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Magnetic, and Mössbauer Studies
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Mn-doped sodium iron fluorophosphates Na2Fe0.9Mn0.1PO4F were synthesized using ball milling via a solid-state reaction route.
The crystal structure and magnetic properties of the as-prepared materials were studied by using X-ray diffraction (XRD),
superconducting quantum interference device (SQUID), and Mössbauer spectroscopy. Structural refinement of Na2Fe0.9Mn0.1PO4F
was analyzed using the Fullprof program. From the XRD patterns, the crystal structure was found to be orthorhombic with the space
group Pbcn. Na2Fe0.9Mn0.1PO4F has a 2-D layered structure composed of a pair of Fe(Mn)O4F2 octahedrons through fluorine ion
sharing, similar to that of Na2FePO4F. The temperature dependence of the zero-field-cooled (ZFC) and field-cooled (FC) curves was
measured at temperatures ranging from 1.8 to 295 K under an applied field of 100 Oe. We confirmed that the Néel temperature was
2.5 K, which is lower than that of Na2FePO4F (TN = 3.4 K). Mössbauer spectroscopy measurements at 4.2–295 K were conducted.
At all the temperatures, the spectra were fitted with a double and were determined to be Fe2+ ions based on an isomer shift (δ).
In addition, the large value of the electric quadrupole splitting (�E Q) is explained by the asymmetric local environment of the
Fe ions.

Index Terms— Crystal structure, magnetic properties, Mössbauer spectroscopy, sodium–iron–fluorophosphate, superexchange
interaction.

I. INTRODUCTION

EVER since it was first reported in 1997, lithium iron
phosphate has been continuously developed owing to

its ecofriendly and stable properties for use in lithium-ion
batteries [1]–[3]. However, as the demand for batteries and
energy storage for electric vehicles has expectedly increased,
concerns have been raised regarding the future cost of lithium.
Sodium-based polyanion cathode materials have also attracted
interest, and many new polyanion compounds have been
developed and investigated. To achieve higher energy den-
sities, cathode materials with higher voltages have attracted
attention in recent years [4]–[6]. Studies on sodium–lithium
fluorophosphate (AMPO4F, A = Li, Na, M = Fe, Mn, Co,
Ni) as a cathode material for battery cells have continuously
been reported [7]–[9]. AFePO4F has a 2-D intercalation dein-
tercalation pathway for a Na+/Li+ ion transfer with improved
ionic conductivity [10]. The addition of fluorine causes a
negative charge, and thus, another positive charge is needed
to maintain the charge balance, which can lead to a larger
capacity. In addition, fluorine has a higher electronegativity
than oxide, which increases the redox potential [11]. The
Na2FePO4F has a 2-D layered structure, and thus its electron
conductivity is higher than that of LiFePO4, and because there
are two sodium ions, the exchange of one or more electrons
can occur during a charge/discharge [12], [13].

Mn-based phosphates have a higher redox reduction poten-
tial than Fe-based phosphates [14], [15]. When the Mn content
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in Na2Fe1−x MnxPO4F is x = 0.25 or more, a 3-D tunnel struc-
ture is formed and an electrochemical activity is exhibited;
however, such a structure has been reported to have a lower
voltage stabilizer and electrochemical performance than a 2-D
layer structure [16]. This interesting change plays an important
role in improving the performance of the cathode material.
The replacement of Mn improves the redox potential, and the
redox characteristic is determined by the Fe ion coupling in
the charge–discharge mechanism of the battery [17], [18].

Although numerous studies on crystallographic and physics
properties have been conducted on AMFePO4F cathode mate-
rials, the charge distribution, electronic state of Fe ions, and
magnetic properties through the substitution of the transition
metals have not been deeply considered.

Therefore, research is being conducted to improve the
performance by substituting Mn in place of Fe, which can
be used in batteries requiring a higher output through the
improved redox potential [19], [15].

In this article, the crystal structure and temperature-
dependent magnetic properties of Na2Fe0.9Mn0.1PO4F were
studied, and we investigated the charge and spin states of
Fe(Mn) ions, which are important for cathode material appli-
cations, by substitute transition metals such as Mn ion.

II. EXPERIMENTS

Sodium iron fluorophosphate Na2Fe0.9Mn0.1PO4F was syn-
thesized using a two-step method. The NaFe0.9Mn0.1PO4

sample was prepared using ball milling and a solid-state
reaction method. The starting materials were Na(CH3COO),
FeC2O4·2H2O, MnCO3, and NH4H2PO4, mixed at a ratio of
1:0.9:0.1:1. In addition, zirconia balls and a 500 ml stainless
steel jar were used during the milling process. In atmospheric
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