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Phasing out fossil fuels and replacing them with CO2-
emission-free renewables, such as solar and wind, remains

a great challenge, as it requires the integration of large and
inexpensive stationary rechargeable batteries into the electric
grid to stabilize the energy production−consumption mismatch
caused by the intermittent nature of these energy sources.1,2

The energy density of these stationary batteries is of secondary
significance in comparison to the cost of stored energy per
cycle (expressed in ¢/kWh-cycle). Stringent cost requirements
for grid-scale batteries can be met only with low-cost and easy-
to-produce battery components. To achieve this goal, lithium
and sodium rechargeable battery technologies based on
inexpensive cathode materials composed of highly abundant
elements are being intensely explored.3−6 In this context,
batteries that employ a NaFeF3 fluoroperovskite cathode
present numerous advantages, such as earth abundance of its
chemical elements, its intrinsically high oxidative stability, and
its high theoretical capacity of 197 mAh g−1 for one-electron
operation.7−12 Upon electrochemical charging in sodium or
lithium electrolytes, Na ions can be deintercalated from the
NaFeF3 structure, forming a FeF3 phase with concomitant
sodiation/lithiation of the anode (Figure 1). The fundamentally
important advantage is that a NaFeF3 cathode can be paired
with sodium/lithium-free anodes (e.g., graphite, hard carbon,
Si). However, alkali-metal-free iron fluorides cannot be used for
the full-cell configuration, unless they are paired with exotic Li/
Na-containing anodes. Furthermore, LiFeF3 remains elusive;
i.e., it has never been synthesized and it is predicted to be

thermodynamically unstable, making NaFeF3 essentially the
only choice for Li ion storage.8

NaFeF3, nevertheless, still faces a number of obstacles before
it can be practically deployed. The foremost issue is its high
electrical resistance, which is caused by the ionic characteristics
of the metal−fluoride bond. At best, this limits the cyclability of
the battery, especially under high C-rates.7,9−11 At worst, it
drastically reduces the achievable capacity. However, this
problem can be partially resolved both by downsizing the
bulk material to the nanoscale and by mixing it with conductive
additives, such as amorphous carbon particles. This allows for
percolation, which enables electronic transport in the electrode,
and a short conduction path within the insulating phase.13 As
an example, highly electronically insulating LiFePO4 became a
practical cathode material and was eventually commercialized
only after its mean primary crystallite size was reduced to below
100 nm.14 Therefore, it is highly desirable to solve the inherent
issue of the NaFeF3 cathode’s low electronic conductivity via
direct nanoscale synthesis to pave a path for its application as a
cost-effective cathode for stationary energy storage.
We chose sodium−iron hexafluoroacetylacetone NaFe-

(hfac)3 as a precursor for the colloidal synthesis of NaFeF3
NPLs. Inexpensive synthesis of this compound was recently
reported by Dikarev et al.15 The chemical bonding in crystalline
NaFe(hfac)3 is depicted in Figure 2.15 NaFe(hfac)3 is
synthesized in a high yield using a one-step reaction between
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Figure 1. Schematics of the charge and discharge process of the
NaFeF3 cathode and sodium/lithium-free anodes in a full-cell
configuration with sodium and lithium electrolytes.

Figure 2. Fragment of the chemical structure of crystalline
NaFe(hfac)3.
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sodium hexafluoroacetylacetone and iron(II) chloride in
acetone. We note that the only work that has been previously
reported on the electrochemical performance of sodium metal
fluoride nanocrystals was performed by Yamaki et al.10,16

Nanosized (10−600 nm) NaFeF3 was produced using a liquid
phase synthesis in a mixture of oleic acid and oleylamine by
reacting iron and sodium trifluoroacetates. The NaFeF3 NCs
exhibited discharge capacities ranging from 181 to 45 mA h g−1

for sodium ion storage when the current rate was varied from
0.01 to 1 C. These results showed that nanoscopic NaFeF3 is
capable of operation at close to its theoretical charge-storage
capacity, unlike the bulk material.
Here, we report a simple synthetic route for crystalline

NaFeF3 NPLs through the thermal decomposition of
heterometallic, fluorinated, β-diketonate NaFe(hfac)3 in benzyl
ether or 1-octadecene (ODE) with oleic acid (OAc) and
oleylamine (OAm) as ligands. We determined that the NaFeF3
NPLs exhibit a high cyclic stability as cathode materials in both
sodium and lithium ion batteries, delivering initial capacities of
153 mAh g−1 and 183 mAh g−1, respectively. Half of these
capacities were retained after prolonged operation over 200
cycles at a current density of 0.2 A g−1 (∼1 C).
Figure 3a outlines the liquid-phase synthesis of high-quality

NaFeF3 NPLs using NaFe(hfac)3 as a single-source precursor,

benzyl ether, or 1-octadecene as high boiling point organic
solvents and OAc and OAm as the surface capping ligands. The
combination of solvents and various possible ligands is essential
for the preparation of phase-pure and monodispersed NaFeF3
NPLs. Decomposition of NaFe(hfac)3 in pure ODE or benzyl
ether in the absence of ligands leads to the oxidation of Fe(II)
to Fe(III). The final product contains either bulk Na3FeF6 or a
mixture of Na3FeF6 and NaFeF3 fluorides. We further assume
that OAm might serve as a mild reducing agent that prevents
the oxidation to Fe(III). To obtain monodisperse, pure-phase
NPLs, an appropriate combination of solvents and OAc/OAm
is necessary in the synthesis. The thermal decomposition of
(hfac)-compounds might follow a process similar to that seen
in better-studied trifluoroacetates.16−22 For the latter cases, it is
assumed that, after decarboxylation, a CF3

− anion is formed,
which subsequently dissociates into a fluoride ion (F−) and
difluorocarbene (CF2).

23 F− is then combined with a metal ion
to form the corresponding metal fluoride. Uniform, square-
shaped 100 nm NPLs of NaFeF3 were produced when the 0.5
mmol precursor was combined with the OAc/OAm mixture
(1:1 volume ratio) and heated at 260 °C for 60 min.
Representative transmission electron microscopy (TEM) and
scanning transmission electron microscopy (STEM) images of
the NaFeF3 NPLs are shown in Figure S1a−c, respectively. The

Figure 3. (a) Schematics of the one-pot synthesis of NaFeF3 NPLs; (b) powder X-ray diffraction pattern and (c) HAADF-STEM image of NaFeF3
NPLs; (d) composite of the color maps shown in (e), (f), and (g); (e) Na Kα, (f) Fe Kα, and (g) F Kα color maps extracted from a EDS-STEM
hypermap acquired from NaFeF3 NPLs.
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STEM images are acquired with the atomic number sensitive,
high-angle annular dark field detector (HAADF STEM). When
a larger amount of OAc was added to the reaction mixture
(OAc/OAm = 2:1), the final product again contained a mixture
of Na3FeF6/NaFeF3 fluorides. Under the opposite conditions
(OAc/OAm = 1:2), spherical Fe3O4 nanoparticles and a
mixture of fluorides were obtained. Excessive OAm could lower
the reactivity of F− ions, inhibiting the formation of NaFeF3
and promoting the formation of oxides (from the decom-
position of Fe oleates).16 When other ligands, such as
trioctylphosphine, were introduced, iron(II) fluoride appeared
as a side product. Temperature was another important factor.
Short reaction times and temperatures below 240 °C often
yielded NaF impurities, even at the optimized OA/OAm ratio
of 1:1.
As illustrated in Figure 3b, the powder X-ray diffraction

(XRD) pattern of pure-phase NaFeF3 NPLs shows an
orthorhombic perovskite structure with the space group
Pnma. The orthorhombic lattice parameters, refined by Rietveld
method, are a = 5.6651(4) Å, b = 7.8869(6) Å, and c =
5.4879(4) Å (Figure S2, Table S1). As follows from the high-
resolution transmission electron microscopy (HRTEM) image
(see Figure S3), the top facet of the NaFeF3 NPLs is a plane
(100).
The elemental distribution of Na, Fe, and F within the NPLs

was examined by energy dispersive spectroscopy (EDS)
employed in the STEM operation mode using about 0.7−0.8
nm probe size (Figure 3c−g). A certain amount of the oxygen
signal (Figure S4a) can be attributed to the minor oxidation of
the NPLs during the synthesis, cleaning, or the preparation
procedure of the TEM specimen. X-ray lines for F Kα and Fe
Lα are close in energy, with a difference of only 27 eV. As
follows from the electron energy loss spectroscopy (EELS)
spectra of NaFeF3 NPLs (Figure S4b), the Fe-L23-edge is
represented by the L3 and L2 lines, whereas the other lines
correspond to the K-edge of the fluorine.
The presence of this two-peak feature in the F−K-edge has

been previously observed for other metal fluorides. The main
peak of the F−K-edge, centered at 684 eV, is attributed to the
covalently bonded fluorine, likely stemming from the possible
C−F bonded organic side product.
Prior to the electrochemical experiments, highly insulating

long-chain capping ligands (OA/Oam) had to be removed
through mild chemical treatment. We found that the hydrazine-
based ligand-removal protocol, which was initially developed
for colloidal quantum dots,24 was highly effective in rendering
the NaFeF3 NPLs organic-ligand-free (see Figure S5). Un-
treated, organic-capped NaFeF3 NPLs yielded no operational
electrodes.
For the electrochemical measurements, the NaFeF3 electro-

des were prepared by mixing a powder of NaFeF3 NPLs with
carbon black (CB), polyvinylidene fluoride (PVdF), and N-
methylpyrrolidone (NMP), and the resulting slurries were cast
onto an aluminum foil as a current collector. Coin-type cells
were employed for the electrochemical tests. The cell consisted
of a sodium or lithium disk as a counter and reference electrode
and NaFeF3 as a working electrode, and a glass−fiber separator
was placed in between both electrodes and soaked with a
sodium or lithium electrolyte. All electrochemical measure-
ments were performed using the constant-current/constant-
voltage (CCCV) method of charging within insertion region
(between 1.5 and 4 V and 2−4.2 V for Na ion and Li ion cells,
accordingly, see Figure S6).

Figure 4a shows the typical voltage profiles of the Na and Li
ion half-cells employing NaFeF3 NPLs as an active material at a

relatively high current density of 0.2 A g−1. After the 20th cycle,
Na and Li ion storage capacities of 91 mAh g−1 and 155 mAh
g−1 were obtained, respectively, indicating suitable electronic
conductivity and charge-transfer kinetics in the NaFeF3
cathodes. The shape of the voltage profiles as well as the
cyclic voltammetry (CV) curves for Na ion storage (Figure
S7a) were rather smooth, suggesting a slow and gradual
desodiation of the NaFeF3 NPLs, without the formation of
intermediate phases, even at a very low current density of 20
mA g−1 (Figure S7b). In fact, such behavior with stretched-out
features in the CV curves and voltage profiles is rather typical
for nanostructured materials, as frequently reported in the
past.25 Galvanostatic voltage profiles of the NaFeF3 NPLs in the
Li ion experiments were characterized by pronounced plateaus
at ca. 3.05 V for both charging and discharging.
When the NaFeF3 NPLs are cycled in a lithium electrolyte,

Na deintercalation occurs during the first cycle, and subsequent
Li insertion occurs during the second charging. As follows from
the CV curves (Figure S8), desodiation during the first charge
was characterized by a broad anodic peak at 3.3−3.8 V vs Li+/
Li. Subsequent CV cycling was characterized by well-defined
anodic and cathodic peaks at 3.24 V and 2.8−3.1 V vs Li+/Li.
The cycling stability tests of half-cells employing NaFeF3

NPLs at a current density of 0.2 A g−1 showed a high capacity
retention of 50% and 52% after 200 cycles for sodium and
lithium ion storage, respectively (Figure 4b). These are among
the longest-lasting fluoride-based cathodes reported to date
(see Table S2 for a detailed comparison).7−10,16,18,22,26−45 In
fact, it is the first observation of stable cycling of this
compound. The pioneer work of Yamaki et al.10 on NaFeF3

Figure 4. Electrochemical performance of NaFeF3 NPLs cycled with
sodium and lithium electrolytes in a half-cell configuration using
metallic sodium and lithium as the counter and reference electrodes,
respectively. (a) Galvanostatic charge−discharge curves during the
20th cycle at a current density of 0.2 A g−1; (b) cyclic stability
measured at a current density of 0.2 A g−1.
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NCs did not report cycling experiments. We note that NaFeF3
NPLs showed poor cyclic performance using those voltage
intervals, which includes both insertion and conversion regions,
respectively (1.5−4.2 V vs Li+/Li, see Figure S9).
In summary, we have reported a simple colloidal synthesis of

highly uniform and highly crystalline NaFeF3 NPLs by thermal
decomposition of a single-source precursor, NaFe(hfac)3, in
high boiling point solvents and in the presence of long alkyl
chain ligands. The solvent/ligands ratio was found to be a
primary factor for obtaining phase-pure nanomaterials. After
the removal of the insulating ligands, the electrochemical
storage of Na and Li ions in the NaFeF3 NPLs was assessed.
The NaFeF3 NPLs are capable of fast electrochemical
extraction/insertion of sodium and lithium ions. In particular,
high initial capacities of 153 mAh g−1 and 183 mAh g−1 were
obtained at a current density of 0.2 A g−1 (∼1C) for sodium
and lithium ion storage, respectively. At least 50% of these
capacities were retained after 200 cycles. This work overcomes
the major constraint associated with the low electronic
conductivity of NaFeF3 and affirms that such perovskite-
based metal fluorides are promising low-cost electrode
materials for Li and Na ion batteries.
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