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ABSTRACT

In the search of cathode materials for Na-ion batteries, iron-based compounds have attracted much attention due to the abundant resource,
easy access, and environmental friendliness of iron. Herein, we report the synthesis, structure, and electrochemistry of a previously unknown
compound in the Na-Fe-F system, formulated as Na,FeF,. It is prepared by an easy and mild hydrothermal reaction with oxalate as a Fe*"
protector. Based on the single crystal x-ray diffraction analysis, it crystallizes in space group Pmcb with a=3.255 (3) A, b=5.591(7) A, and
¢=9.557(1) A. The crystal structure features edge-sharing FeF octahedra to form [FeF,]. chains with Na™ ions located between chains. In
electrochemical investigations, it is demonstrated that the material can deliver a reversible capacity of ~90 mAh g~ " for 300 cycles in the win-
dow of 1.5-4.3 V with redox reactions at ~3.0V (vs Na'/Na). Such an activity originates from the Fe’"/Fe*" redox couple, confirmed by
x-ray absorption spectra and first-principles calculations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0111765

Inorganic metal halides are of great importance in developing
materials for energy production and storage, microelectronics and
photonics, photoluminescence, catalysis, automotive applications,
etc."” Among these, alkali metal-transition metal fluoride compounds
(AM,F,, A/M either single or mixed atoms) are gaining increasing
attention for their potential applications in magnetism, multiferroicity,
and ion conductivity as well as electrochemistry.” Being a basic task
for solid state chemists, profound studies have been carried out to gain
better knowledge of relationships between the structure and pertinent
physical properties. As expected, the diverse properties of A,M,F,
compounds may be attributed intrinsically to their diverse structural
types. Usually, the structure of A,M,F. fluorides is described by the
connectivity of the (MF,)” building units, when these polyhedra

share one, two, or three vertices to form isolated polyanions, chains,
layers, or three-dimensional [MyFZ]xf frameworks. Several families,
including AMF;, AMF,, A,MFs, A,MFg, AsMFq, and A,M,F;, are well
characterized.”

At the same time, with the critical role of sodium-ion batteries
for large scale energy storage,”” iron-based compounds have gained
much attention as potential cathode materials, especially for Fe’*-
based ones, which show merits of rich resources, easy access, and envi-
ronmental friendliness.'’"'* Therefore, intensive efforts have been
devoted to the Na,Fe,F, system, resulting in the discovery of NaFeF;,
NaFeF,, Na,Fe,F, NasFeF,, and NasFe;Fy,." " The applied synthesis
techniques include conventional solid-state reactions and unconven-
tional processes such as solvothermal, mechanochemical, gaseous
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fluorination, and reaction in ionic liquids.B‘”’19 Since iron exhibits
variable oxidation states, explicit control of synthesis conditions is
required to obtain the desired target. In solvothermal methods, an HF
solution is widely used as a fluorine source. However, it is a contact-
poison with the potential for deep, initially painless burns or even
worse damage to humans. Therefore, caution should be taken to avoid
any skin exposure. Moreover, in mechanochemical methods, a protec-
tive atmosphere, such as Ar gas, is needed to keep iron in the reduced
state, Fe?t.

Herein, we present an easy and mild method to stabilize Fe**,
and we report the discovery of an unknown compound in the
Na-Fe-F ternary system formulated as Na,FeF,. Determined from
single crystal x-ray diffraction data, its structure is characterized by
parallel-aligned [FeF,] ., chains composed of edge-shared FeFg octahe-
dra with sodium ions locating between the chains. Moreover, its elec-
trochemical performance is thoroughly studied as a cathode material
in a Na-ion battery. It exhibits a reversible capacity of ~90 mAhg ™"
with redox reactions at ~3.0 V vs Na*/Na in the window of 1.5-4.3 V
for 300 cycles. Such an activity originates from the Fe’*/Fe*" redox
couple, as confirmed by x-ray absorption spectra and first principles
calculations.

We have recently shown that solvothermal synthesis is a good
way of crystallizing molecular-based magnetic materials, particularly
when small anions, such as oxalate and squarate, are used.”””" This
approach has several advantages, including the ability to synthesize
otherwise unobtainable materials and the possibility to form materials
in which the structure is modified by the presence of included small
ions such as halides and groups 1 and 2 cations, within the lattice. In
this work, using oxalate acid as both the pH adjustor and Fe*" protec-
tor, light yellow transparent Na,FeF, crystallites [Fig. 1(a)] were syn-
thesized by a hydrothermal reaction. The chemical composition of a
crystallite was determined by energy dispersive x-ray spectroscopy
(EDS) coupled with scanning electron microscopy (SEM) (Fig. S1 and
Table S1 in the supplementary material). Since the analytical data on
composition from EDS are only qualitative, often with high errors, a
single crystal was chosen to collect single crystal x-ray diffraction data
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FIG. 1. Characterization and structure analysis of Na,FeF,. (a) The optical micro-
graph. (b) Unit cell showing parallel-aligned [FeF,]., chains. (c) A [FeF4].. chain.
(d) Rietveld refinement of the PXRD pattern.
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(SXRD), which is a sound technique to detect the accurate composi-
tion as well as the structure of crystalline samples. Based on the SXRD,
the chemical formula of the obtained sample is Na,FeF,, and it adopts
the Sr,PbO, structure type in the orthorhombic space group Pmich
(no. 55) with one iron, one sodium, and two independent fluorine sites
in each asymmetric unit (Tables S2 and S3 in the supplementary mate-
rial). The structure consists of infinite edge-sharing chains of FeFq
octahedra propagating along the a-axis [Figs. 1(b) and 1(c)] with Na
in “capped” trigonal prismatic (seven-coordinate) sites between chains
(Fig. S2 in the supplementary material). The Fe atom sits on a site of
2/m point symmetry, leading to four equivalent, bridging Fe-F bonds
of 1.993 A and two shorter terminal Fe-F bonds of 2.217 A (Fig. S3
and Table S4 in the supplementary material). The orthorhombic
Sr,PbO, structure type is structurally related to the high pressure
“post-perovskite” phase of MgSiOs, in which the edge-sharing chains
are further linked through shared octahedral corners into infinite
sheets.””

Further analogs of Na,FeF, are known for chlorides, Na,MCl,
(M = Mn, Mg, Cd), but this exact structure type has not previously
been reported for a fluoride.”® There is, however, a monoclinic variant,
which occurs for Jahn-Teller active M, for example, in Na,CrCly,
Na,CuF,, Na,CrF,, Na,AgF,, and ff-K,AgF,. The elongation of the
MXg octahedron due to the Jahn-Teller effect lowers the site symme-
try at M to 1, leading to three distinct M-X bonds and space group
P2,/c (Table S5 in the supplementary material).

The existence of two polymorphs of K,AgF, illustrates the subtle
balance between different competing polymorphs of stoichiometry
A,BX,. In the case of the fluorides, the well-known layered perovskite
(Ruddlesden-Popper) type K,NiF, structure and its lower symmetry
variants are favored for larger A-cations (A =K, Rb, or Cs), and this is
indeed the structural family of the metastable «-K,AgF, in addition to
K,FeF, and Rb,FeF,”" The Li-containing fluorides and chlorides,
A,BX,, prefer the inverse spinel structure type with both octahedral
and tetrahedral Li. Other known phases in the Na-Fe"-F system
include both the perovskite and post-perovskite polymorphs of
NaFeF;.

A powder x-ray diffraction (PXRD) pattern on a hand-ground
sample was collected, and the Rietveld method was used to fit the data
to the single crystal structural model. The result shows that the phase
of the powder agrees well with the single crystal structure and is of
high purity [Fig. 1(d)]. The infrared (IR) spectrum shows only three
absorption peaks at small wavenumbers, i.e., 455, 436, and 413 cm !
(Fig. $4 in the supplementary material), which can be assigned to Fe-F
vibrations.” It further confirms the sample’s composition.

Air stability is also an important consideration for electrode
materials. Materials with good air stability can avoid the complexity of
preparation and storage processes, which may otherwise cause compo-
sition and structure changes and, thus, performance degradation.
Meanwhile, the easy storage conditions can also reduce the cost. To
evaluate the air stability of Na,FeF,, its crystallites were placed on plas-
tic petri dishes and exposed to air (room temperature, about 60%
humidity). The Na,FeF, crystallites before and after air exposure were
characterized by optical microscopy, PXRD, and FTIR. After 7 and 14
days of air exposure, trace amounts of black impurities appeared on
the surface, while no other observable crystal defects (cracking, pulver-
ization, water absorption) can be seen [Figs. S5(a)-S5(c) in the supple-
mentary material]. The PXRD and FTIR spectra of the original
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samples were compared with those exposed to air for 7 and 14 days,
and these were basically the same [Figs. S5(d) and S5(e) in the supple-
mentary material]. Therefore, it can be concluded that Na,FeF, has
good air stability.

Supposing the Fe redox couple works out in Na,FeF, as
in most iron-based cathode materials, its theoretical specific capacity is
calculated to be ~150 mA g~ '. Meanwhile, if the valence state of iron
goes further to +4, which has been reported in a few cases, a theoreti-
cal capacity as high as 300mA g~ ' can be expected.

Before the electrochemical study, pristine crystallites were ball-
milled and mixed with conductive carbon to improve the sample’s
electric conductivity. Samples after each treatment were checked by
PXRD to ensure their phase purity [Fig. S6(a) in the supplementary
material]. The broadened diffraction peaks after ball milling also indi-
cate the particles have been downsized significantly. The final compos-
ite powder was checked by SEM and EDS [Fig. S6(b) in the
supplementary material], which showed the particles of Na,FeF, had
been reduced to micrometer size, on average, and are evenly mixed
with conductive carbon. Such a composite is thereafter coated on
carbon-coated aluminum foils and ready to serve as an electrode.

The electrochemical activity of Na,FeF, was tested in a galvano-
static mode. As the iron in the pristine sample is in the +2 valence
state, the test started from charging. Figure 2(a) presents a typical sta-
bilized galvanostatic charge-discharge (GCD) curve of a Na-half cell
in the voltage window of 1.5-4.3 V at the current density of 0.1C
(1C=150mA g ', details in Methods in the supplementary material).
Two related plateaus can be observed at 3.05 and 2.97 V for the charge
and discharge processes, respectively [Fig. 2(b)]. The initial cycles
(~25) are activating processes, after which the cell is stabilized with a
discharging capacity of approximately 90 mAhg ' (based on the

2+/Fe3+
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weight of Na,FeF,) and Coulombic efficiency (CE) approaching 99.8%
[Figs. 2(c) and 2(d)]. The plateaus became more obvious along with
cycles, thanks to the more exposed active sites upon electrochemical
grinding effect. After 300 cycles, the discharging capacity remains 90
mAhg . The cell exhibits excellent stability as can be clearly seen
from the time-dependent cycling curves and the average discharge
voltage for the last 50 cycles (Fig. S7 in the supplementary material).

The rate performance is also evaluated by changing the current
density [Fig. 2(e)]. From 0.05, 0.1, 0.5, 1, 2 to 3 C, the cell’s capacity
drops down gradually from 107 to 48 mAh g~ ". The capacity retention
from 0.05 to 3 C is around 45%. Afterwards, with the decrease in the
current density, the capacity increases step by step and returns to 100
mAh g " at 0.05C. The CE for each current density is generally steady
at 95%. Such results demonstrate the stability and also the good rate
performance of the Na,FeF, cathode compared with other fluoride
cathodes (Table S6 in the supplementary material).

As a supplementary study, the capability of Li-ion storage in the
Na,FeF, cathode was preliminarily measured using a Li foil anode and
a Li-ion electrolyte. Lithium and sodium are analogous to each other,
while their radii are different, i.e., 0.76 and 1.02A for Lit and Na*,
respectively. Normally, materials capable of Na* storage are also suit-
able for Li" storage, but the opposite shall depend on more factors
such as channel size and framework stability. The radius difference
also causes the easier and faster Li™ migration than Na™ in the host
materials. Therefore, the Na™ ions desert from the Na,FeF, cathode in
the initial charging process, and then Li" ions from the electrolyte
insert in the cathode in the initial discharging process. The following
cycles shall work on Li* de-/insertion. Similar phenomenon has also
been reported widely.””*” Our cells cycled in the 1.5-4.3 and 2.0-4.3 V
displayed similar redox reactions above 3.0V after stabilization,
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FIG. 2. Electrochemical reversibility of Na™ de-fintercalation in NasFeF, in the voltage window of 1.5-4.3 V. (a) Representative charge/discharge curve at 0.1 C. (b) The corre-
sponding dQ/dV vs voltage curve. (c)-(e) Long-term cycling stability test at 0.1 C; (c) the evolution of charge/discharge curves; (d) capacity and CE evolution; (e) rate perfor-

mance from 0.05 to 3 C.
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despite the different capacity (Fig. S7 in the supplementary material).
Both cases shall be working on the Li" de-/intercalation reaction by
comparing with Na-based half cells.

To investigate the electrochemical reaction mechanism, Fe
K-edge synchrotron x-ray absorption spectroscopies (XAS) were
recorded, which revealed that the reversible capacity is mainly attrib-
uted to the Fe’"/Fe’" redox couple. In detail, by comparing the Fe
K-edge x-ray absorption near-edge spectra (XANES) [Fig. 3(a)], it is
seen that a shift of the main-edge toward higher energy was detected
in the 4.3 V-charged sample, indicating the oxidization of the Fe atom
during the charging process. Meanwhile, an opposite shift was
observed in the 1.5 V-discharged sample, suggesting the reduction of
the Fe atom during the discharging process.'”'* XANES curves of
1.5 V-discharged and pristine samples are highly overlapped, revealing
the good reversibility of the process. Such evolution confirmed that the
redox activity of Na,FeF, in the voltage window of 1.5-4.3 V is based
on the Fe’*/Fe’" redox couple.

In addition, the Fe extended x-ray absorption fine structure
(EXAFS) of Na,FeF, samples in different states was examined. As
shown in Fig. 3(b), the k*-weighted R-space EXAFS patterns displayed
similar profiles of a strong peak centering around 1.5 A, suggesting
that the Na™ de-/intercalation had not triggered serious damage to the
environment of the central Fe atom, and its nearest shells were mostly
maintained. This indicated the stability of the FeF4 coordination envi-
ronment to some extent, since it withstood the structural and charge
perturbation caused by charging and discharging. Meanwhile, the
Fe-F peaks shift to smaller and larger radius for the charged and dis-
charged states, respectively. Such evolution is in agreement with the
bonding trend of Fe*" -F and Fe*'-F and, therefore, further demon-
strates the reversibility of the redox reactions of Fe’*/Fe’™ in the
1.5-4.3 V voltage range.

The structural evolution was also monitored by collecting PXRD
patterns on recovered samples. As shown in Fig. 3(c), the diffraction
peak at 18.3° is related to the (011) plane of Na,FeF,, and the peaks at
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FIG. 3. Electrochemical reaction mechanism study of Na,FeF, in the voltage win-
dow of 1.5-4.3 V. (a), normalized Fe K-edge XANES spectra of samples at pristine,
4.3 V-charged, and 1.5 V-discharged state. (b) The corresponding R-space EXAFS.
(c) Ex situ PXRD patterns.
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26.3°,38.3°, and 44.6° come from the current collector. At the charged
state, PXRD shows an essentially amorphous material with the weak-
ened (011) peak shifting to higher angle (19.0°), while at the dis-
charged state, the crystallinity of the original phase is recovered and
the diffraction peak of the (011) plane returns back to lower angle. It is
unfortunate that the precise determination of the structural changes
upon cycling by lab-based PXRD is not possible. On the one hand, the
crystallites had been sized-down to sub-micrometers and mixed with
conductive carbon and binder before constructing into cells. On the
other hand, the activating process has probably formed a cathode-
electrolyte interface covering the cathode, and the electrochemical
grinding effect further reduced the crystallinity of Na,FeF, particles.
To make the situation worse, the only available Cu Ka-based PXRD
facility during this study induced strong fluorescence effects on our
Fe-contained sample and lowered resolution of the PXRD patterns.

Finally, we carried out first-principles calculations based on a
hybrid density-functional theory/Hartree-Fock approach™ to further
elucidate the electrochemical activity mechanism. The iron ion in
Na,FeF, is found to be stable as high-spin Fe*" with a calculated mag-
netic moment of 3.73 . The compound has a calculated bandgap of
3.5eV (indirect), and the top of the valence band is predominantly
composed of Fe 3d states (Fig. S8 in the supplementary material). As
Na extraction involves removing electrons from the valence-band top,
the electronic structure suggests that the intrinsic extraction/(re)inser-
tion would involve the Fe*"/Fe* redox center. Indeed, we find that
Fe*" is oxidized to Fe>* upon removing the first Na from Na,FeF;
the calculated magnetic moment of high-spin Fe>* is 4.35u5. The
average redox potential is 3.03 V vs Na between Na,FeF, and NaFeF,
in excellent agreement with the experimental value. Further removal
of Na from NaFeF, results in Fe>* being oxidized to Fe**; however,
this redox reaction has a very high voltage (6.58 V vs Na) and, thus,
could not be observed in the experiments.

In summary, an iron-based fluoride, Na,FeF,, has been devel-
oped by a mild hydrothermal reaction, and its electrochemical activity
for sodium-ion storage has been investigated. Its structure contains a
framework of parallel-aligned [FeF,]., chains with Na™ ions locating
between the chains. When cycling in the window of 1.5-4.3 V against
Na*/Na, Na,FeF, is capable of reversibly delivering a capacity of ~90
mAhg " for 300 cycles with redox reactions at ~3.0 V. Such an activ-
ity is based on Na™ de-/insertion upon Fe*"/Fe’" reactions, as illus-
trated by synchrotron XAS, PXRD, and first-principles calculations.
The present study offers an effective preparation method of a Fe**-
based fluoride, using oxalate as the Fe*" valence state protector, and
provides a fluoride cathode for sodium-ion storage.

See the supplementary material for details on the experiments
and calculations, crystallographic data, SEM and EDS, IR, air stability,
electronic structure, and Li-half cell performance.
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