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Most metal fluorides-based Li ion battery cathodes suffer from large voltage polarization, volume change, slow
rate, and capacity loss in battery cycling due to Li conversion reactions. Here we report a new type of interca-
lation Li metal fluorides obtained from Li/Na ion exchange of Na-intercalation compounds. The strategy enables
a broad chemical design space of new intercalation compounds through the coupling of chemical and electro-
chemical synthesis pathways at drastically different temperatures. Both voltage plateau and cyclability can be

tuned by composition control from chemical synthesis. Our Na/Li ion-exchange strategy thus opens the door to a
family of intercalation Li metal fluorides that were not accessible previously due to conversion reactions of such
compounds from direct chemical synthesis.

1. Introduction

Intercalation type of lithium layered transition metal oxide (LiTMO3)
with high energy density and cycling stability is widely used in batteries
such as electric vehicles. However, due to the high Ni and Co compo-
sitions, the price of LiTMO5 batteries will increase substantially with
upcoming Ni and Co supply crisis [1], which motivates the search of new
cathode materials. Metal fluorides [2-7] are promising active materials
due to the high electronegativity of fluorine that provides the possibility
for high voltage. However, most of the metal fluorides suffer from large
voltage polarization, volume change, slow rate, and capacity loss due to
Li conversion reactions rather than the desired Li intercalation ones [8].

Here we report a new type of intercalation Li metal fluoride obtained
from Li/Na ion exchange of Na-intercalation NayTMF; [9-14], which
computationally could reach 6 V [9] when de-intercalating more than
one Na from the formula. NajFeyF; (Fe227), NayMgsFe; sFy
(MgFe227), and NasMgg oNig 1Tip 1Feq gVo.gF7 (FEVMNT) are success-
fully synthesized and can stably cycle in a Li half-cell with Li ion liquid
electrolyte and Li metal anode. Fe227 can cycle at 1C for 100 cycles with
peak capacity of 124 mAh/g. We also use Fe227 to demonstrate the
chemical ion exchange ability. MgFe227 can cycle at 2C for 400 cycles
with peak capacity of 105 mAh/g. FeVMNT shows a high voltage
plateau at around 4 V. Our result shows the opportunity to utilize the
broad chemical space for the design of new intercalation type of Li metal
fluoride.
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2. Experimental

Materials synthesis: NajFesF;, NayMggsFe; sF; and NasMggo.
Nig.1Tip.1Feo.sVo sF7 were synthesized by solid-state reactions. NaF
(Alfa, 99 %), FeF, (Aldrich, 98 %), FeF3 (Alfa, 97 %), MgF, (Aldrich, 99
%), TiF3 (Aldrich), NiF5 (Aldrich), VF3 (Alfa, 98 %) were mixed in
appropriate ratios, sealed in a silicon nitride jar in an Ar-filled glove box
and ground by high-energy ball milling at 400 rpm for 12 h. The mixture
was then pressed into pellets and calcined in a tube furnace in argon gas
flow. The temperature increased at 5 °C min~! to 650 °C for NagyFeyFy,
550 °C for NazMg0,5Fe1_5F7, and 500 °C for NaZMgO.ZNiO.lTiO.l—
Feo.gVo.gF7, kept constant for 30 min and naturally cooled down in the
furnace.

Battery test: NajFeyF;, NasMgo sFe; sF7, and NagMgg oNig 1Tig 1.
Feo gVo.gF7; were mixed with carbon black and carbon nanotube at
70:19:1 wt ratio and ball-milled in Ar filled and airtight silicon nitride
jar at 150 rpm for 12 h. The mixture is then mixed with PTFE binder at
95:5 wt ratio to make a dry cathode film (2 mg/cmz). For Lithium half
cell, Li metal was used as a negative electrode. 1 M LiPFg in EC/DEC (1:1
v/v, Aldrich) and a glass fiber filter GF/D (Whatman) were used as an
electrolyte and a separator, respectively. For Na half cell, Na metal and
1 M NaPFg in EC/DEC (1:1) were used. Swagelok type cells were
assembled in an Ar-filled glove box and tested on an LAND battery
testing station. Each battery contains ~ 0.5 mg cathode active material
and 100 ul electrolyte to dilute the Na ion from intial charge to around
1:50 Na™ to Li* molar ratio in the electrolyte calculated assuming all Na
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Fig. 1. X-ray Diffraction (XRD) pattern of three different Na;TMyF; compounds of NayFe,F; (Fe227), Na,Mgo sFe; sF; (MgFe227) and NaaMgo 2Nig 1 Tig.1Feo.gVo.sF7
(FeVMNT). The inset enlarges the peaks at around 29.5°. The simulated Bragg peaks at bottom label the expected peak positions for orthorhombic Na,Fe,F; main
phase and two impurity phases of NasFeFg and Fe,O3, which are minor in the experimental XRD.
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Fig. 2. Electrochemical and chemical Li/Na ion exchange of NayFe,F; (Fe227). (a) NayFeyF; is directly charged and discharged in LiPF¢ electrolyte with Li metal
anode (NayFe,F,|Li). Crystal model illustrates the de-sodiation and lithiation process. The inset shows the first three cycles of the Na,Fe,F;|Li half-cell battery. (b)
Voltage curve comparison of NayFe,F,|Li and Na,Fe,F;|Na half-cell. (c) Ex situ XRD evolution of chemical ion exchanged NayFe,F; by soaking in 5 M LiBr hexanol
solution. The star for the pristine pattern labels the Fe;O3 impurity.
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ion stays in the electrolyte.

X-ray diffraction (XRD): XRD data were obtained using a Rigaku
Miniflex 6G. Powder samples were sealed with Kapton film in an argon-
filled glovebox before XRD to prevent air contamination.

Ab initio calculation: All density function theory (DFT) simulations
were performed using the Vienna Ab initio Simulation Package (VASP)
implementing the pseudopotential plane wave method [15,16]. The
Perdew-Burke-Ernzerhof generalized-gradient approximation (PBE-
GGA) was used for the exchange-correlation energy [17]. The spin-
polarized GGA + U calculations were carried out to account for the
correlated d orbitals of TM ions with the Dudarev implementation for
the double-counting correction. The effective on-site correlations, Uyy =
U—Jare 4.0 eV, 6.0 eV, 3.1 eV and for Fe, Ni, V respectively [18,19]. A
520 eV plane-wave energy cutoff was used for all calculations.

3. Result and discussion

Fig. 1 shows the XRD patterns of the three as-synthesized NayTMyF;
phases. The main reflections around 29.5° of Fe227 and MgFe227 show
mixtures of at least 3 peaks, which is the polymorphism including
monoclinic, orthorhombic and trigonal phases in the Weberite phase of
NayFeyF; [12], while FeVMNT with Fe and V as main elements, and
doped with Mg, Ni, and Ti shows weaker polymorphism. Minor impu-
rities include NagFeFg and Fe;Os.

We then ball milled the Fe227 with carbon and assembled it into a Li
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Fig. 3. Voltage curves at different C-rates (a, c, e) and cycling performances (b, d, f) in Li half-cell of (a-b) Fe227, (c-d) FeVMNT and (e-f) MgFe277.
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half-cell with LiPFg electrolyte and Li metal anode. Fig. 2a shows the
charge—discharge process of the Fe227 at 0.1C (18 mA/g). During the
first charge, about 1Na is de-intercalated from NajFeoF; formula,
calculated from the measured charge capacity divided by the theoretical
capacity for 2Na (de-)intercalation of 184 mAh/g, and diluted to the Li
ion electrolyte. During the first discharge, based on the measured
discharge capacity of 144 mAh/g, about 1.57Li is inserted into cathode
at above 2 V. The first discharge capacity is higher than the charge ca-
pacity due to the 1 extra empty Na site in NagFeyFy, i.e., the fully dis-
charged state is NagFeoF;. The inset shows the first 3 cycles of this
battery. Fig. 2b compares the charge-discharge curves of the Fe227 in a
Na half-cell (NaPFg electrolyte and Na metal anode) and the Fe227 in a
Li half-cell. Despite the minor differences in shape details, the voltage
profile of Li half-cell is similar to that of the Na one. The latter is with Na
(de)intercalation in Fe227 [9], with ~ 0.3 V shift down in comparison
with the former, due to the voltage difference of the Na and Li metal
anodes. The reversible charge-discharge and small voltage polarization
(Fig. 2a), and the similarity to the Na intercalation voltage curve in-
dicates that the Li intercalation is successfully achieved in Fe227.
Since the crystalline XRD peaks of Fe227 cannot be observed after
the ball-milling process, the structural evolution of electrochemical ion
exchange in Fig. 2ab cannot be directly measured. Therefore, we use
chemical ion exchange to further confirm the Li intercalation chemistry
in Fe227. We soak 50 mg Fe227 in 2 ml 5 M LiBr hexanol solution [20]
and measure the ex situ XRD over time (Fig. 2¢). The main peaks of
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Fe227 shift right over 6 days as labeled by the arrows, suggesting that
the overall crystal structure is maintained but the Na ion is gradually
replaced by the smaller Li ion. This chemical ion exchange process also
shows the opportunity to optimize the Li/Na ratio in the pristine ma-
terial. However, it is worth noting that a discharge below 2.0 V may
incur conversion reactions due to Li insertion beyond the original 3 sites
for alkaline ions. Furthermore, considering that there was no report of
direct synthesis of LisFesF7 or other Li Weberite phases from high
temperature sintering, it’s likely that Weberite phase favors larger Na
ions over smaller Li ions at high temperature, and thus the remaining <
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Fig. 4. Computations of cathode performances. (a) Formation energy convex
hull of LiyFe,F; and Na,Fe,Fy; (b) Corresponding voltage curves based on the
convex hulls; (¢) Summary of cathode performances. The LiyFe,F; point is
based on the two Li (de)intercalation of Fe,F,/LisFesF,.
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1Na in the formula after the initial charge may also be critical to support
the structural stability at room temperature during the battery cycling.
This is thus a good example to demonstrate the coupling of synthesis
pathways between high temperature sintering through chemical reac-
tion and room temperature synthesis through (electro)chemical (de-)
intercalation.

Fig. 3 shows the electrochemical performance of the three com-
pounds in Li half-cells. Fe227 shows a capacity of 104 mAh/g at 0.2C
and 58 mAh/g is maintained at 2C between 2.8 and 4.4 V (Fig. 3a). In
the cycling test (Fig. 3b), Fe227 can cycle in a broader voltage range
between 2.5 V and 4.4 V with a maximum capacity of 124 mAh/g at 1C,
and the capacity drops to 79 % of the first cycle after 100 cycles.

With other elements doped to Fe227, FeVMNT shows a high voltage
plateau at above 3.6 V (Fig. 3¢). It can cycle at 0.5C with 111 mAh/g
between 2.2 V and 4.4 V (Fig. 3d). MgFe227 shows a capacity of 108
mAh/g at 0.2C and 72 mAh/g at 2C between 2.4 V — 4.4 V. When
enlarging the voltage range to 2.2 V- 4.4 V, MgFe227 can cycle at 2C
with a maximum capacity of 103 mAh/g, which drops to 78 mAh/g after
400 cycles. With doping, FeVMNT shows the highest voltage plateau,
and NayMg sFe; sF7 shows the longest cycling stability among the three
compounds, demonstrating the opportunity to design new intercalation
types of compounds in a broad chemical space. The good cyclability here
also indicates that the remaining Na composition in the structure after
the initial charge is relatively stable throughout the battery cycling
process.

Fig. 4ab shows the density functional theory calculation of the
voltage curve of LisFeoF; and NagFeyF;. Consistent with literature,
NagpFeyF; to Na;FeyF7 shows a voltage plateau above 6 V [9]. LisFegF;
also shows a similar voltage curve in computation, with 0.2 V higher
average voltage mainly contributed by the low voltage range. To realize
the 6 V capacity in experiment, compatible electrolyte is needed. Our
Na/Li ion-exchange strategy also opens the door to a family of interca-
lation Li metal fluorides that were not accessible previously due to
conversion reactions of such compounds from direct chemical synthesis.
Fig. 4c summarizes cathode material performances, where the family of
fluoride cathode materials exhibits the potential to reach beyond 1200
Wh/kg at the cathode material level with high voltage greater than 5 V
in our computational prediction. Compared with Li-excess materials
with higher capacity and lower voltage, high voltage fluorides will have
higher power output and less energy reduction when paired with anode.
The full cell design of high cathode loading will also become easier with
lower cathode specific capacity at a given energy density.

4. Conclusion

A new type of Li intercalation metal fluoride LiyNazyTMF7 is syn-
thesized by solid state reaction and electrochemical ion exchange, which
could be a generalizable strategy of combining chemical and electro-
chemical synthesis pathways at drastically different temperatures to
explore the space in the synthesis landscape that is not able to reach by
conventional sintering methods. We demonstrate a broad chemical
design space by mixing Fe, V, Mg, Ni, Ti, etc. Chemical ion exchange can
adjust the Li/Na compositions. Voltage plateau can be tuned by metal
doping as demonstrated in NayMgo oNig1Tip.1Feo gVo.sF7. The com-
pound of NayMgg sFe; sF7 shows a stable cycling of 400 cycles at 2C-
rate. This work shows a new design strategy to obtain intercalation
type of cathode compounds based on Li metal fluoride from partially
ion-exchange with Na ions, which could be crucial to the design of future
batteries with significantly enhanced energy density.
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