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Rechargeable sodium-ion batteries are considered an alternative to Li-ion batteries in terms of large-
scale grid storage applications. Finding a cathode material with excellent performance plays a vital role
in batteries. Cation doping is one of the methods to stabilize the crystal structure of layered cathode
materials for sodium-ion batteries (SIBs) and enhance their electrochemical performance. In this work,
we studied the effect of Fe doping on the properties of the NaxFexMn,.xO7 (x=0.0, 0.5) layered material,
which was synthesized via a conventional solid-state method at 600 °C. The X-ray diffraction (XRD)
analysis showed that the as-synthesized material was crystallized in a pure P2-type structure, except for
the nondoped sample. The Fe-doped cathode samples delivered more stable cycle performance than a
nondoped cathode material. An initial charge capacity of over 200 mAh g* was achieved for the Fe-
doped electrode. Meanwhile, the nondoped electrode delivered approximately 90 mAh g of initial
charge capacity. After 25 continuous charge-discharge cycles at a constant current (20 mA g?),
approximately 70% and 60% of the initial capacity remained for Fe-doped and nondoped electrodes,
respectively.
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1. INTRODUCTION

Due to the growth of sustainable energy, transportation, and numerous mobile electronic devices,
the demand for efficient and low-cost energy infrastructure has been increasing, which sparks interest in
the development of new energy storage systems [1]. Although lithium-ion batteries (LIBs) have been
dominating the market/commercial field because of their optimal electrochemical characteristics, the
limited and unevenly distributed sources of lithium cannot maintain the rapidly expanding demand for
batteries with a high specific capacity. Moreover, when a large-scale storage system that can maintain
immense power output is introduced, drawbacks of lithium-based batteries restrain it from prevailing in
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this sector, which encourages the search for suitable substitutes [2]. Sodium-ion batteries (SIBs) have
emerged as promising alternatives to LIBs due to several determinant characteristics such as wide
availability and a broad range of transition metals that can form electrochemically active cathode
materials. Nevertheless, SIB cathode materials still underperform compared to their lithium-based
counterparts in terms of cyclability [3]. The underlying cause is a larger ionic radius of Na+ (1.02 A) in
contrast to that of Li+ (0.76 A), which negatively affects the charging/discharging rate for SIBs as
opposed to LIBs and consequently decreases its cycle stability, longevity and energy density. Therefore,
it prompts the deployment of hard carbon for SIBs as anode materials. In addition, graphite is utilized
for LIBs, which makes SIBs have lower electrochemical potential of the cathode materials than LIBs.
All of these factors compound the decreased working voltage of SIBs [4]. However, this apparent size
difference between Na and Li ions provides a larger space in sodium compounds, which enables SIBs
to eliminate the aforementioned shortcomings. In other words, lithium layered oxides (LiCoO> and
LiNiO.) can be synthesized from a small range of relatively high-cost transition metals such as cobalt
and nickel, whereas sodium layered oxides can be formed from their wider spectra (Ti, Cr, Ni, Fe, Co,
Mn) [5-8].

Among the explored cathode materials, some prospective candidates are layered transition metal
oxides due to scalable synthesis techniques, high reversible capacity, and particular structures oriented
in two dimensions [9-12]. One of them is Na2Mn3Oy7, which exhibits worthwhile electrochemical results:
minor voltage hysteresis between discharge and charge, large structural stability, and a relatively high
level of capacity [13]. As a layered structure, Na2Mn3O7 consists of two layers of MnzO7 formed by
MnQs octahedra links divided by sodium ions, which is analogous to the NaMnO; structure type [14,15],
except the structure has 1/7 Mn vacancies, which encourage oxygen-redox capacity without jeopardizing
the Mn-O bond [13]. However, layered transition metal oxides do not satisfy modern standards of
batteries. This issue can be approached by reaching an anion redox reaction (ARR), but the strategy
requires optimization of ARR stability, which can be implemented by doping a transition metal into a
transition metal oxide; however, the doping modifies the structure, band gap, band structure and
electrochemical characteristics, mainly the capacity and cyclability [16]. Recent research demonstrated
that doping Mg?* into Na,MnsOy increased the rate capabilities and specific capacities because Mg?*
decreased the Na* vacancy ordering and enhanced the diffusion of sodium ions, so Mg-doped material
had a high capacity of 143 mAh g after 30 cycles [17]. Similarly, aluminum-doped Na;Mn3O7
(Naz.4Alo4Mn,607) illustrates the increase in specific capacity to 215 mA h g~! in the voltage window
of 1.5-4.7 V at C/20 and relatively high cyclability at 40 cycles [18]. Titanium-doped Na:MnzO7
(Na2TiosMn2507) increases its capacity retention by 79.1% after 60 cycles and has an adequate rate
capability of 92.1 mAh g? at 0.5 A g. Both results are associated with modifications in ARR and a
reduction in Oz emission during the redox reaction [19].

The P2-type structure was mentioned to demonstrate a cut above electrochemical performance
due to stable ARR [20-22]. Iron, which is a low-cost, eco-friendly transition metal and has the
characteristics of other dopant materials, was considered to achieve this type of structure in metal oxides.
NaxFeO: is considered a promising candidate for SIB cathode materials, but its capacity fading due to
the unstable Fe** should be addressed [23,24].
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In this research, the doping of iron on a triclinic NaxMnz.xFexO7 layered transition metal oxide
was conducted in search of a stable cathode material. The impact of the introduction of small
proportional amounts of iron (x=0.5) on the electrochemical performance and structure of the cathode
material was investigated. The findings in our research imply that Fe ions can improve the specific
capacity and cyclability of the cathode material, which more notably positively affects the ARR. This
new cathode material can become a key player in the “green” design of the new generation of SIBs.

2. EXPERIMENTAL PROCEDURE

2.1 Material synthesis

The targeted compounds were synthesized through a solid-state reaction by mixing powdered
reactants, pressing them into pellets, and annealing them in a muffle furnace for the desired time. The
precursors NaNO3z, Mn(NOz3)., and Fe(NO3z)3 with a purity of >99%, which were purchased from Sigma
Aldrich, were ground together in a mortar using a pestle according to the stoichiometric ratio. The
amount of Fe(NO3)s in the initial powder mixture was adjusted to x = 0.0 and 0.5 in NazMnz.xFexOs.
After being thoroughly mixed, the powder was pressed into a pellet. Then, the pellet was placed in an
alumina crucible, transferred to a muffle furnace in open air and heated at 600°C for 5 hours with a
heating rate of 10°C/min for the annealing reaction to proceed. After it had naturally cooled in the furnace
to room temperature, the dark-brown powder was retrieved from the furnace and kept in an argon
glovebox for future analysis.

2.2 Characterization of as-synthesized materials

To evaluate the phase purity and crystal structure of the synthesized compound, XRD analysis
was obtained using XRD Rigaku SmartLab (Core facilities, Nazarbayev University). The parameters of
XRD were set to begin with 26=10-70° with a step of 0.02° and a speed of 7°/minute.

X-ray photoelectron spectroscopy (XPS, Core facilities, Nazarbayev University) was performed
by applying NEXSA G2 XPS, which offers a fully automated study of sample surfaces with several
methods. NEXSA G2 XPS was configured to have a sampling area of 3500 mm?, a thickness of 20 mm,
a voltage of 220 V, a frequency of 50 Hz, an X-ray spot size of 350 um, and a static magnetic field at 45
uT.

A Crossbeam 540 microscope was used for scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS) (Core facilities, Nazarbayev University) and JEM 1400Plus transmission
electron microscopy (TEM, Core facilities, Nazarbayev University) to investigate the morphology of the
samples. Additionally, inductively coupled plasma optical emission spectroscopy (ICP-OES, Core
facilities, Nazarbayev University), a footprint elemental analysis technique, was applied to obtain and
quantify the metal ion content in the material.
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2.3 Electrochemical performance

To evaluate the electrochemical properties of the materials, the active cathode materials were
blended with acetylene black (98% purity, MTI Corp.) and polyvinylidene difluoride (PVDF, 98%
purity, Sigma—Aldrich) in N-methyl pyrrolidinone (98%, Sigma—Aldrich) as a solvent in a weight ratio
of 8:1:1. After homogenous mixing, the resulting slurry was applied to aluminum foil (MTI Corp.) using
the doctor-blade method. The casted slurry was dried in a vacuum oven at 120°C for 8 h. Then, the
electrode was rolled and punched into a circular disk with a diameter of 14 mm and served as a cathode
for SIBs. Electrodes were individually weighed and incorporated into half-cells. The half-cell assembly
was conducted in an argon glovebox (Inilab, Germany) with an inert atmosphere filled with argon (O
<0.1 ppm and H20 <0.1 ppm) to avoid exposure to moisture and oxygen (particularly with sodium).
The half-cell consists of the CR2032 coin cell type. The electrode in the coin cell was a solution of
propylene carbonate with fluoroethylene carbonate (98:2) in 0.5-M sodium hexafluorophosphate.

2.4 Electrochemical measurements

Cyclic voltammetry (CV) data were collected from a Biologic SAS VMP-3 electrochemical
tester. To examine the cathode material capacity and cyclability, galvanostatic cycling of the half-cell
was performed over a specific voltage window of 1.5-4.7 V utilizing a multichannel battery tester “BT-
2000 Arbin” at a C rate of 0.1.

3. RESULTS AND DISCUSSION

The crystal structures of the synthesized pristine and Fe-doped samples were studied using XRD
patterns, which are shown in Fig. 1. The observable peaks of Na:MnzO; have indexed to their
corresponding crystal structure in Fig. 1. These peaks confirm that the material was crystallized in the
triclinic phase with a P1 space group. All diffraction peaks of the pristine material were consistent with
previous reports [15]. In contrast, the XRD patterns of the Fe-doped material revealed different peaks.
From the results, the materials crystallized into different crystal structures, unlike the bare compound.
Therefore, the Fe-doped compound can be indexed as a hexagonal phase with the space group P6s/mmc,
and other impurity peaks were not observed. When Fe was introduced to the crystal structure, the
intensity of the peaks decreased, especially the peak at approximately 16 degrees, which indicates that
it is more amorphous than the bare one.



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221234 5

— Na,Mn, gFe, s0,
— Na,Mn;0,

® P2type

= Pl type

Intensity / A.U.

I SV

ML i et

20 40 60
Cu Ko, 20 / degree

Figure 1. X-ray diffraction patterns of NazMnz.xFexO7 (x=0.0, 0.5)

Scanning electron microscopy (SEM) was used to determine the morphology changes of particles
between pristine and Fe-doped materials, and corresponding images are shown in Fig. 2. The undoped
material shows an evenly distributed crystalline surface (Fig. 2a). With the introduction of iron, the
particles have porous and irregular large crystal shapes, comprise well-outlined crystals, and exhibit
agglomerated particles (Fig. 2b). Due to the higher impact of guest molecules on the active site and the
good ability for the electrolyte to permeate, porous electrodes have exceptional electrocatalytic activity.

The reason is that they ensure proper wettability, which enables a quick transfer of reactants and
electrons.

Figure 2. SEM images of the NaoMns.xFexO7 : a) x=0, b) x=0.5.

To determine the distribution of the elements in the sample, SEM—EDS was performed on the
Na:MnzxFexO7 (x = 0.0, 0.5) samples, as shown in Figs. 2 and 3. The results demonstrate that the
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distribution of the elements is homogenous in both compounds. Thus, Fe ions were successfully
introduced to the crystal structure and well distributed.
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Figure 2. EDS mapping of the Na,Mn30O7
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Figure 3. EDS mapping of the Na2Mn2.sFeos07
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The exact cationic compositions were examined by ICP—OES analysis, and the results of
molecular ratios are collected in Table 1. Before ICP analysis, the samples were dissolved fully without
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forming a precipitate. For this experiment, a 50-mg sample before analysis was dissolved in a mixture
of 37% hydrochloric acid and 70% nitric acid. Then, the dissolved solution was diluted to 100 ml with
DI water. As shown, the molar ratio of each element in all samples is very similar to the initial formula.
In summary, the elemental composition of EDS analysis corresponds to the ICP results.

Table 1. Results of ICP-OES

Atomic Ratio
Sample Na/Mn Na/Fe Calculated formula
NazMngzsFeos07 0.7479 3.56 Na1.7sMn2.3gFeo 507
Na2Mn3O7 0.6428 0 Na1.sMn2gO7

To determine the oxidation states of the elements in the pristine and Fe-doped materials, X-ray
photoelectron spectroscopy (XPS) was performed. The results are displayed in Fig. 4. In the binding
energy region of 705-740 eV, multiplet splitting appeared, which corresponds to the following orbitals:
Fe 2p12and Fe 2ps2 (710.4 eV and 725 eV). The splitting of the two p orbital peaks of iron and satellite
peaks is equal to 8.4 eV, which corresponds to iron with an oxidation state of 3+. The binding energy of
the manganese valence electrons is in two regions: 642.5-655 eV duplets, which correspond to Mn 2p1,
and Mn 2ps;> with the oxidation state 4+ [18,25].
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Figure 4. XPS analysis of NazMnzsFegs507.
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Figure 5. Cyclic voltammogram of NazMnzxFexO7: a) x=0, and b) x=0.5.

To understand the reaction proceeding in the electrode, a CV analysis was conducted on Na,Mns.
«FexO7 (x =0, 0.5) in a potential range of 1.5-4.7 V at 0.1 mV s%. In case of NazMn3Oy, there are 3 main
reversible peaks appeared during oxidation and reduction, which indicates the Mn®*/Mn*" and oxygen
redox [13]. After 5 cycles, the intensity of the peaks decreased rapidly, specially at high voltage. On the
other hand, Na,MnzxFexO7 electrode displayed two peaks, the first peak in the range of 1.5-2.7 V
corresponds to the Mn®*/Mn** redox couple. The second peak in the range of 3.0-3.7 V corresponds to
the Fe®*/Fe** redox couple. Here the same peak intensity decrease was observed, however less compared
to the nondoped material.

The electrochemical performance of the Na2Mnz.xFexO7 (x = 0, 0.5) material was studied by
constructing the half-cell configuration. The half-cells were cycled in the voltage range of 1.5-4.7 V at
a current density of 20 mA g*. The bare Na2Mn3sO7 compound delivered an initial charge capacity of
approximately 100 mAh g, which was derived from oxygen redox, since the oxidation of Mn is 4+ and
cannot be further oxidized in the normal voltage range. During discharge, oxygen was reduced, followed
by the reduction of Mn** to Mn®*, which delivered approximately 190 mAh g of capacity. From the
following cycles, the fast dropping of capacity was observed cycle by cycle. The electrochemical test
data reveal that the cycle stability can be monotonously improved with the Fe doping content in
Na2Mn_ sFeo 507 compounds. The initial charge capacity above 200 mAh g is delivered with the doped
compound, which is double the delivery of the bare compound during the initial charge cycle. Moreover,
it is favorable in terms of full-cell assembly because no presodiation process or additives are required.
The delivered capacity was driven by oxygen and Fe** to Fe** oxidation. During discharge, a capacity
of approximately 175 mAh g was obtained. In the following 5 cycles, the capacity fading rate is much
higher than that of the bare electrode.
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Figure 6. Charge-discharge profiles of Na;Mns.xFexO~ in the voltage range of 1.5-4.7 V ata 20 mA g™:
a) x=0, and b) x=0.5

The cells were continuously cycled 25 times at a constant current. As Figure 7 shows, the Fe-
doped electrode demonstrated better cycling performance by retaining approximately 70% of its initial
capacity. Meanwhile, the capacity retention for bare electrodes after 25 cycles was approximately 60%.
Thus, Fe doping can significantly enhance the capacity retention by stabilizing the crystal structure of
Na2Mnz sFeos07. Among the reported studies, which are shown in Table 2, the retention of the capacity

IS not attractive, however, need to pay attention on the voltage range that cells are cycled. At high voltage,
the batteries tend to degrade faster.
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Figure 7. Cycling performance of the cathode materials in the voltage range of 1.5-4.7 V at 20 mA g'*
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Table 2. Comparison of the Fe/Mn based cathodes
Material Initial discharge | Capacity retention Voltage Ref.
capacity / mAh g / % (cycle) range / V
1
03-Naz/zFe23Mn1302 157 78 (15) 15-4.2 [10]
P2-Nag/3Fe23Mn130; 151 80 (15) 15-4.2 [10]
P2-Nao 67FeosMno 502 105 85 (30) 15-4.3 [11]
P2-Nao 67FeosMno 502 125 40 (30) 1.5-43 [11]
03-Naz;zFe12Mn1202 130 88 (25) 20-4.0 [12]
P2- NazzFe12Mny,02 115 78 (25) 20-4.0 [12]
Nao sFe05Mno.502 130 85.4 (30) 1.5-4.0 [21]
Nao 5[ Lio.os(Fe0.5Mno5)0.95]O2 135 90 (30) 1.5-4.0 [21]
Nao.s[Lio.1(FeosMno5)0.9]O2 145 93 (30) 1.5-40 [21]
Naos[Lio.2(FeosMnos5)0.8]O2 130 95 (30) 1.5-4.0 [21]
NazMn; sFeo 507 175 70 (25) 1.5-47 This
work

4. CONCLUSION

In summary, we investigated the effect of Fe ion doping on the Na:Mns.xFexO7 (x=0.0, 0.5)
layered cathode material. XRD data revealed that when the materials were doped with Fe, they preferred
to be crystallized in a P2-type structure to a P1-type structure. The electrochemical performance showed
that the introduction of Fe increased the initial charge capacity, which is favorable in the full-cell
configuration. In terms of cyclability, the doped electrode presented better cycling performance than the
bare electrode by retaining 70% of the initial capacity. Currently, the materials are being deeply studied
with state-of-the-art techniques, and the results will be published soon.
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