on the HRTEM images. Figure 4e–i shows the clear fringes on examining the
inner portion of the prepared sample. On seeing the HRTEM images, the sample’s pure
crystalline nature was achieved.
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3.3. XPS Analysis

The XPS examination was carried out so that we could gain an understanding of the
chemical composition of the samples as well as their oxidation state. The XPS spectra of the
samples that were prepared are presented in Figure 5a. The survey spectrum reveals that
changing the number of doping results in a spectrum that is identical for all of the samples.
This indicates that changing the material’s composition does not result in the formation
of any extra composition. The fact that peaks were generated at 1005.25, 710.2, 653, 665.3,
and 530 provides evidence for the presence of Na, Fe, Mg, F, and O. The spectrum of Fe2p
after it has been deconvoluted is seen in Figure 5b. The Fe2p peaks were broken up into
four distinct peaks located at 710.2, 723.4, 715.6, and 730.9. The spectra recorded at 710.2
and 723.4 eV, respectively, correspond to the elements Fe2p1 and Fe2p3 [24]. Another
peak can be found at 715, while 730 represents the satellite peak. The Na-1s spectra are
seen in Figure 5e. The fact that the binding energy came was 1005.7 eV substantiates the
existence of Na-1s. The presence of a peak at 641 and 653 angstroms provides evidence for
the chemical composition of Mg in the samples that have been prepared (Figure 5c). The
oxidation status of F1s can be verified by the convoluted peak located at 665.3. Additionally,
the chemical composition, as well as the oxidation state of the produced samples, are
validated by the XPS spectra [31–33]. The deconvoluted spectrum of oxygen was displayed
in Figure 5f.

3.4. BET Analysis

The N2 adsorption and pore-size distribution curve of the mesoporous NMFF1,
NMFF2, NMFF3, NMFF4 were shown in Figure 6 with an inset of pore-size distribu-
tion. The samples show type IV isotherms in Figure 6 which confirms the mesoporous
nature and the H4 type hysteresis loop shows the slit-shaped pores. As shown in Figure 6a,
the pure NMFF1 sample shows a sharp pore-size distribution of 3.3 nm with a surface area
of about 60.2 m2 g−1. On the other hand, NMFF2,NMFF3,NMFF4 samples deliver surface
area of about 63 m2 g−1 (NMFF2), 69.5 m2 g−1 (NMFF3), 74 m2 g−1 (NMFF3) with an aver-
age pore diameter of 3 nm (NMFF2), 2.8 nm (NMFF3) and 2.2 nm (NMFF4) respectively. It
is well known that mesoporous nature with high surface area and a pore size ranging from
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2–5 nm greatly promotes the electroactive sites and shortens the diffusion paths for charge
transports, which improves the electrochemical performance of the prepared samples.

(a)(a)
NMF1

NMF2

Figure 5. (a–d) XPS patterns of NMFF1, NMFF2, NMFF3, and NMFF4. (e) Na1s spectra and
(f) deconvoluted spectrum of oxygen.
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3.5. Electrochemical Analysis

The electrochemical analysis of the prepared electrode was analyzed using a battery
tester at different conditions. Figure 7a–d’s CV pattern of the prepared samples. All of
the prepared samples deliver excellent cyclic and reversible nature, which is considered
an important tool for rechargeable energy storage. On comparing with the area of the
curve, NMFF4 shows excellent electrochemical performance. The enhanced performance
of NMFF4 is due to the active participation of F ions during ion transport between the
electrodes, which greatly increases the material’s stability. Figure 7e–h shows the samples’
charge/discharge performances. The discharge profile was performed at the voltage range
of 2.5 to 4.8 V. The increase in discharge voltage was observed in comparison with the
previous work NaFe1-xMgxO2 [25]. The increase in discharge voltage is due to adding
fluorine to the core structure of NaFe1-xMgxO2. The basic nature and aim of adding fluorine
to the electrode are to stabilize the electrode at higher voltages and smooth the transport of
electrons, even at higher operating voltages. To investigate the cyclic performance of the
electrode, the testing was carried out for 500 cycles (Figure 8a). The NMFF4 samples show
excellent cyclic stability compared to other electrodes, with a capacity retention of about
89–90% after 100 cycles. On the other hand, capacity retention is about 85% (NMFF3), 80%
(NMFF2), and 75% (NMFF1).

The discharge capacity of NaFe1-xMgxO2F (NMFF1) is about 148.8 mAh g−1. The
increase in discharge capacity was observed upon comparing with NaFe1-xMgxO2 re-
sults [34,35]. The increase in capacity is due to adding fluorine. The facts behind this
fluorine share the position with the sites of Mg, which creates more active sites for elec-
tron transport [36]. On increasing the doping ratios (x = 0.1,0.2, 0.4, 0.5), the discharge
capacity starts increasing compared to NMFF1(x = 0.1), when the delivered discharge
capacity is about 157.68 mAh g−1 (NMFF2 (x = 0.2)), 159.2 mAh g−1 (NMFF3(x = 0.4)),
and 171.35 mAh g−1 (NMFF4 (x = 0.5)), respectively. The addition of fluorine to the active
material (NaFe1-xMgxO2). The fluorine creates more active sites for electron transport,
even at high operating voltages. Figure 8b shows the rate performance of the electrode
materials at different current densities (50 mA g−1–2000 mA g−1). When compared with
the four electrodes, NMFF4 delivers a high capacity of 171.3 mAh g−1 (50 mA g−1) and
150 mAh g−1 (2000 mA g−1). Interestingly, adding fluorine greatly influences the elec-
trode’s electrochemical performance. During the electrochemical performance at different
current densities, the capacity fade was observed in the middle around 3–3.5 V. The initial
capacity fade is due to the migration of the Fe ion into the Na layer, which results in the
capacity fade at higher operating voltages. The migration of Fe ions into the Na layer was
greatly stabilized by adding Mg into the Fe layer at different ratios. The Mg ion greatly
stabilizes the migration of ions into the Na layer, which motivates the Fe ions to actively
participate in the electrochemical performance. Even though the Mg ion reduces the mi-
gration of Fe ions, the capacity fade was observed during long-term cycling performances.
This is due to the loss of ions into the electrolyte at a higher voltage. On seeing the results
of NaFe1-xMgxO2, the capacity fade issues were noticed when the electrode was cycled at
higher voltages and also during the long-term cycling process. To rectify these issues, we
decided to add fluorine to NaFe1-xMgxO2 to reduce the capacity fade during long-term
cycling. Interestingly, we observed positive electrochemical results, as adding fluorine
creates a strong SEI layer and greatly enhances the electrode’s performance. The SEI layer
acts as a protective layer and reduces the contact between the electrode and electrolyte.
This promotes the smooth transport of electrons and reduces ion decomposition during
cycling. On increasing the current density, the capacity seems to be decreased. The respec-
tive specific capacity is about 159.2 mAh g−1 (NMFF3), 157.68 mAh g−1 (NMFF2), and
149.68 mAh g−1 (NMFF1), respectively. Even after cycling to check the reversibility nature
of the electrode, the electrode was again performed at 400 mA g−1 and delivered a capacity
of about 151 mAh g−1. This performance shows the reversible nature and stability of the
electrode at different conditions [37].
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To investigate the cyclic performance of the electrode, the testing was carried out
for 500 cycles as shown in Figure 9. The NMFF4 samples show excellent cyclic stability
compared to other electrodes, with a capacity retention of about 89–90% after 100 cycles. On
the other hand, capacity retention is about 85% (NMFF3), 80% (NMFF2), and 75% (NMFF1).
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Figure 9. Schematic showing of electrodes’ arrangements in a coin cell.

Figure 9 shows the electrodes’ arrangements in a coin cell. To check the stability of
the material after 500 cycles. The samples were separated from the coin cell and examined
through FESEM to observe the sample’s morphological changes. The FESEM images of the
samples, taken after 500 cycles, are shown in Figure 10. On seeing the FESEM images, after
500 cycles in NMFF1, the ions completely decomposed, and there are no active sites for
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electron transport, resulting in the amorphous nature of morphology that was observed
in NMFF1 after 500 cycles. However, the morphology nature of NMFF2 and NMFF3
holds good for almost 400 cycles and then the ion decomposed. On the other hand, the
morphological nature of the sample does not change in NMFF4, which shows that NMFF4
holds its nature stable even after 500 cycles. Only 5–8% of ions decompose after 500 cycles,
which shows that 90% of active sites are available for electron transport even after 500 cycles.
From this result, we can confirm that the NMFF4 sample delivers good electrochemical
performance with high stability nature.
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Figure 10. The FESEM images of the samples, taken after 500 cycles.

To determine the electrode’s kinetic performance, EIS analysis was performed for the
electrode at different conditions as shown in Table 2. The fluorine-added NaFe1-xMgxO2
(NMFF4) shows the large semicircle at the high-frequency region followed by a quasi
semi-circle at medium frequency followed by a straight line, which shows the conductive
nature of the sample even at a low frequency.

Table 2. Resistance value calculated from EIS analysis.

Before Cycling R1/kΩ R2/kΩ

NMFF1 10.11 16.06
NMFF2 8.66 14.21
NMFF3 7.23 13.12
NMFF4 6.52 11.47

After
Cycling R1/kΩ R2/kΩ

NMFF1 11.25 82.32
NMFF2 10.78 80.54
NMFF3 8.56 75.56
NMFF4 7.98 71.23
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The sample’s high conductive nature was observed because of the smooth transport of
the ion and active participation of Fe and Mg ions into the electrolyte [38,39]. The fluorine
reduces the electron loss at higher operating voltages and increases the stability of the
material. When compared with NMFF4, the other electrodes possess a less conductive
nature because of Fe migration and ion decomposition into the electrolyte. At a low ratio of
Mg doping, despite active fluorine participation, low doping cannot stabilize the Fe ions
during long-term cycling [40,41] (Figure 11a–c). After 500 cycles, an EIS was performed to
analyze the stability of the electrode. The reduction in the intensity of the semi-circle at a
higher frequency may be due to the loss of the Fe ion into the electrolyte. On the other hand,
the NMFF4 shows good results, even after 500 cycles when compared with the remaining
electrodes. This is due to the smooth transport of ions and less electrolyte decomposition.
The impedance spectra confirm the CV results. All the samples show good electrochemical
performance, but NMFF4 shows a higher stability rate compared to the other three samples
which is also mentioned and observed in the cv curved of the prepared samples. The
electrochemical results conclude that the NMFF4 sample shows excellent electrochemical
performance compared to other electrodes. The comparison with the previous reports is
listed in Table 3.
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Table 3. Comparison with the previous work.

Sample Capacity (mAh
g−1) Current (mA/g) Voltage/V vs.

Na Reference

O3–NaFeO2 98 50 2.0–4.0 [8]
NaFeO2 80 50 0–4 [10]

O3-NaFeO2 85 20 2.0–4.0 [19]
NaFeO2 121 100 2.0–4.0 [20]

NaFe1-xMgxO2 158 50 2.0–4.0 [25]
NaFe1-xMgxO2F 163 50 2.0–4.5 Present work

4. Conclusions

The O3- NaFe1-xMgxO2F sample was prepared using the hydrothermal method. The
phase and crystal nature of the sample was confirmed by using XRD and refinement
results. The FESEM results establish that the fluorine shows thin polished sheets on the
surface and between the layers of NaFe1-xMgxO2, which greatly influences the performance
of the electrode during battery testing. A high surface area was achieved for NMFF4
which greatly promotes electrochemical performance. The addition of fluorine increases
the voltage compared to the previous works and stabilizes the material even at a higher
voltage. The NaFe1-xMgxO2F (x = 0.5) delivers the highest capacity of about 171.35 mAh
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g−1 (50 mA g−1). The electrochemical results show excellent electrodes for large-scale
energy storage applications for NIB batteries.
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