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Rechargeable fluoride ion batteries (FIBs) as an emerging anion
shuttle system are attracting much attention due to their potential
advantages in terms of energy density, cost and safety. A liquid
electrolyte system enables the FIB operation at low or room
temperature due to its higher ionic conductivity than that of a solid
F-ion electrolyte. However, the insolubility of fluoride salts in
aprotic solvents limits the development of liquid F-ion electrolytes.
Although the boron-based anion acceptors (AAs) can facilitate the
dissolution of F-ion salts, they are prone to lead to a tough
desolvation process for F~ due to strong Lewis acidity and therefore
an inferior electrochemical performance. Here, a new non-boron
AA (6-thioguanine) with moderate Lewis acidity is proposed to
dissolve F~ in the sulfone solvent. The ionic conductivity of the
corresponding electrolytes reaches a level of mS cm™ at room
temperature. A model FIB coin cell is successfully operated with high
conversion reaction reversibility based on the coupled defluorina-
tion/fluorination mechanism of electrodes, enabling a low over-
potential of 0.36 V and a reversible capacity of 126 mA h g ! after
40 cycles.

Introduction

In response to the requirements of large-scale energy storage
applications,"? various low-cost and high-energy battery che-
mistries (e.g. Li batteries matching with Co-free conversion-type
cathodes and multivalent cation and halogen anion batteries)
are emerging. Typical conversion-type cathodes (e.g. iron fluor-
ides) for Li batteries have the advantages of cost, capacity and
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New concepts

Multi-electron transfer reactions are of importance to realize high energy
density of batteries. In addition to conversion-type cation shuttle
batteries, fluoride ion batteries (FIBs) also belong to the conversion
reaction battery system based on multi-electron transfer but can
cleverly avoid the difficult ion migration caused by strong coulombic
interactions between cations and host materials, especially for multi-
valent cations. However, their limitation is the lack of appropriate
electrolytes with mS cm ™ '-level ionic conductivity at room temperature
(RT). One of the significant reasons is that the fluoride salt is insoluble in
an aprotic solvent. Boron-based anion acceptors (AAs) facilitate the salt
dissociation by the Lewis acid-base interaction between B and F. But this
interaction effect also would impede the F~ transport due to the strong
Lewis acidity of B, and therefore the conductivity of the corresponding
electrolytes is often unsatisfactory (<0.1 mS cm™"). Herein, we report a
new AA with mild Lewis acidity, which not only promotes the dissociation
of fluoride salt, but also avoids the strong bondage of the AA to F~.
Therefore, the ionic conductivity of the prepared electrolytes can reach up
to 2.4 mS em ' at RT enabling the successful operation of FIBs with a
reversible capacity of 126 mA h g ' after 40 cycles. Moreover, the
regulation effect of the salt concentration on the cathode interface and
then FIB performance is also revealed, suggesting that the rational design
of an electrode-electrolyte interface also should be paid attention in the
future development of FIBs.

energy density when compared with intercalation cathodes
containing expensive transition metals.>'® However, the usage
of Li metal anodes still makes it difficult for a battery system to
perform safely and cost effectively under a realistic condition."”
Multivalent cation batteries (e.g. based on Mg>") also receive
much attention in view of their earth-abundant reserves.
However a stronger coulombic interaction between these cations
and host materials leads to the migration trouble of charge
819 Hence, it is necessary to explore a new shuttle
chemistry which enables the cheap and safe implementation
of batteries with favorable reaction kinetics and reversibility.
Fortunately, recently burgeoning halogen anion batteries could
satisfy the above needs.>**" Especially for fluoride ion batteries
(FIBs), F being the lightest halogen and the most electronegative
element endows FIBs with the highest theoretical energy density

carriers.
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among the halogen anion batteries, and F~ with the high
oxidative stability is beneficial to match with high-voltage elec-
trode materials. Moreover, F as the 13th most abundant element
is widely distributed in many continents, and its global produc-
tion is about two orders of magnitude higher than that of
lithium.>* Conversion-type FIBs (with a theoretical energy den-
sity of 5000 W h L") even at a leaner stack level can still exhibit
an energy density of 588 W h kg " (1393 W h L") but with a cost
as low as 20 $ per kW ' h™" according to a techno-economic
analysis.>

However, such a great merit of energy density for FIBs is not
yet realized experimentally and one of the obstacles is the lack
of well-tailored electrolytes with suitable ionic transport ability
and electrochemical stability. Similar to most cation batteries,
FIBs have been developed into two categories based on electro-
lyte types (i.e. solid and liquid electrolytes) since the first
experimental proof of rechargeable FIBs reported in 2011.>
The research of solid-state fluoride ion conductors can be
traced back to decades ago or even earlier, but only three main
polycrystalline phases with barely satisfactory ionic conductivity
were applied in the FIBs, including tysonite, fluorite and tin(u)-
based fluorides.**®” However, the moderate F~ conductivity of
tysonite and fluorite fluorides only allowed the operation of
FIBs under high temperature (> 100 °C) activation. On the other
hand, although the Sn(u)-based fluorides show a relatively high
ionic conductivity (10™* S cm™ ") even at room temperature,”®
the reactivity of Sn(u) with highly electropositive metal anodes
(e.g- Li, Ca) and the possibility of oxidation of Sn(u) to Sn(wv) at
the cathode side would limit the electrochemical performance of
solid-state FIBs.

In this context, liquid electrolytes for FIBs attract the atten-
tion of researchers due to their high room-temperature ionic
conductivity (up to the mS cm™" level) and better wettability
than solid-state electrolytes, which ensure a sufficient contact
area between an electrolyte and an electrode. According to the
types of fluoride salts, the current liquid electrolytes can be
broadly divided into two categories: organic and inorganic
fluoride salt electrolytes. The main challenge of liquid electro-
lytes is the insolubility of fluoride salts in regular organic
aprotic solvents, as a result of the strong lattice energy between
cations and fluorine ions. Because such a strong electrostatic
interaction in fluoride salts leads to the difficulty of F -
solvation, for organic fluoride salts, it is necessary to design a
reasonable size and spatial structure of cations to disperse the
positive charge and reduce the lattice energy, such as a multi-
branched structure.”® However, such a structure design always
involves a complicated synthesis process. For inorganic fluor-
ide salts, firstly, the cations should have low charge density and
therefore CsF is a favorable choice because of the large size and
low positive charge of Cs'. Then, anion acceptors (AAs) are
indispensable because such additives can contribute to the
weakening of Cs'-F~ interactions via the alternative Lewis
acid-base (AA-F ) complexation. Simultaneously AAs can serve
as the solvating agents to decrease the Lewis basicity and
nucleophilicity of F~, preventing the potential side reactions
between F~ and sufficient acidic atoms from the electrolyte

This journal is © The Royal Society of Chemistry 2024
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compositions.?>*° The widely reported AAs are the boron-based
compounds, which use the electron-deficient B atoms as the
active sites to complex with F~, thereby improving the solubility
of CsF in the ether or siloxane solvent as demonstrated by DFT
calculations.>®>* Despite that these types of electrolytes have
realized the cycling of three-electrode FIBs at room temperature,
the reversibility is quite undesirable (i.e. several to dozens of cycles
with severe capacity degradation) accompanied by large voltage
polarization. This inferior performance may be due to the exces-
sive solvation of the borides with too strong Lewis acidity. It
should be noted that too strong solvation interaction would lead
to a tough desolvation process at the electrode/electrolyte inter-
face for F~, which would participate in the following fluorination
reaction of electrodes. Therefore, it is significant to explore new
AAs with softer Lewis acidity than borides. Such AAs should not
only facilitate the dissolution of fluoride salts to release and
solvate F~, but also make AA-F~ easier to desolvate, in order to
develop more practical liquid electrolytes for FIBs.

In this work, we firstly propose a novel sulfone electrolyte
based on a new molecular-type H-donor AA (i.e. 6-thioguanine,
denoted as TG) with moderate Lewis acidity. The TG molecule
can serve as the F~ acceptor to interact with F~ via the hydrogen
atoms on the five-membered ring base, as demonstrated by
density functional theory (DFT) calculations and nuclear mag-
netic resonance (NMR) spectroscopy and Fourier transform
infrared (FTIR) spectroscopy. This electrolyte enables an ionic
conductivity of 2.40 mS cm ™" at room temperature when the
salt concentration is 1.0 M. Furthermore, we construct a two-
electrode FIB based on this electrolyte (taking CuF, and metal-
lic Pb as the cathode and the anode, respectively) and realize its
reversible cycling (with a reversible capacity of 126 mA h g™ " at
50 mA g~ ' after 40 cycles) with a polarization voltage of 0.36 V at
room temperature. The coupled defluorination and fluorination
of CuF, and Pb electrodes are confirmed. The superior reversi-
bility of our FIB can be attributed to the high ionic conductivity
of the electrolyte, easier desolvation capability of F~ and reason-
able interface layer design.

Results and discussion

The preparation process of novel electrolytes and the corres-
ponding optical photographs are illustrated in Fig. 1a and Fig.
S1 (ESIt). Firstly, 0.5 M TG was dissolved into colorless and
transparent dimethyl sulfoxide (DMSO) and then the color of the
solution changed to light yellow. Subsequently, the solution was
solidified within minutes upon the addition of 1.5 M fluoride salt
(CsF) with a color transition from light yellow to white. This
solution was continuously and vigorously stirred overnight to form
a white suspension (denoted as CTD3), which was employed as the
electrolyte for FIBs. Note that the electrolytes with other concen-
trations (0.5/1.0/2.0 M) of CsF (denoted as CTD1/2/4, respectively)
also display similar experimental phenomena to the above except
for the electrolyte without CsF (denoted as CTDO).

To uncover the interaction between TG and CsF, the affinity
of TG to F is firstly evaluated by the density functional theory

Mater. Horiz., 2024, 11, 480-489 | 481
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Fig. 1 Preparation and characterization of electrolytes. (a) Preparation process of the CTD3 electrolyte. (b) lllustration of adsorption of the TG molecule
to F and its adsorption energy. (c) *H NMR spectra of TG, CTD1 and CTD3. (d) FT-IR spectrum of CTD3.

(DFT) method as shown in Fig. 1b. The N-H bond from the five-
membered ring in TG is elongated after F adsorption and the
adsorption energy is —1.38 €V (—132.99 k] mol '), lower than
that of the reported boron-based AAs (Fig. S2, ESIt). This
comparison confirms that TG has moderate Lewis acidity.
Nuclear magnetic resonance (NMR) spectroscopy was employed
to analyze the underlying interaction involved in the electrolyte.
Note that there is no characteristic peak assigned to -NH- or
-NH, appearing from 10 to 5 ppm in the "H NMR spectrum for
the pure TG sample (Fig. 1c), which may be associated with the
selection of a deuterated reagent. After introducing 0.5 M CsF
into the electrolyte, two peaks emerge at 7.8 and 5.8 ppm,
corresponding to -NH- and -NH,, respectively.*® With the
increase of the CsF concentration to 1.5 M, the -NH- and
-NH, peaks exhibit an upfield shift, i.e. from 7.8 to 7.6 ppm and
from 5.8 to 5.4 ppm, respectively, indicating an electronic effect
of CsF on the TG base.>® In the "°F NMR spectra (Fig. S3, ESI{),
the peak signal shows an upfield shift from ca. -108 ppm in CsF
to ca. -113 ppm in CTD1, which suggests an enhanced shielding
effect caused by the increased electron density around F. This
can be attributed to the formation of a stronger solvation
structure of F~ with DMSO and TG in CTD1 than pure CsF in
CDCl;. And the peak continues to shift towards the upfield
position after further increasing the CsF content, which may
result from the electronic effect in view of the increased F~
number around each F~. Note that there is no obvious change of
a chemical shift of peaks in the *C NMR spectrum (Fig. S4,
ESIY), indicating that the electron environment around C from
TG is not affected by F~ and C is not the interaction site between
TG and F . Therefore, combining the calculation results with
the NMR experimental results, it is deduced that H from the TG
base is the interaction site of TG with F~. Furthermore, the

482 | Mater. Horiz., 2024, 11, 480-489

interaction between TG and F was characterized by Fourier
transform infrared (FTIR) spectroscopy. In the FTIR spectrum,
a broad band in the region from 3390 to 1750 cm™ " is observed
for CTDO (Fig. S5a, ESIt), and it indicates the formation of a
TG complex where the TG molecules are chained by hydrogen
bonds (Fig. S5b, ESIt). These chains show the large proton
polarizability induced by collective proton motion.*®
the introduction of CsF induces two significant changes in the
FTIR spectrum (Fig. 1d): (1) The narrowing of broad band (from
3670 to 2700 cm™ ') reveals the breakage of the hydrogen-bonded
chains, which may stem from the interaction between F and
the base of TG (Fig. S6, ESIt). This narrowing effect leads to
the appearance of some extra bands at low wavenumbers, e.g.
=N- stretching at 2464 cm~' and overtones/combinations at
1921 cm™'.*”?® However, the broad band structure still exists,
suggesting that the hydrogen-bonded chains cannot be thor-
oughly broken by F. (2) The broad band shifts towards the higher
wavenumber direction, and the hydrogen bond interaction
between F and TG should be responsible for this blue-shift
phenomenon.*

Fig. 2a shows the ionic conductivity of electrolytes at room
temperature. Without CsF, the ionic conductivity is only as
small as 6.88 x 10~ mS cm ™. After introducing CsF, the ionic
conductivity of the corresponding electrolytes is enhanced by
1000 times, reaching the order of mS cm™". CTD2 (with a molar
ratio of 1:2 for TG and CsF) has the highest conductivity of
2.40 mS cm ™}, which can be ascribed to the more CsF dissociation.
However, the electrolytes of CTD3 and CTD4 with the higher
concentrations of CsF display lower ionic conductivity than
CTD2. It may be associated with the presence of excessive CsF,
which cannot absolutely dissolve. The undissolved CsF as a
non-conductive component in the electrolyte likely inhibits the

However,

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Electrochemical performance of electrolytes and FIBs at room temperature. (a) lonic conductivity plots of CTDn (n = 0,1,2,3,4) electrolytes at

room temperature. (b) Linear sweep voltammetry of electrolytes under an architecture of the Al|CTDn|Pb cell at a scan rate of 1 mV s

~1 (c) Initial

discharge curves of CuF,|CTDn|Pb cells. (d) Charge/discharge curves of the CuF,|CTD3|Pb cell at 50 mA g™ at different cycling stages. (e) Voltage
hysteresis of CuF,|CTDn|Pb cells in the 10th and 30th cycles depending on different concentrations of CsF. (f) Cycling performance of CuF,|CTDn|Pb

cells from the 2nd cycle.

transport of F~. In comparison with the reported electrolytes
based on boron-based AA molecules, the F~-transport perfor-
mance of the proposed electrolytes here is at an excellent level
(Fig. S7, ESIf). Note that the boron-based AAs that can dis-
sociate and release ions in a solvent by themselves are not
discussed here because the released ions may contribute to the
potential conductivity (e.g. LiBOB via the reaction of LiBOB —
tLi* + BOB™).*° Linear sweep voltammetry (LSV) was adopted to
investigate the electrochemical performance of electrolytes in
order to determine the voltage range for the subsequent electro-
chemical measurements. As illustrated in Fig. 2b, CsF can
broaden the electrochemical stability of electrolytes likely due
to the interaction between CsF and TG. However, the electrolyte
with excessive CsF (e.g. CTD4) is harmful to the electrochemical
performance, which may be related to the side reaction where
excessive nucleophilic fluoride attacks some acidic atoms in
DMSO or TG.”*> Considering the toxicity and reactivity of ele-
mental fluorine (i.e., F,) under normal atmosphere and tempera-
ture conditions, it is impossible to determine the F~ transport
number (¢¢) by constructing a F,-F, symmetric cell, as did in the
determination of the Li" transport number. Therefore, we con-
structed a symmetric cell using a mixture of Sn and SnF, (with a
mass ratio of 1:1) as electrodes to determine the ¢z value based
on the Sn + SnF,|CTDxn|Sn + SnF, configuration with a DC
polarization voltage of 10 mV. The ¢ value can be obtained
according to the following equation:

 Iss(AV — LhRy)

fp =2 7
F IO(AV_[SSRSS)

where AV is 10 mV, I, and I are the current responses at the

initial and steady states, R, and Ry are the corresponding
resistances at the initial and steady states. Considering that

This journal is © The Royal Society of Chemistry 2024

the only difference among the four electrolytes is the CsF
concentration, we measured the ¢ values of the electrolytes with
the lowest and highest salt concentrations (i.e., CTD1 and CTD4,
respectively) as shown in Fig. S8 (ESIT). The ¢y crp1) and ¢ crpa)
values are estimated to be 0.52 and 0.53, respectively. Obviously,
the ¢ value remains relatively stable, slightly higher than 0.5,
which may be associated with the size of F~ smaller than that of
Cs". A similar phenomenon has been reported by Davis et al.>®
They measured the ¢ value using a pulsed-field gradient spin-
echo NMR technology and the value was also higher than 0.5.
To validate the applicability of these electrolytes in practical
FIBs, a cell with CuF, and Pb as the cathode and the anode,
respectively, is fabricated. The electrochemical performance of
FIBs was evaluated by the galvanostatic discharge/charge
method at a current density of 50 mA ¢~ ' and under a discharge
cut-off voltage of —0.15 V vs. Pb*/Pb and a charge cut-off
capacity of 150 mA h g~'. Note that the cut-off charge capacity
is set to prevent the potentially undesired side-reactions occur-
ring at the electrode/electrolyte interface. Fig. 2c shows the
initial discharge curves of CuF,|CTDn|Pb cells (n = 1, 2, 3, 4).
The CuF,|CTD3|Pb cell delivers the highest capacity of
380.5 mA h g~ (equal to 72.0% of the 2e -transfer theoretical
capacity of CuF,) and shows a discharge plateau of 0.4 V vs.
Pb>/Pb. If considering the matching with the Li metal as the
anode, the FIB voltage (labeled on the right axis) would be
increased to 3.3 V vs. Li'/Li. This plateau can be attributed to the
defluorination reaction of CuF,. The subsequent charge behavior
of these cells is shown in Fig. S9 (ESIf). Evidently, the
CuF,|CTD4|Pb cell exhibits the largest voltage polarization in
the first cycle and the lowest discharge capacity of 31.8 mAh g™ .
The low ionic conductivity and potential side reactions of CTD4
should be responsible for its inferior electrochemical

Mater. Horiz., 2024, 11, 480-489 | 483
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performance. After dozens of cycles, the discharge curve of
the CuF,|CTD3|Pb cell still exhibits a dominant discharge
plateau near 0.4 V vs. Pb**/Pb (Fig. 2d), but the curves of other
cells cannot maintain so well (Fig. S10, ESIt). Simultaneously,
the CuF,|CTD3|Pb cell shows the smallest voltage hysteresis of
0.36 V (Fig. 2e), which indicates the best reaction kinetics of the
CTD3 based cell. This may be a consequence of the competition
between F-desolvation and ionic conductivity of the electrolyte.
Despite that the ionic conductivities of CTD1 and CTD2 are
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higher than that of CTD3, the CsF concentration in CTD3 is
higher and the solvent/TG molecules show a weaker solvation
effect on each CsF/F~, which leads to the easier desolvation of
CsF/F~ and participation in the electrode reactions. Moreover,
the CuF,|CTD3|Pb cell can still deliver the highest reversible
capacity of 117.6 mA h g~ " after 40 cycles at a current density of
50 mA g~ ' (Fig. 2f). In comparison with other reported FIBs
based on liquid electrolytes, the performance of CuF,|CTD3|Pb
is still superior (Fig. S11, ESI{). We also obtained the 'H and "*C
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Fig. 3 Structure and phase distribution of cycled electrodes in the CuF,|CTD1|Pb cell. (a) XRD patterns of cycled Pb anodes. (b) Magnified patterns of the
region enclosed by a green dotted rectangle in (a). (c) TEM image of the discharged cathode. (d) SAED pattern of the area enclosed by a red circle in (c).
(e) HRTEM image of the defluorinated cathode after discharging. (f) TEM image of the charged cathode. (g) SAED pattern of the area enclosed by a red
circle in (f). (h) HRTEM image of the re-fluorinated cathode after charging. Schematic illustration of the conversion reaction mechanism for (i) discharge
and (j) charge processes.
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NMR spectra of the CTD3 system after 10 cycles. As shown in
Fig. S12 (ESI), the -NH- and -NH, peaks in the "H NMR spectra
show a slight downfield shift, i.e., from 7.6 ppm to 7.8 ppm and
from 5.4 ppm to 5.5 ppm, respectively. This may be associated
with the potential dissolution of cations (Cu>*/Pb*") in the electro-
lyte after cycling. The cations can coordinate with F~ and then
reduce the interaction between F~ and TG. This effect would
reduce the electron density around the H nucleus and result in a
slight downfield shift. As for the ">C NMR spectra of electrolytes,
there is no obvious change between the pristine CTD3 and CTD3
after 10 cycles. Therefore, the electrolyte can maintain the stability
during electrochemical operation and the low coulombic effi-
ciency does not originate from the electrolyte degradation.

The investigation of the coupled defluorination/fluorination
reaction in the cathode and the anode is crucial to prove that
the operation of conversion-reaction-type FIBs is based on the
F~ shuttle. Therefore, the evolution of structures and composi-
tions of the cycled electrodes was investigated. X-ray diffraction
(XRD) patterns (Fig. 3a and b) are obtained to analyze the
evolution of the crystal structure of the Pb anode. It reveals that
the cubic PbF, becomes a dominant phase apart from the
pristine cubic Pb after discharging, indicating that the Pb
anode undergoes a fluorination process during discharging.
Subsequently, the diffraction peaks of PbF, disappear comple-
tely and the cubic Pb becomes the only dominant phase again
after charging, which suggests a substantial defluorination
process of the anode without the formation of a residue of
inactive fluoride. This can be attributed to the F -conductive
nature of PbF,, which would not block F~ transport and there-
fore guarantee a highly reversible fluorination/defluorination
reaction of the anode.

Moreover, to comprehend the conversion mechanism of the
CuF, cathode during electrochemical cycling, the morphology
and microstructure of the cathode after discharging/charging
are studied by transmission electron microscopy (TEM). After
the CuF,|CTD1|Pb cell discharges at —0.15 V vs. Pb>"/Pb,
numerous fine particles with dark contrast are unevenly dis-
tributed in the light-contrast matrix (Fig. 3¢ and Fig. S13, ESIY).
The selected area electron diffraction (SAED) pattern of the
selected region marked by a red circle in Fig. 3d confirms Cu’
as the dominant phase with the formation of an unconverted
CuF, residue after discharging, which implies an incomplete
defluorination process of the CuF, cathode. The high-
resolution TEM (HRTEM) image (Fig. 3e and Fig. S14, ESIt)
further verifies that the fine particles with dark contrast contain
some nanodomains surrounded by a thin amorphous layer
(named as the cathode electrolyte interface, CEI) with a thick-
ness of 2-3 nm. These nanodomains belong to metallic Cu® and
residual CuF,, consistent with the products analyzed from the
SAED pattern. The presence of a CEI is beneficial for preventing
the cathode from dissolution and preserving the integrity of the
powder-type cathode. From the spatial distribution of different
domains in the HRTEM image of Fig. 3e, it can be seen that the
residual CuF, domains are almost surrounded by the Cu°
domains. Due to the poor F -ion conductivity of Cu°, the
spatial isolation effect of Cu® hinders the leaching of F~ from

This journal is © The Royal Society of Chemistry 2024
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CuF, into the electrolyte and therefore stops the continuous
conversion of CuF, to Cu’ (i.e. defluorination reaction). This
effect is responsible for the formation of a residue of the CuF,
domains after discharging. After the following charging to
150 mA h g™, a relatively uniform and dispersed distribution
of particles is observed (Fig. 3f and Fig. S15, ESIt). The SAED
pattern (Fig. 3g) and HRTEM images (Fig. 3h and Fig. S16, ESIT)
all affirm that the dominant phase in these particles is CuF,,
illustrating a re-fluorination reaction from Cu® to CuF,. The
retarding effect of fluorination on the mobility of Cu species
contributes to the dispersed distribution of particles. The cut-
off charge capacity lower than the theoretical capacity of CuF,
(528 mA h g ' based on 2e” transfer) is the reason for the
incomplete fluorination of Cu’. The presence of residual
unconverted Cu’ may be associated with the inferior F~ trans-
port properties of CuF,, which prevent the internal Cu® from
contacting with F~ from the electrolyte and thereby fluorina-
tion. According to the XRD results of the Pb anode and TEM
analysis of the CuF, cathode during electrochemical cycling,
the cathode and anode undergo the opposite defluorination/
fluorination reactions in the same electrochemical state and
the chemical reactions can be written as follows:

Discharging process: CuF, (cathode) + Pb (anode) — Cu + PbF,
ey

Charging process: Cu (cathode) + PbF, (anode) — CuF, + Pb

2)

Both the reaction equations intuitively confirm that the
operation of this FIB system proposed here is based on a F -
shuttle mechanism (Fig. 3i and j).

As discussed above, the concentration of CsF in the electro-
Iyte seems to exhibit a significant influence on the electroche-
mical performance of FIBs. Note that the most optimized CsF
concentration required for achieving the best electrochemical
performance of the cell is not the same as that required for
achieving the highest ionic conductivity of the electrolyte. The
electrolyte composition has a significant influence on the CEI,
which often plays a crucial role in ion transport, maintenance
of powder electrode integrity and avoidance of side reactions
between the electrode and the electrolyte. Accordingly, it is
necessary to conduct comprehensive characterization of the
evolution of the CEI chemical composition during electroche-
mical operation as conducted by X-ray photoelectron spectro-
scopy (XPS). Note that the CuF, cathode was prepared by the
ball-milling of commercial CuF, and conductive carbon, and
the carbon additive would induce the partial reduction of CuF,
with potential alloying with carbon, which should be respon-
sible for the formation of Cu® (568.3 eV in Fig. 4a) and CuC,
(564.7 eV in Fig. 4a and 281.8 eV in Fig. S17a, ESI{) in the
pristine cathode.** The inevitable introduction of oxygen during
ball-milling should account for the appearance of a Cu,O peak
located at 570.1 eV in Cu LMM (Fig. 4a) and 530.7 eV in the O 1s
spectra (Fig. S17b, ESIf).*>** It seems that Cu,O does not
participate in the reaction, as its peak intensity does not undergo
an obvious change during cycling (Fig. S17b and S18b, ESIf).
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Compared with the pristine state, after discharging at —0.15 Vvs.  the CuF,|CTD3|Pb cell (Fig. 4b).** The peak area ratios of the
Pb>*/Pb, the intensities of peaks in the Cu LMM spectra do not corresponding peaks in the Cu LMM spectra are plotted in
show an obvious change except for the disappearance of the Fig. 4c to intuitively reflect the evolution of the relative contents
CuC, signal when CTD1 was used as the electrolyte. However, a of compositions. Obviously, CuF, undergoes a more complete
significant weakening of intensity of the Cu-F peak at 571.8 eV  defluorination process in CTD3 than in CTD1 due to the
and a strengthening of intensity of the Cu® peak are observed for ~formation of more Cu’ and a low residue of Cu-F in the
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discharged products, which results in a higher discharge capa-
city of CuF,|CTD3|Pb. Through the subsequent charging to
150 mA h g%, Cu® is re-fluorinated to CuF, and this process is
also much more dominant in the CuF,|CTD3|Pb cell than in
CuF,|CTD1|Pb one. Note that Cu,S also contributes to the peak
at 570.1 eV in the Cu LMM spectra in view of the binding energy
of the Cu,S peak close to that of Cu,O. The Cu,S signal may stem
from the bonding of the TG derivative with Cu" during cycling
and it is also validated in the S 2p spectra as discussed later.

As for the F-species in the F 1s spectra, the curve of the
pristine state can be deconvoluted into two peaks at 684.8 eV
and 682.7 eV (Fig. 4d).”> The former peak denotes the normal
Cu-F bond and the latter one (at lower binding energy) may
originate from the formation of a hydrogen bond between F and
adsorbed moisture in CuF, (Fig. S17b, ESIT). After the electro-
chemical operation, the peak composition of the spectra
becomes more complicated because of the occurrence of
potential reactions associated with the CEI formation and elec-
trolyte decomposition. The C-F and C-C-F peaks at 688.0 eV and
686.1 eV, respectively, stem from the binder of poly(vinyl difluor-
ide) (PVDF) as well as the derivative of electrolyte decomposition
during the initial cycling (Fig. 4d and e).*® Recently, a dissolution
process of Pb** was proposed and validated by Okazaki et al.,
and it is expected to take place before the fluorination of Pb to
PbF, during discharging.”” The released Pb*>" and and Cs" in the
electrolyte would combine with F~, and are responsible for the
appearance of Pb-F and CsF peaks at 683.6 eV and 682.3 eV,
respectively.*®*® By comparing the relative peak intensities of
different compositions in the F 1s spectra (Fig. 4f), a distinct
conclusion can be drawn that CTD3 with a higher CsF concen-
tration benefits the formation of a CEI layer with more Cu-F
and Pb-F species and less C-F species (i.e. C-F and C-C-F),
which indicates the stronger electrochemical stability of CTD3.
Considering that PbF, is a superionic conductor for F-ions,>
more Pb-F would promote the F-ion conductivity of the CEI,
triggering the efficient and fast F~ leaching (discharging) and
supplementing (charging) of the cathode. This effect can rein-
force the kinetics of conversion reactions and thereby conspicu-
ously mitigate the voltage polarization even under the condition
of lower ionic conductivity of CTD3 than that of CTD1. The CEI
optimization further enables a higher discharge capacity release
and electrochemical reversibility of FIBs.

The S species in the CEI layer stems from the bonding or
complexing between the derivative of TG decomposition
and other species (Fig. 4g, h and i). The peaks at 170.8 eV
and 169.0 eV belong to HSO,  and SO,%~ with the high-valent S
element, respectively, and the peak at 163.6 eV should be
attributed to the C-S bond.”"*> Among the low-valent S species,
Cu(1)-S, Pb-S and S° should be responsible for the peaks at
161.2 eV, 159.9 eV and 158.6 eV, respectively, and the peak at
157.1 eV may be ascribed to the Cs-S bond in view of the low
binding energy of the metal-S peak and the presence of a Cs-S
bond in the Cs 3d spectra (Fig. S17c and S18c, ESIt).>*7>® By
comparing the relative peak intensities of different composi-
tions in the S 2p spectra (Fig. 4i), the S~ species (including
Cu(I)-S, Pb-S and Cs-S) in CTD1 are dominant especially the
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Pb-S moiety, but the dominant species in CTD3 is S°, suggest-
ing a deeper reduction of TG in CTD1 during cycling. The more
negative S~ easily bonds with the cations (e.g. Pb**, Cu" and
Cs"), especially the bonding with Pb** and Cu®, which would
prevent these cations from fluorinating and likely cause the
degradation of the F-ion conductivity of the CEI layer and the
irreversible loss of the cathode active material. Therefore, the
higher CsF concentration in CTD3, on the one hand, can avoid
the deeper reduction of the electrolyte, and on the other hand,
can provide sufficient F to bond with more cations in competi-
tion with S*~. Therefore, it can be validated that the dominant
peak for CTD3 is assigned to Cs-F but the strongest peak in
CTD1 is assigned to Cs-S in the Cs 3d spectra (Fig. S17c and
S18c, ESIt). The weaker C-N and C-S signals in the C 1s and N
1s spectra (Fig. S17d and S18d, ESIt) imply the more robust
electrochemical stability of the CTD3 electrolyte, since both the
C-N and C-S derive from the TG decomposition.

Briefly, according to the above XPS results, the reason for the
better electrochemical performance of FIBs in CTD3 than in CTD1
mainly lies in the higher CsF concentration, which benefits
enhancing the electrochemical stability of the electrolyte, enabling
the efficient F-ion transport in the CEI layer and mitigating the
irreversible loss of cathode active materials (Fig. 4j and k).

Conclusions

In order to develop a practically available liquid electrolyte for FIB
operation at room temperature, this work proposes a novel sulfone
electrolyte based on a non-boron AA (i.e. TG) with softer Lewis
acidity than that of boron-based AAs. TG facilitates the dissociation
of CsF salt by the interaction between the H atom of -NH on the
five-membered ring and F. This electrolyte delivers satisfactory
ionic conductivity at a level of mS cm™' at room temperature.
A reversible FIB-coin-cell is successfully constructed based on the
coupled defluorination/fluorination conversion reaction mecha-
nism of the cathode and anode. The influence of the CsF
concentration on the F-ion transport properties of the CEI, mitiga-
tion of active material loss, and electrochemical stability of the
electrolyte is revealed. The CuF,|CTD3|Pb cell exhibits the best
cycling performance with a reversible capacity of 126 mA h g™ * at
50 mA g ' after 40 cycles, benefiting from the suitable ionic
conductivity of the electrolyte, an easier desolvation process for
F~ and a favorable CEI composition. This work provides new
categories of solvents and an anion acceptor additive for liquid
electrolytes of FIBs and shows the importance of interface compo-
sition in the electrochemical performance of FIBs.
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