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Abstract: Sodium-ion batteries (SIBs) have emerged as an alternative candidate in the field of energy
storage applications. To achieve the commercial success of SIBs, the designing of active materials is
highly important. O3-type layered-NaFey 5Mng 50, (NFM) materials provide higher specific capacity
along with Earth-abundance and low cost. Nevertheless, the material possesses some disadvantages,
such as a low rate capability and severe capacity fading during cycling. To overcome such drawbacks,
composite O3-type layered NFM with carbon has been prepared for the cathode electrode of SIBs
through a facile solution combustion method followed by calcination process. The introduction of
carbon sources into NFM material provides excellent electrochemical performances; moreover, the
practical limitations of NFM material such as low electrical conductivity, structural degradation,
and cycle life are effectively controlled by introducing carbon sources into the host material. The
NFM/C-2 material delivers the specific charge capacities of 171, 178, and 166 mA h g‘l; and specific
discharge capacities of 188, 169, and 162 mA h g1, in the first 3 cycles, respectively.

Keywords: sodium-ion battery; energy materials; combustion; energy storage; layered-type material

1. Introduction

Rechargeable batteries are among the most successful systems for storing electricity
and supplying power to energy devices in existing energy storage technologies. Lithium-ion
batteries (LIBs) are commercially used for their energy density, excellent conversion perfor-
mance, and easy maintenance, and are expected to be a suitable option for vehicles [1-5];
nevertheless, the scarcity and cost of lithium sources have created the need to find alter-
natives to LIBs [6-8]. A growing interest in sodium-ion batteries (SIBs) for energy storage
applications can be attributed to sodium’s high energy density, abundance on Earth, and
cost-effectiveness. Moreover, the rocking chair mechanism of sodium storage is quite
similar to that of LIBs [9-11]. In particular, it is believed that SIBs have some of the most
favorable contenders for large-grid applications. In addition, SIBs do not require a copper
current collector for the anode materials, which means that the weight and cost of the
battery can be reduced significantly [12-15]. Researchers in the energy storage community
believe that SIBs can compete with LIBs in responding to future energy demands despite
their similar mechanisms. SIBs, on the other hand, have a lower energy density than LIBs.,
which makes them less suitable for automobile and portable applications [16-19]. This is
because of their larger ionic radius (1.02 A for Na* vs. 0.67 A for Li*), higher atomic weight
(23 for Na vs. 7 for Li), and lower standard potential (2.71 V for Na vs. 3.04 V for Li) [20-22].
To date, various components, such as phosphates, fluorophosphates, and layered transition
metal oxides have been tested as cathodes for sodium-ion storage devices. Among these
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components, the SIB cathode materials that use layered transition metal oxides have been
identified as potential candidates. [23-27].

Layered-type sodium transition metal oxides (NaTMO,, where TM = Mn, Fe, Nj, V,
Ti, etc.) can provide higher capacities, faster Na*-ion diffusion, and high energy densities.
In accordance with the notation from Delmas, NaTMO; is categorized into two types, O3
and P2, according to different oxygen stacking orderings, where Na* is located in a unit
cell between layers in the octahedral (O) and prismatic (P) sites [28-31]. Compared with
P2-type transition metal oxides, O3-type materials are promising candidates as a cathode
for an SIB full cell. In particular, O3-type layered cathode materials facilitate Na* insertion
into the material, enabling the fabrication of practical sodium-ion full cells with hard carbon
as an anode material. Different cathodes of O3-type layered materials have been intensively
studied. The oxygen stacking is different in the O3, P2, and P3-type structures. For instance,
the oxygen stacking of O3, P2, and P3-type structures is ABCABC, ABBA, and ABBCCA,
respectively [32-34]; however, because of the Na* ion greater radius, many structural trans-
formations are inevitable in the host structure during charging/discharging, leading to poor
cyclic performance and low energy efficiency [35-37]. Layered NaMnO, provide significant
energy density, and Fe is electrochemically active in the Na-ion cathode. Researchers have
attempted Fe doping in NaMnO, to improve the electrochemical performance through a
synergistic effect [38,39]. Partial Fe doping in NaMnO,; will provide higher initial capacities;
however, the material has limitations, such as low rate performance, and huge capacity
fading during cycling. To address these issues, several scientific techniques have been used
on the material. [40—-44].

In this study, we developed an O3-type layered NaFey 5sMng 50, (NFM) nanocomposite
material through a facile solution combustion technique followed by calcination. The as-
synthesized material was applied as a cathode for the SIB half-cell. The material exhibits
higher specific charge/discharge capacity in initial cycles at a lower current rate; however,
it suffers from poor rate capability and drastic capacity fading when cycled at higher
current rates, which limits its potential applications. To overcome these limitations, we
applied carbon into the host NFM material to form a composite, which was then used as
the cathode in the sodium-ion energy storage device. To the best of our knowledge, this is
the first time that the physical, chemical and electrochemical properties of as-synthesized
NFM/ carbon composite material have been investigated and reported. Preparation of
NFM active material using solution combustion method will also be newly discussed.

2. Materials and Methods
2.1. Chemicals

The chemicals used are as follows: sodium nitrate (NaNO3) and 2-methylimidazole
(CH3C3H;N,H) from Sigma Aldrich, Seoul, Korea; manganese (II) nitrate hexahydrate
(Mn(NO3),-6H0), and iron (III) nitrate enneahydrate (Fe(NOs3)3-9H,0) from Junsei Chem-
ical, Tokyo, Japan; and glycine fuel (C;H5NO;) from Dae-Jung Chemicals, Siheung-si,
Korea. All reagents were analytical and used directly in the reactions without any further
treatment.

2.2. Preparation of Sodium Iron Manganese Oxide/Carbon Composite NaFeysMng50,/C

The NaFej sMn 50, /carbon composite materials were prepared by a facile solution
combustion synthesis technique, continued via dry solid-state technique. Figure 1 repre-
sents the schematic illustration of NaFeysMng 50, /carbon nanocomposite materials.
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Figure 1. Schematic illustration of the preparation of NFM and NFM/C composite materials.

2.2.1. Step 1: Synthesis of Sodium Iron Manganese Oxide

The solution combustion synthesis of NaFey sMn 50, material is shown in Figure 2a—c.
Stoichiometric amounts (1:0.5:0.5) of sodium, iron, manganese precursors were completely
dissolved in 5 mL of deionized water. CoH5INO, as a fuel for the combustion reaction was
then added to the solution, followed by a 5% sodium precursor, which was added to manage
the thermal loss of sodium during calcination. Precursor compounds were entirely dissolved,
and the resulting solution was heated on a heating plate at 250 °C. The nitrous gas was
released, and complete combustion was achieved after the solution reaches its ignition point.
The material was collected and heated at 450 °C for 3 h in an air atmosphere to break the
nitrate and organic compounds from the precursor. After the temperature of the material
decreased to room temperature, the precursors were finely ground and then calcined again
at 950 °C for 15 h in an air atmosphere. The NFM nanocomposite material formed was
transferred to an inert atmosphere to prevent any reactions with the ambient atmosphere.

(@)

Mixed Solution Combustion Process Product

@

NFM
Electrode Surface

NFM

NFW/C Carbon Particle
Electrode Surface ;

Carbon Precursor

Figure 2. Schematic illustration: (a—c) solution combustion synthesis of NFM material, and (d) elec-
trode surfaces of NFM and NFM /C-2.
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2.2.2. Step 2: Preparation of NaFey sMng 50, /C Composite

The NFM/carbon composite was prepared by a facile single-step solid-state method,
followed by pyrolysis. Typically, 2 g of as-synthesized NFM was added to a specific amount
of 2-methylamidazole and ground for approximately 45 min to achieve proper mixing.
Then, the NFM/C-containing precursors were calcined at 550 °C for 4 h in argon (Ar)
atmosphere. For comparative studies, different weight percentages (1, 3, and 5 wt.%) of
carbon precursors were used. The samples with 1, 3, and 5 wt.% carbon materials are called
NFM/C-1, NFM/C-2, and NFM/C-3, respectively. The schematic illustration of the NFM
and NFM/C composite electrode surfaces are shown in Figure 2d.

2.3. Physicochemical Characterization

Using an X-ray diffractometer (XRD, D8 advance, Bruker, Billerica, MA, USA), the
phase purity and crystallinity of the as-synthesized bare NFM and NFM/C composite
materials were investigated. A field-emission scanning electron microscope (FE-SEM; LEO
SUPRA 55, GENESIS 2000 Carl Zeiss, Jena, Germany, EDAX, Mahwah, NJ, USA) and
field-emission transmission electron microscope (FE-TEM, JEM-2100F, JEOL, Tokyo, Japan)
fitted with an energy dispersive spectrometer (EDS; dual silicon drift detector(SDD)-type)
were used to perform the elemental mapping of the prepared samples. X-ray photoelec-
tron spectroscopy (XPS; K-Alpha, Thermo Fisher, Waltham, MA, USA) was also used to
determine the elemental compositions and electronic valence states.

2.4. Electrochemical Characterization

The NFM or NFM/C as a working electrode for SIBs was prepared using N-methyl-
2-pyrrolidone (NMP) as a solvent to create a slurry that combines 80% as-synthesized
material as the active material, 10% polyvinyl difluoride, and 10% denka black. The slurry
was coated using the doctor blade method on battery-grade aluminum foil and allowed to
dry naturally. The dry electrode was then heated at 120 °C for 5 h in an oven to remove
the NMP content in the electrode. The heated electrode was roll-pressed and punched
into 14 mm circular disks to serve as the positive electrode and finally vacuum dried at
100 °C for 5 h. Electrochemical investigations of the as-synthesized cathode electrode were
conducted using CR2032-type coin cells assembled inside an Ar-filled glove box. The
as-synthesized NFM or NFM/C composite electrode was used as the cathode. A counter
electrode made from pure sodium metal foil was used, the separator was used with a
Whatman glass microfiber, and a mixture of ethylene carbonate and diethylene carbonate
(1:1 volume ratio) with 5 wt.% fluoroethylene carbonate was dissolved in a 1 M NaClO4
electrolyte. An electrochemical cycler (Battery Tester 05001, HTC, Mumbai, India) was used
to analyze the galvanostatic discharge/charge properties in the voltage range of 1.5-4.3 V.
Differential capacity vs. voltage (dQ/dV) curves were studied by using the Iviumstat
(Ivium technologies, Eindhoven, The Netherlands) electrochemical workstation.

3. Results and Discussion

XRD analysis was performed to identify the crystallinity and phase purity of the
as-synthesized materials. Figure 3a shows the diffraction patterns, which are well matched
with JCPDS No. 053-0349 with a rhombohedral crystal system that possesses an R-3m space
group [45]. The sharp peaks indicate that the materials are highly crystalline in nature, and
no impurities were observed in these samples. The as-prepared O3-NFM nanocomposite
material attains an average crystalline size of about 42.69 nm. This high crystallinity helps
the material exhibit a highly reversible structural behavior during Na* intercalation and
de-intercalation. The peaks at 16.05° (003) and 41.45° (104) classify them as an O3-type
layered NFM material [46,47]. Notably, the peak at 44.71° (015) was missing for the carbon
composite materials owing to the introduction of carbon to the surface of NFM material,
while the peak at 16.05° (003) is slightly shifted to higher angles in the NFM/C composite
materials. The XRD results confirm the formation of O3-NFM material with a fine crystal
structure through a facile solution combustion technique. It is important to store the
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material in an inert atmosphere to prevent the oxidation reaction with H* /Na* or water
upon exposure to air. To determine the size and morphological structure, the as-synthesized
NFM, NFM/C-1, NEM/C-2, and NFM/C-3 materials were analyzed by FE-SEM; the images
obtained are shown in Figure 3. All the materials obtained irregular morphologies with a
size between 3 and 5 um. Figure 3b,c shows the FE-SEM image of NFM nanocomposite,
which reveals the irregular shape of the material. The magnified image shows that the
surface of the material is smooth with no observed agglomerations. Figure 3 shows the
FE-SEM images of the NFM/C-1 (Figure 3d,e), NFM/C-2 (Figure 3f,g), and NFM/C-
3 (Figure 3h,i) materials, respectively. In the NFM/C-2 and NFM/C-3 nanocomposite
materials, the carbon particles are present in the surface cavities of the NFM material.
Because the weight percentage of the carbon material is lower in the NFM/C-1 composite
material, the surface of the material is similar to that of the bare NFM material. The
solid-state method followed by calcination produces NFM/carbon nanocomposite.
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Figure 3. XRD patterns (a) for as-prepared NFM, NFM/C-1, NFM/C-2, and NFM/C-3 materials. FE-
SEM images at various magnifications: (b,c) NFM, (d,e) NFM/C-1, (f,g) NFM/C-2, and (h,i) NFM/C-
3 materials, respectively.
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To confirm the formation of the NFM/C composite, the NFM/C-2 material was
characterized by FE-TEM equipped with dual SDD-type EDS mapping. Figure 4 presents
the FE-TEM image with the elemental distribution and EDS mapping spectra of the NFM/C-
2 material. Figure 4a shows the FE-TEM image of the NFM/C-2 material, while Figure 4b—f
shows the elemental distributions of Na, Fe, Mn, O, and C elements, respectively. The
elemental distributions indicate that all elements are evenly distributed in the NFM/C-2
material. Furthermore, elemental mapping confirmed the presence of all the elements in
the compound, as shown in Figure 4g. The chemical and valence states of all the elements
in the as-synthesized NFM/C-2 material was investigated by XPS characterization, and
the results are shown in Figure 5. As expected, the survey spectrum of the as-synthesized
NFM/C-2 material indicates the presence of Na, Fe, Mn, O, and C, as shown in Figure 5a.
Figure 5b—f represents the core spectrum of Na, Fe, Mn, O, and C, respectively. Figure 5f
represents the core spectra of C 1s, in which the peaks at the binding energies of 284.00 and
288.42 eV indicate that different chemical states of carbon are present in the as-synthesized
material. The peak at the binding energy of 284.00 eV confirms that the material possesses
C—Cbond and the peak at 288.42 eV indicates the O-C=0 bond. These two types of carbon
bonding are beneficial for electrochemical reactions in batteries. The XPS results confirm
that the solid-state method can effectively produce an NFM/C composite. These results
strengthen the EDS mapping results.

Figure 4. FE-TEM image (a) of as-prepared NFM/C-2 material, elemental distributions (b—f) of Na,
Fe, Mn, O, and C, respectively, and EDS elemental spectrum (g) for as-prepared NFM/C-2 material.
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Figure 5. XPS spectra of as-prepared NFM/C-2: (a) survey spectrum, core spectrum of (b) Na 1s,
(c) Fe 2p, (d) Mn 2p, (e) O 1s, and (f) C 1s.
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Figure 6 shows the dQ/dV curves of the as-prepared NFM, NFM/C-1, NEM/C-2,
and NFM/C-3 materials, respectively. The as-prepared materials have two redox peaks.
The NFM material shows the oxidation peaks at 2.42 V and 3.92 V during the charge, and
it shows 2 reduction peaks at around 3.50 V and 2.15 V during the discharge after the
initial cycle, as shown in Figure 6a. As shown in Figure 6b, the NFM/C-1 material, the
redox peaks are slightly moved to a higher voltage than the NFM material. Figure 6¢,d
represents the dQ/dV curves of the as-prepared NCM/C-2 and NFM/C-3, respectively.
The redox peaks in terms of voltage for the carbon composite materials are different than
NFM material, it is due to the lesser Na content on the composite materials that are hindered
by the carbon particles on the surface of the composite.
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Figure 6. Differential capacity vs. voltage (dQ/dV) curves of as-prepared materials: (a) NFM,
(b) NFM/C-1, (c) NEM/C-2, and (d) NFM/C-3.

Figure 7 shows the electrochemical performance of the as-synthesized materials as a
cathode for SIBs. These were analyzed by fabricating a half-cell with pure sodium metal foil
as the counter electrode, and the as-synthesized NFM as the working electrode. Galvanos-
tatic charge/discharge studies were conducted on the materials with a cut-off voltage of
1.5-4.3 V at a current rate of 0.05 C. Figure 7a—d shows the galvanostatic charge/discharge
profiles of first three cycles for the NFM, NFM/C-1, NFM/C-2, and NFM/C-3 mate-
rials, respectively. As seen in Figure 7a, the NFM material exhibits the initial specific
charge/discharge capacity of 176/172 mA h g~! with a coulombic efficiency of 97.8%. In
the second cycle, the specific charge/discharge capacity dropped to 156/151 mA h g~!
with a coulombic efficiency of 96.4%. In the third cycle, the specific charge/discharge
capacity faded to 148/144 mA h g~ ! with a coulombic efficiency of 97.4%. At a low current
rate, the NFM material delivered higher specific capacities for the initial cycle with higher
coulombic efficiencies. As seen in Figure 7b, the NFM/C-1 material delivers the specific
charge capacities of 139, 148, and 141 mA h g~ 1. and specific discharge capacities of 157, 141,
and 139 m Ah g~ !, in the first 3 cycles, respectively. As shown in Figure 7c, the NFM /C-2
material delivers the specific charge capacities of 171, 178, and 166 mA h g~ !; and specific
discharge capacities of 188, 169, and 162 mA h g~!, in the first 3 cycles, respectively. As
seen in Figure 7d, the NFM/C-3 material delivers specific charge capacities of 153, 165,
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and 154 mA h g~ 1; specific discharge capacities of 169, 157, and 150 mA h g~ ! in the first
3 cycles, respectively. Remarkably, the NFM/C-2, composite material exhibited higher
specific capacities compared with NFM and other carbon composite materials. It should be
noted that the initial charge profile of the NFM/C composite is different from that of NFM
because of the stronger solid electrolyte interphase layer formed on the anode surface. The
coulombic efficiency of the first cycle appears to be abnormal at over ~100% because of the
lower initial sodium content, which was hindered by the carbon content in the composite
material [48,49]. It is evident, therefore, that the formation of a composite with carbon can
affect the electrochemical reaction and eventually lead to improving the performance of
NFM cathodes for sodium-ion storage.
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Figure 7. Electrochemical performances of as-prepared NFM, NFM/C-1, NFM/C-2, and NFM/C-3

materials, respectively: (a-d) galvanostatic charge/discharge curve at a current rate of 0.05 C for first

3 cycles, (e) cyclic performances at 0.5 C rate, and (f) rate capability at different current rates.

To understand the stability of the material, the cyclic performance was studied in
the voltage range of 1.5-4.3 V at the current rate of 0.5 C with 2 formation cycles at
0.1 C. The cyclic performance of the materials is shown in Figure 7e. After the formation
cycles, the bare NFM material delivered the specific discharge capacity of 110 mA h g~!
at 0.5 °C, however, the specific discharge capacity of the NFM material faded drastically
to 24 mA h g~ for 40 cycles. It was previously reported that the sodium layered-oxide
cathodes often undergo side reactions with a liquid electrolyte and have poor structural
stability above 4.0 V, which significantly reduces Na* ion transport during cycling [50,51].
After the formation cycles, the specific discharge capacities of NFM/C-1, NFM/C-2, and
NFM/C-3 were 114, 113, and 112 mA h g~ !, respectively. At 100 cycles, the specific
discharge capacities of NFM/C-1, NFM/C-2, and NFM/C-3 were 47, 75, and 68 mA h g’l,
respectively. After 100 cycles at 0.5 C, the NFM/C-1, NFM/C-2, and NFM/C-3 materials
had capacity retentions of 41.22, 66.79, and 60.59%, respectively. The NFM/C composite
materials provide better cyclic performance than NFM material; it is evident that the
carbon composites increased the structural stability and reduced the degradation of the
host material. The rate capability was investigated at different current rates, as shown
in Figure 7f. Different current rates (e.g., 0.05, 0.1, 0.5, 1, 2, and 5 C) were applied to the
as-synthesized materials. For the NFM material, the capacity was close to zero at the current
rate of 5 C; it regained its capacity to 104 mA h g~ ! at 0.1 C, which faded to 74 mA h g~!
after a few cycles. The NFM/C composite materials exhibited better rate performance
than the bare NFM. Among the composite materials, the NFM/C-2 material also provided
better rate performance. Even at a higher current rate of 5 C, it delivered the capacity of
40 mA h g~ 1; importantly, it has good reversibility at different current rates.
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4. Conclusions

We report O3-type layered NFM cathode materials that have been synthesized through
a facile solution combustion technique for sodium-ion storage. The carbon with NFM
material as a nanocomposite was prepared through a facile solid-state method to enhance
the electrochemical properties. The physicochemical properties of as-synthesized NFM/C
composite materials were analyzed through various methods. The NFM/C nanocomposite
materials exhibited excellent electrochemical performance as a cathode for SIBs. Among
the various weight percentages of the NFM/C nanocomposite materials, NFM/C-2 with
3 wt.% carbon showed the best electrochemical performance. After 100 cycles, the material
delivered 75 mA h g’1 at the current rate of 0.5 C; even in terms of rate performance, the
NFM/C-2 material delivered improved capacities at different current rates. Above all,
the attempted NFM/C-2 has delivered a high level of electrochemical performances in
terms of capacity and capacity retention, although it still showed limited values when
compared to the sodium layered-oxide cathode materials reported so far; therefore, the
carbon composite helps to improve the structural stability of NFM cathode materials at
higher current rates due to the increase of the electrical conductivity along with the Na*
mobility for sodium-ion storage and the NFM/C nanocomposite is a promising candidate
for high-performance SIBs.

Author Contributions: Conceptualization, methodology, validation, investigation, writing—original
draft preparation, M.N.; validation, formal analysis, CW.H., N.S. and G.S.S.; Formal analysis, HK.K.
and M.VK,; writing—review and editing, supervision, project administration, funding acquisition,
C.W.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Next Generation Engineering Researcher Program
of National Research Foundation of Korea (NRF) funded by the Ministry of Science and ICT (No.
2017H1D8A2031138) and by the National Research Foundation of Korea (NRF) funded by the Ministry
of Science and ICT (No. 2020K1A3A1A48111073). Also, it was supported by the Korea Institute for
Advancement of Technology (KIAT) funded by the Ministry of Trade, Industry & Energy (MOTIE) of
Korea (No. P0017363).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Reddy, M.V,; Mauger, A.; Julien, C.M.; Paolella, A.; Zaghib, K. Brief history of early lithium-battery development. Materials 2020,
13,1884. [CrossRef]

2. Liu, K; Liu, Y,; Lin, D.; Pei, A.; Cui, Y. Materials for lithium-ion battery safety. Sci. Adv. 2018, 4, eaas9820. [CrossRef] [PubMed]

3. Nanthagopal, M.; Santhoshkumar, P.; Shaji, N.; Sim, G.S.; Park, ].W.; Senthil, C.; Lee, C.W. An encapsulation of nitrogen and
sulphur dual-doped carbon over Li[Nig §Cog 1Mny 1 ]O; for lithium-ion battery applications. Appl. Surf. Sci. 2020, 511, 145580.
[CrossRef]

4. Nitta, N.; Wu, E; Lee, ].T.; Yushin, G. Li-ion battery materials: Present and future. Mater. Today 2015, 18, 252-264. [CrossRef]

5. Nanthagopal, M.; Santhoshkumar, P.; Shaji, N.; Praveen, S.; Kang, H.S.; Senthil, C.; Lee, C.W. Nitrogen-doped carbon-coated
Li[Nig gCop 1Mng 1]O;, cathode material for enhanced lithium-ion storage. Appl. Surf. Sci. 2019, 492, 871-878. [CrossRef]

6. Susarla, N.; Ahmed, S. Estimating Cost and Energy Demand in Producing Lithium Hexafluorophosphate for Li-Ion Battery
Electrolyte. Ind. Eng. Chem. Res. 2019, 58, 3754-3766. [CrossRef]

7.  Eftekhari, A. Lithium Batteries for Electric Vehicles: From Economy to Research Strategy. ACS Sustain. Chem. Eng. 2019, 7,
5602-5613. [CrossRef]

8. Sonoc, A; Jeswiet, ]. A review of lithium supply and demand and a preliminary investigation of a room temperature method to
recycle lithium ion batteries to recover lithium and other materials. Proc. CIRP 2014, 15, 289-293. [CrossRef]

9.  Slater, M.D.; Kim, D.; Lee, E.; Johnson, C.S. Sodium-ion batteries. Adv. Funct. Mater. 2013, 23, 947-958. [CrossRef]

10. Hosaka, T.; Kubota, K.; Hameed, A.S.; Komaba, S. Research Development on K-Ion Batteries. Chem. Rev. 2020, 120, 6358-6466.

[CrossRef]


http://doi.org/10.3390/ma13081884
http://doi.org/10.1126/sciadv.aas9820
http://www.ncbi.nlm.nih.gov/pubmed/29942858
http://doi.org/10.1016/j.apsusc.2020.145580
http://doi.org/10.1016/j.mattod.2014.10.040
http://doi.org/10.1016/j.apsusc.2019.06.242
http://doi.org/10.1021/acs.iecr.8b03752
http://doi.org/10.1021/acssuschemeng.8b01494
http://doi.org/10.1016/j.procir.2014.06.006
http://doi.org/10.1002/adfm.201200691
http://doi.org/10.1021/acs.chemrev.9b00463

Nanomaterials 2022, 12, 984 10 of 11

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Santhoshkumar, P.; Shaji, N.; Sim, G.S.; Nanthagopal, M.; Park, ].W.; Lee, C.W. Facile and solvothermal synthesis of rationally
designed mesoporous NiCoSe, nanostructure and its improved lithium and sodium storage properties. Appl. Mater. Today 2020,
21, 100807. [CrossRef]

Cai, P; Zou, K; Deng, X.; Wang, B.; Zheng, M.; Li, L.; Hou, H.; Zou, G.; Ji, X. Comprehensive Understanding of Sodium-Ion
Capacitors: Definition, Mechanisms, Configurations, Materials, Key Technologies, and Future Developments. Adv. Energy Mater.
2021, 11, 2003804. [CrossRef]

Vaalma, C.; Buchholz, D.; Weil, M.; Passerini, S. The demand for lithium-ion batteries (LIBs) has been increasing since their
commer- cialization in 1991 and their widespread use in portable electronics. Nat. Rev. Mater. 2018, 3, 18013. [CrossRef]

Liu, T.; Zhang, Y.; Jiang, Z.; Zeng, X.; Ji, J.; Li, Z.; Gao, X.; Sun, M,; Lin, Z.; Ling, M.; et al. Exploring competitive features of
stationary sodium ion batteries for electrochemical energy storage. Energy Environ. Sci. 2019, 12, 1512-1533. [CrossRef]

Nayak, PK.; Yang, L.; Brehm, W.; Adelhelm, P. From Lithium-Ion to Sodium-Ion Batteries: Advantages, Challenges, and Surprises.
Angew. Chem. Int. Ed. 2018, 57, 102-120. [CrossRef]

Okoshi, M.; Yamada, Y.; Komaba, S.; Yamada, A.; Nakai, H. Theoretical Analysis of Interactions between Potassium Ions and
Organic Electrolyte Solvents: A Comparison with Lithium, Sodium, and Magnesium Ions. J. Electrochem. Soc. 2017, 164, A54-A60.
[CrossRef]

Rajagopalan, R.; Tang, Y.; Jia, C.; Ji, X.; Wang, H. Understanding the sodium storage mechanisms of organic electrodes in sodium
ion batteries: Issues and solutions. Energy Environ. Sci. 2020, 13, 1568-1592. [CrossRef]

Shaji, N.; Santhoshkumar, P.; Kang, H.S.; Nanthagopal, M.; Park, ] W.; Praveen, S.; Sim, G.S.; Senthil, C.; Lee, C.W. Tin selenide/N-
doped carbon composite as a conversion and alloying type anode for sodium-ion batteries. J. Alloys Compd. 2020, 834, 154304.
[CrossRef]

Yin, X.; Sarkar, S.; Shi, S.; Huang, Q.A.; Zhao, H.; Yan, L.; Zhao, Y.; Zhang, J. Recent Progress in Advanced Organic Electrode
Materials for Sodium-Ion Batteries: Synthesis, Mechanisms, Challenges and Perspectives. Adv. Funct. Mater. 2020, 30, 1908445.
[CrossRef]

Zhang, L.; Yuan, T.; Soule, L.; Sun, H.; Pang, Y.; Yang, J.; Zheng, S. Enhanced Ionic Transport and Structural Stability of Nb-Doped
03-NaFe( 55Mng 45 - xNbyxOpCathode Material for Long-Lasting Sodium-Ion Batteries. ACS Appl. Energy Mater. 2020, 3, 3770-3778.
[CrossRef]

Shaji, N.; Ho, C.W,; Nanthagopal, M.; Santhoshkumar, P.; Sim, G.S.; Lee, C.W. Biowaste-derived heteroatoms-doped carbon for
sustainable sodium-ion storage. J. Alloys Compd. 2021, 872, 159670. [CrossRef]

Burda, J.V.; époner, J.; Hobza, P. Ab initio study of the interaction of guanine and adenine with various mono-and bivalent
metal cations (Li*, Na*, K*, Rb*, Cs*; Cu*, Ag*, Au*; Mg2+, Ca?*, Sr?*, Ba%t; Zn2*, Cd?*, and Hg2+). J. Phys. Chem. 1996, 100,
7250-7255. [CrossRef]

Sun, Y.; Shi, P;; Chen, ].; Wu, Q.; Liang, X.; Rui, X; Xiang, H.; Yu, Y. Development and challenge of advanced nonaqueous sodium
ion batteries. EnergyChem 2020, 2, 100031. [CrossRef]

Xiang, X.; Zhang, K.; Chen, J. Recent advances and prospects of cathode materials for sodium-ion batteries. Adv. Mater. 2015, 27,
5343-5364. [CrossRef]

Batteries, S.; Mauger, A.; Julien, C.M. State-of-the-Art Electrode Materials for Sodium-Ion Batteries. Materials 2020, 13, 3453.
Minakshi, M.; Mitchell, D.R.; Munnangi, A.R.; Barlow, A.].; Fichtner, M. New insights into the electrochemistry of magnesium
molybdate hierarchical architectures for high performance sodium devices. Nanoscale 2018, 10, 13277-13288. [CrossRef]
Minakshi, M.; Mitchell, D.R.; Baur, C.; Chable, ]J.; Barlow, A ].; Fichtner, M.; Banerjee, A.; Chakraborty, S.; Ahuja, R. Phase
evolution in calcium molybdate nanoparticles as a function of synthesis temperature and its electrochemical effect on energy
storage. Nanoscale Adv. 2019, 1, 565-580. [CrossRef]

Zhao, C.; Yao, Z.; Wang, Q.; Li, H.; Wang, J.; Liu, M.; Ganapathy, S.; Lu, Y.; Cabana, J.; Li, B.; et al. Revealing High Na-Content
P2-Type Layered Oxides as Advanced Sodium-Ion Cathodes. . Am. Chem. Soc. 2020, 142, 5742-5750. [CrossRef] [PubMed]
Mathiyalagan, K.; Ponnaiah, A.; Karuppiah, K.; Rengapillai, S.; Marimuthu, S. Enhanced performance on layered O3-Nag 95CrO,
cathode material for emerging sodium-ion batteries. Ionics 2020, 26, 3929-3936. [CrossRef]

Xiao, Y.; Zhu, Y.F,; Yao, H.R.; Wang, P.F,; Zhang, X.D.; Li, H; Yang, X.; Gu, L.; Li, Y.C.; Wang, T.; et al. A Stable Layered Oxide
Cathode Material for High-Performance Sodium-Ion Battery. Adv. Energy Mater. 2019, 9, 1803978. [CrossRef]

Liu, Z.; Jiang, K; Chu, S.; Wy, J.; Xu, H.; Zhang, X.; Wang, P.; Guo, S.; Zhou, H. Integrating P2 into O’3 toward a robust Mn-Based
layered cathode for sodium-ion batteries. J. Mater. Chem. A 2020, 8, 23820-23826. [CrossRef]

Rong, X,; Qi, X.; Lu, Y.; Wang, Y.; Li, Y,; Jiang, L.; Yang, K.; Gao, F; Huang, X.; Chen, L.; et al. A new Tin-based O3-
Nag 9[Nig 45_x/2MnxSng 55_x/2]O; as sodium-ion battery cathode. J. Energy Chem. 2019, 31, 132-137. [CrossRef]

Zhao, C,; Ding, F; Lu, Y; Chen, L.; Hu, Y.S. High-Entropy Layered Oxide Cathodes for Sodium-Ion Batteries. Angew. Chem. Int.
Ed. 2020, 59, 264-269. [CrossRef]

Tripathi, A.; Rudola, A.; Gajjela, S.R.; Xi, S.; Balaya, P. Developing an O3 type layered oxide cathode and its application in 18650
commercial type Na-ion batteries. J. Mater. Chem. A 2019, 7, 25944-25960. [CrossRef]

You, Y; Xin, S.; Asl, H.Y,; Li, W.; Wang, PE; Guo, Y.G.; Manthiram, A. Insights into the Improved High-Voltage Performance of
Li-Incorporated Layered Oxide Cathodes for Sodium-Ion Batteries. Chem 2018, 4, 2124-2139. [CrossRef]

Hwang, T.; Lee, J.H.; Choi, S.H.; Oh, R.G.; Kim, D.; Cho, M.; Cho, W.; Park, M.S. Critical Role of Titanium in O3-Type Layered
Cathode Materials for Sodium-Ion Batteries. ACS Appl. Mater. Interfaces 2019, 11, 30894-30901. [CrossRef] [PubMed]


http://doi.org/10.1016/j.apmt.2020.100807
http://doi.org/10.1002/aenm.202003804
http://doi.org/10.1038/natrevmats.2018.13
http://doi.org/10.1039/C8EE03727B
http://doi.org/10.1002/anie.201703772
http://doi.org/10.1149/2.0211702jes
http://doi.org/10.1039/C9EE03637G
http://doi.org/10.1016/j.jallcom.2020.154304
http://doi.org/10.1002/adfm.201908445
http://doi.org/10.1021/acsaem.0c00238
http://doi.org/10.1016/j.jallcom.2021.159670
http://doi.org/10.1021/jp952941h
http://doi.org/10.1016/j.enchem.2020.100031
http://doi.org/10.1002/adma.201501527
http://doi.org/10.1039/C8NR03824D
http://doi.org/10.1039/C8NA00156A
http://doi.org/10.1021/jacs.9b13572
http://www.ncbi.nlm.nih.gov/pubmed/32118416
http://doi.org/10.1007/s11581-020-03523-7
http://doi.org/10.1002/aenm.201803978
http://doi.org/10.1039/D0TA08383F
http://doi.org/10.1016/j.jechem.2018.05.019
http://doi.org/10.1002/anie.201912171
http://doi.org/10.1039/C9TA08991H
http://doi.org/10.1016/j.chempr.2018.05.018
http://doi.org/10.1021/acsami.9b08987
http://www.ncbi.nlm.nih.gov/pubmed/31389688

Nanomaterials 2022, 12, 984 11 of 11

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

Cao, M.H.; Wang, Y.; Shadike, Z.; Yue, J.L.; Hu, E.; Bak, S.M.; Zhou, Y.N.; Yang, X.Q.; Fu, Z.W. Suppressing the chromium
disproportionation reaction in O3-type layered cathode materials for high capacity sodium-ion batteries. . Mater. Chem. A 2017,
5, 5442-5448. [CrossRef]

Billaud, J.; Clement, R.J.; Armstrong, A.R.; Canales-Vazquez, ].; Rozier, P.; Grey, C.P.; Bruce, P.G. ChemInform Abstract: 3-
NaMnO,: A High-Performance Cathode for Sodium-Ion Batteries. J. Am. Chem. Soc. 2014, 136, 17243-17248. [CrossRef]

Zhang, R.; Lu, Z.; Yang, Y.; Shi, W. First-principles investigation of the monoclinic NaMnO, cathode material for rechargeable
Na-ion batteries. Curr. Appl. Phys. 2018, 18, 1431-1435. [CrossRef]

Kee, Y;; Dimov, N.; Champet, S.; Gregory, D.H.; Okada, S. Investigation of Al-doping effects on the NaFej 5Mng 50, cathode for
Na-ion batteries. Ionics 2016, 22, 2245-2248. [CrossRef]

Nayak, D.; Majumdar, S.; Ghosh, S.; Adyam, V. Superior electrochemical performance of NaFeysMn( 50, thin film electrode
fabricated by pulse laser deposition. Mater. Today Proc. 2020, 33, 5425-5428. [CrossRef]

Singh, G.; Lépez Del Amo, J.M.; Galceran, M.; Pérez-Villar, S.; Rojo, T. Structural evolution during sodium deintercala-
tion/intercalation in Nay /3[Fe; /,Mn; /5]10,. J. Mater. Chem. A 2015, 3, 6954-6961. [CrossRef]

Mortemard de Boisse, B.; Carlier, D.; Guignard, M.; Delmas, C. Structural and Electrochemical Characterizations of P2 and
New OB-NaXMnl,yFeyOZ Phases Prepared by Auto-Combustion Synthesis for Na-Ion Batteries. J. Electrochem. Soc. 2013, 160,
A569-A574. [CrossRef]

Wang, Y.; Pu, Y,; Ma, Z.; Pan, Y,; Sun, C.Q. Interfacial adhesion energy of lithium-ion battery electrodes. Extrem. Mech. Lett. 2016,
9, 226-236. [CrossRef]

Zhou, D. The effect of Na content on the electrochemical for sodium-ion batteries. |. Mater. Sci. 2019, 54, 7156-7164. [CrossRef]
You, Y.; Kim, S.0.; Manthiram, A. A Honeycomb-Layered Oxide Cathode for Sodium-Ion Batteries with Suppressed P3-O1 Phase
Transition. Adv. Enerqy Mater. 2017, 7, 1601698. [CrossRef]

Zhao, C.; Wang, Q.; Yao, Z.; Wang, J.; Sanchez-Lengeling, B.; Ding, F.; Qi, X.; Lu, Y.; Bai, X,; Li, B.; et al. Rational design of layered
oxide materials for sodium-ion batteries. Science 2020, 370, 708-712. [CrossRef]

Sun, X,; Ji, X.Y,; Xu, H.Y;; Zhang, C.Y.; Shao, Y.; Zang, Y.; Chen, C.H. Sodium insertion cathode material Nag 7[Nig 4CogMng 4]0,
with excellent electrochemical properties. Electrochim. Acta 2016, 208, 142-147. [CrossRef]

Sun, X; Jin, Y.; Zhang, C.Y.; Wen, J.W.; Shao, Y.; Zang, Y.; Chen, C.H. Na[Nig 4Feg 2Mng 4_,Tix]O,: A cathode of high capacity and
superior cyclability for Na-ion batteries. . Mater. Chem. A 2014, 2, 17268-17271. [CrossRef]

Sun, H.H.; Hwang, ].Y.; Yoon, C.S.; Heller, A.; Mullins, C.B. Capacity Degradation Mechanism and Cycling Stability Enhancement
of AIF 3 -Coated Nanorod Gradient Na[Nig ¢5Cog gsMng »7]0, Cathode for Sodium-Ion Batteries. ACS Nano 2018, 12, 12912-12922.
[CrossRef]

Hwang, J.Y.; Yoon, C.S.; Belharouak, I.; Sun, Y.K. A comprehensive study of the role of transition metals in O3-type layered
Na[NixCoyMn,]O, (x=1/3, 0.5, 0.6, and 0.8) cathodes for sodium-ion batteries. J. Mater. Chem. A 2016, 4, 17952-17959. [CrossRef]


http://doi.org/10.1039/C6TA10818K
http://doi.org/10.1021/ja509704t
http://doi.org/10.1016/j.cap.2018.08.011
http://doi.org/10.1007/s11581-016-1839-2
http://doi.org/10.1016/j.matpr.2020.03.138
http://doi.org/10.1039/C4TA06360K
http://doi.org/10.1149/2.032304jes
http://doi.org/10.1016/j.eml.2016.08.002
http://doi.org/10.1007/s10853-018-03277-8
http://doi.org/10.1002/aenm.201601698
http://doi.org/10.1126/science.aay9972
http://doi.org/10.1016/j.electacta.2016.04.067
http://doi.org/10.1039/C4TA03828B
http://doi.org/10.1021/acsnano.8b08266
http://doi.org/10.1039/C6TA07392A

	Introduction 
	Materials and Methods 
	Chemicals 
	Preparation of Sodium Iron Manganese Oxide/Carbon Composite NaFe0.5Mn0.5O2/C 
	Step 1: Synthesis of Sodium Iron Manganese Oxide 
	Step 2: Preparation of NaFe0.5Mn0.5O2/C Composite 

	Physicochemical Characterization 
	Electrochemical Characterization 

	Results and Discussion 
	Conclusions 
	References

