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50 ABSTRACT: Batteries using fluoride anion as the carrier might possess high capacity and energy

density. Especially, the fluoride shuttle battery (FSB), which uses a fluoride ion-conductive liquid
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electrolyte and operates at room temperature, has been reported previously and is deemed a

solution to the global energy and environmental crises. Although several electrolyte solutions have

been synthesized, and the fluorination/defluorination reactions of various active materials have

been evaluated, no subsequent FSBs using those electrolyte solutions have been reported. In this

study, two metal species, Bi and Pb, which have different fluorination/defluorination mechanisms

in the electrolyte solution composed of alkylammonium fluoride and an ionic liquid, were used as

the positive and negative active materials for the FSB. The fluorination/defluorination mechanisms

at each electrode during the reactions were explained by in situ electrochemical atomic force

microscopy (EC-AFM) measurement. Difference in the morphological changes by two existing

mechanisms, direct fluorination and dissolution—deposition, were clarified with evidence.

Furthermore, the charge/discharge process of the FSB, with the electrolyte solution combining the

active materials, was demonstrated, and the cycling performance and capacity fading mechanism

were discussed based on the characteristic morphological change of the active materials at their

interface with the electrolyte solution obtained by in situ EC-AFM measurements.
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1. INTRODUCTION

Rechargeable batteries with high energy densities, long lifespans and service life have been

required for battery electric vehicles (BEVs), hybrid electric vehicles (HEVs), drones, mobile

devices, and other applications.'-* In addition, energy-dense batteries are crucial for protecting the

environment and building unperturbed large-scale energy storage devices for fluctuating

renewable energy sources, such as wind and solar power.

Recently, energy-dense batteries based on anion transfer, such as chloride and fluoride have

garnered research interest because they can be fabricated by selecting the appropriate active

materials for the positive and negative electrodes.’ Especially, rechargeable batteries based on a

fluoride shuttle (fluoride shuttle batteries; FSBs) have emerged as a candidate with remarkably

better storage capacity than chloride and even other current batteries.!!> For example, the

theoretical gravimetric discharge capacities of FSBs based on the conversion reaction of metal-

fluoride/metal combinations of BiF;, CuF,, and FeF; are to be 302, 528, and 712 mAh/g,

respectively, for positive electrode materials. “Fluoride shuttle” refers to the reversible transfer of

fluoride ions from one electrode to the other via solid or liquid electrolyte depending on whether

the battery is being charged or discharged.
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In all-solid FSBs, fluoride ions apparently transferred between the positive and negative

electrodes through a fluoride ion-conductive solid electrolyte, and then some metal fluoride and

the corresponding metal are reversibly produced at each electrode.!!8 Significantly advanced all-

solid FSB was fabricated by Anji Reddy and Fichtner a decade ago, and the all-solid FSB operated

at elevated temperatures.'4 Most investigations into all-solid FSBs were performed at temperatures

greater than 423 K, while a few have demonstrated their performance at room temperature in

recent.!8-20

Meanwhile, in FSBs with electrolyte solutions, the fluoride species in the solution are reserved

and must reversibly react with metal or metal fluoride at both the positive and negative electrodes

during the charge and discharge cycle. That is, fluorination and defluorination must occur

simultaneously at both electrodes. The literature contains few reports on the fabrication of FSBs

using liquid electrolytes. To the best of the authors’ knowledge, Darolles et al. were the first to

describe such an FSB in US patent.?!-?> However, they could not produce strong evidence for the

fluoride shuttle phenomenon. Later, Gschwind er a/. investigated BiFs/Li and BiFs/Mg electrode

systems with fluoride ion-conducting electrolyte based on a polyethylene glycol polymer and an

ammonium bi-fluoride salt at room temperature.”> However, these systems might not be
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rechargeable because they can only be discharged (i.e., the defluorination of metal fluoride at the

positive electrode) and consequently display poor reversibility. In a previous study, we

demonstrated the reversible charge and discharge reactions of an FSB with an electrolyte solution

containing alkylammonium fluoride at room temperature.>* However, its capacity faded

immediately, and therefore the utilization and cyclability of its active material needs to be

improved.

After our demonstration of the FSB, other studies have produced a few novel electrolyte

solutions containing fluoride species, and have investigated the fluorination/defluorination

reactions of active materials, such as Cu, Bi, and Pb, using a three-electrode cell with an auxiliary

electrode such as Pt.>>3 Electrolytes, solvents, or additives might disintegrate fatally on the

surface of the auxiliary electrode in order to keep the current density equal to the

fluorination/defluorination reaction of the active material in those systems. Therefore, few studies

have practically demonstrated the fluoride shuttle phenomenon between the positive and negative

electrodes, i.e., charge and discharge of FSBs, with their electrolyte solution.

One of the reasons for less demonstration is that the progression of dissolution of the active

metal species was concerned in addition to the anticipated direct fluorination process. Similarly,

ACS Paragon Plus Environment



oNOYTULT D WN =

Chemistry of Materials

in the defluorination process of most studies, the active metal fluoride had dissolved and then its

reducing product deposited on the electrode, instead of direct defluorination. Thus, the mechanism

becomes complex depending on the combination of the metal/metal fluoride species and the type

of the electrolyte solution. For example, Bi undergoes direct fluorination in the electrolyte solution

composed of alkylammonium fluoride and TMPA-TFSA; however, the defluorination reaction of

BiF; strongly depends on its crystal system.’*3> The study reported two pathways—direct

defluorination and dissolution followed by reductive deposition.?> Another study suggested that

the electrolyte, containing an anion receptor such as fluorobis(2,4,6-trimethylphenyl)borane, first

dissolved and then reductively precipitated Bi.?® Such an anion receptor had already improved

cyclability in FeFs;-based lithium-ion battery via dissociate and dissolve LiF, the discharge-

product, into its electrolyte solution.?® In the example for Cu, the dissolution of CuF, or Cu occurs

as a main- or side-reaction of the defluorination or fluorination processes in two electrolyte

solution systems—one containing fluorohydrogenate ionic liquids?*3? and another fluorinated

ether.? In the latter, dissolution proceeds in the same manner as with many other metal species;

therefore, a yoke-shell structure in which the active material is surface-modified with a fluoride

ion-conductive material in order to suppress the dissolution must be designed.?
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In this study, two metal species, Bi and Pb, which have different fluorination/defluorination

mechanisms in the electrolyte solution composed of alkylammonium fluoride and TMPA-TFSA,

were used as the positive and negative active materials. The fluorination/defluorination

mechanisms at each electrode during the reaction were explained by 7n situ electrochemical atomic

force microscopy (EC-AFM) measurement. Furthermore, the charge/discharge process of the FSB,

with the electrolyte solution combining the active materials, was demonstrated, and the cycling

performance and capacity fading mechanism were discussed.

2. EXPERIMENTAL PROCEDURE

2.1 Synthesis of fluoride-containing electrolyte solutions

Electrolyte solutions containing fluoride ions were prepared by dissolving alkylammonium

fluoride in an ionic liquid (IL). Tetramethylammonium fluoride (TMAF; Sigma-Aldrich) and 1-

methyl-1-propylpiperidinium fluoride (MPPF; Tokyo Chemical Industry) were used as sources of

fluoride ions. TMAF was used without further purification. MPPF, however, was purified by

dissolving and drying it in acetonitrile containing molecular sieves, and recrystallizing it from 1,2-

dimethoxyethane. Next, TMAF and purified MPPF were separately dissolved in IL, N,/N,/N-

trimethyl- M-propylammonium  bis(trifluoromethanesulfonyl)amide =~ (TMPA-TFSA, Kanto
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Chemical) in molar ratios of 1:50 and 1:10. The concentration of MPPF in the electrolyte solution

was 0.08 mol/dm? for 1:50 and 0.38 mol/dm? for 1:10, respectively. Furthermore, a concentrated

electrolyte solution with a concentration of 0.54 mol/dm? (MPPF:TMPA-TFSA = 1:7) was also

prepared, to compare their conductivities.

2.2 Characterization of the electrolyte solutions

The electrochemical voltage window of MPPF/TMPA-TFSA was determined by cyclic

voltammogram (CV) using a two-compartment H-shaped cell (VB10, EC Frontier Co., Ltd.,

Japan), in which the counter compartment is separated from the working electrode (WE) and

reference electrode (RE) via a glass filter. A Pt wire (purity: 99.999%; Nilaco Corporation) was

used as the WE, and a Li wire (diameter: 1 mm; Honjo Chemical Corporation), immersed in a 1-

mol/dm?® LiPFg / ethylene carbonate (EC) and dimethyl carbonate (DMC) mixed solvent

(EC:DMC; 1:1 vl/v, lithium battery grade, Kishida Chemical) as a quasi-RE (“quasi-Li”). Quasi-

Li was separated from the measuring electrolyte solution via a vycor glass. The counter

compartment was composed of a Li wire as the counter electrode (CE) immersed in 1-mol/dm?

LiPF¢ / EC:DMC, to suppress the disintegration of the measuring electrolyte solution at the surface

of the CE. The ionic conductivities of the three concentrations of MPPF/TMPA-TFSA were
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determined by AC impedance measurements with Au-plated electrodes in the frequency range of

1 Hz to 100 kHz at 298 K. The temperature was controlled from 283 to 333 K in increments of 10

oNOYTULT D WN =

10 K by a thermostatic oven (SU-241, ESPEC Corp., Japan). The '"F NMR spectra were acquired by
14 a Bruker Avance III spectrometer at 296 K.

17 2.3 Preparation of BiFy/C composite electrode

The BiFs/C composite electrode was fabricated as follows. Anhydrous BiF; powder (purity:
24 99.9%) was purchased from Kojundo Chemical Laboratory and used after drying it at 473 K for
27 two hours in vacuum. Acetylene black (AB, Denka Black, Denka Company Limited) was dried at
873 K for two hours in an Ar atmosphere. The anhydrous BiF; powder was mixed with AB in the
34 weight ratio of 80:10, and the mixed powder was poured into a stainless-steel container with a
37 ZrO,-grinding bowl in an Ar atmosphere. Next, it was ball-milled at 600 rpm for six hours using
o a planetary ball mill (Premium line P-7, Fritsch). An aliquot of the as-prepared BiF;/AB powder
44 and polyvinylidene difluoride (PVDF) / NM-methyl-2-pyrrolidone (NMP) solution (KF polymer,
Kureha Corporation) was mixed using a planetary centrifugal mixer (THINKY). The resulting

51 slurry was cast with a baker-type applicator (Hohsen Corporation) on a piece of Ti foil as a current
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collector. The resulting BiF5/C composite electrode (BiF;:AB:PVDF = 80:10:10) was dried at 373

K for at least one night in vacuum to remove NMP.

2.4 Electrochemical measurements of Bi and Pb

Electrochemical measurements except the charge—discharge test for the FSB using the BiF;/C

composite were performed using either a three- or two-electrode beaker-type cell, and all

measurements were performed at room temperature in a glove box filled with purified dry Ar gas

(dew point <190 K). A Bi needle (diameter: 1.5 mm, 99.998%; Alfa Aesar) was used as the WE

and positive electrode. Its surface area was estimated to be 0.16 cm?. The oxidized surface layer

of the Bi electrode was polished before use. A Pb wire (diameter: 1 mm) and plate (thickness: 1

mm) were purchased from Nilaco and used as the WE and CE after scraping off the oxidized

surface layer. A surface-fluorinated Pb plate was used as CE or RE. The surface of the pristine Pb

plate (99.999%, Nilaco) was electrochemically fluorinated in an electrolyte solution

(TMAF/TMPA-TFSA or MPPF/TMPA-TFSA (1:50)). The amount of PbF, on the surface was

controlled by an applied charge during the fluorination reaction of Pb. Hereafter, the PbF,-

deposited Pb electrode is denoted by PbIPbF,.
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The reversible fluorination/defluorination reaction of Pb in TMAF/TMPA-TFSA or

MPPF/TMPA-TFSA was performed at room temperature using PbIPbF, as both the CE and RE.

Furthermore, quasi-Li was used as the RE for the fluorination/defluorination of Pb to determine

the potential difference between quasi-Li and PbIPbF,. Cyclic voltammetry was conducted at a

scan rate of 1.0 mV/s. To confirm the crystal structure of fluorinated Pb, the electrochemical

potentials of the electrodes were maintained at +0.05 V or +0.2 V versus PbIPbF, for 12 hours,

and then subjected to XRD measurements in an inert atmosphere, after adequately washing the

electrodes in acetonitrile (lithium battery grade, Kishida Chemical). Galvanostatic charge—

discharge tests of the FSB composed of Bi and PbF, were performed between 0 and +0.6 V, with

charge and discharge currents of 31.0 and 15.5 pA/cm?, respectively. The tests were conducted

with and without cut off at 0.1 mAh within the charge capacity, and then repeated for 10 cycles.

In this test, PbIPbF, electrodes with varying PbF, capacity, i.e., the capacity of fluoride species,

were prepared as the negative electrode. The capacity was controlled from zero to 1.0 mAh.

2.5 Charge—discharge measurement of BiF;—Pb FSB system

The FSB with the BiF;/C composite was subjected to a charge—discharge test using a flat-type

cell (SB2A, EC Frontier Co., Ltd.). A positive electrode disk was punching out from the BiF;/C
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composite electrode, with a projected area of 1.33 cm?. The FSB cell was prepared from the BiF3/C

composite disk, with a Pb disk (1.77 cm?) as the negative electrode, two sheets of polypropylene

separator (thickness: 50 pm), and 200 uLL of MPPF/TMPA-TFSA (1:10) electrolyte solution. The

FSB cell was assembled and measured at room temperature in a glove box filled with purified dry

Ar.

The FSB was subjected to a galvanostatic charge—discharge test in the voltage range of 0-0.6 V

with charge and discharge current densities of 7.5 and 3.8 pA/cm?, respectively. Furthermore, the

constant current constant voltage (CCCV) method was used for the first discharge process of the

BiF;—Pb FSB, because the protocol can demonstrate the reactivity of the BiF;/C positive electrode

and reveal the products after fully-discharge and following charge processes. First, the FSB was

discharged at a constant current of (7100 rate, until the battery terminal voltage reached a cut-off

value of 0.05 V. Then, a constant voltage mode was applied until the discharge current reached a

cut-off value of (7500. After allowing it to idle for 30 min, the FSB was charged in the CC mode

at (J100 rate, until the terminal voltage reached 0.6 V. The FSB cells were disassembled at three

points: the end of CC discharge, full discharge (CCCV discharge), and subsequent CC charge. The
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crystal structures of the Bi species in the disassembled BiF3/C positive electrodes were revealed

through XRD in an inert atmosphere.

2.6 In situ electrochemical atomic force microscopy measurement

The morphological changes of Bi and Pb during fluorination/defluorination were investigated

via in situ electrochemical atomic force microscopy (EC-AFM) measurements using an airtight

three-electrode EC cell (Asylum Research, Oxford Instruments). The in situ EC-AFM setup is

illustrated as Figure S1 in Supporting Information. Bi and Pb plates were used as the WE after

sequentially scrapping off the oxidized surfaces with emery paper #600 and rapping papers #1,000

and #10,000, and the area contacting the TMAF/TMPA-TFSA (1:10) electrolyte solution was

regulated to 0.38 cm? via a PEEK cover. A PbIPbF, wire and a graphite block were used as the RE

and CE, respectively. The EC cell was assembled in an Ar-filled glove box. Pb was subjected to

galvanostatic fluorination from 0 to +0.3 V versus PbIPbF,, with a current density of 52.6 pA/cm?.

Meanwhile, Bi was subjected to galvanostatic fluorination from +0.3 to +0.7 V, with a current

density of 13.2 pA/cm?. The tapping-mode in situ AFM images were collected on MFP-3D Origin

(Asylum Research, Oxford Instruments) using a silicon nitride probe tip with a spring constant of

0.32 N/m. Sequential 7in situ AFM images were acquired in both top-down and bottom-up
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directions at 682 or 341 seconds per image for Bi and 341 seconds per image for Pb, respectively.
Movies during fluorination/defluorination were composed of the consecutive images in both
directions.

2.7 Instrumentation

Most electrochemical measurements were performed using a VSP-300 multichannel
potentiostat/galvanostat with a low-current-density probe (BioLogic Instruments). Conductivities
of the electrolyte solutions were measured using an SI1287 electrochemical interface, 1255B
frequency response analyzer, and impedance/gain-phase analyzer (Solartron Analytical). '°F-
NMR was measured with Avance III 600 (Bruker) using a 5-mm TCI CryoProbe. The
morphologies of the fluorinated/defluorinated Bi and Pb were observed by field emission scanning
electron microscopy (FE-SEM; SU-6600, Hitachi). Paired with FE-SEM, energy-dispersive X-ray
spectroscopy (EDS) was performed using an EX-350x-act (HORIBA, Japan) at an accelerating
voltage of 20 kV. The crystal structures of the fluorinated/defluorinated electrodes were identified
using XRD (D8 ADVANCE, Bruker AXS K.K.) under Cu—Ka radiation (4= 1.5418 A) in an inert

gas atmosphere. /n situ EC-AFM measurement was performed using MFP-3D-Origin (Asylum
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Research, Oxford Instruments), under electrochemical control using SP-240

potentiostat/galvanostat with a low-current-density probe (BioLogic).

3. RESULTS AND DISCUSSION

The fluoride-ion-containing liquid electrolyte was prepared by dissolving organic fluoride, such

as MPPF, in an ionic liquid (TMPA-TFSA). Figure 1(a) illustrates the CV of the MPPF/TMPA-

TFSA (1:50) electrolyte solution with Pt as the WE. This electrolyte solution was stable for 2.5 V

from 1.0 to 3.5 V versus quasi-Li, and no noticeable current, such as that due to the hydrogen

evolution reaction, was detected in this region. The fluorination/defluorination potential of Pb, i.e.,

PblPbF,, determined from the Gibbs free energy was +2.49 V versus Li/Li*. The potential

difference between quasi-Li and PbIPbF, was estimated to be 2.3 V, considering both anodic and

cathodic decomposition potentials of the electrolyte solution. Therefore, this electrolyte solution

was stable in the potential from -1.3 V to +1.2 V versus PbIPbF,.

Figure 1(b) depicts the ionic conductivities of MPPF/TMPA-TFSA with varying concentrations.

The ionic conductivities of the electrolyte with concentrations of 0.08, 0.38, and 0.54 mol/dm?

were 3.0, 2.5, and 2.3 mS/cm, respectively, at 298 K. These conductivities were contributed by

whole ionic species, TMPA*, TFSA-, and the dissociated cation and anion from MPPF; therefore,
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the major species contributing to the conductivities were the former two ionic species. MPPF was

thermally unstable at relatively high temperatures, such as 333 K; consequently, the conductivity

of the concentrated solution would have surged at this temperature. In contrast, the ionic

conductivities decreased with increasing electrolyte concentration below 313 K, because the

viscosities of the solutions increased.

Figure 1(c) illustrates the !’F-NMR spectra of MPPF/TMPA-TFSA and TMAF/TMPA-TFSA.

All the electrolyte solutions displayed extremely strong peaks at -79.8 ppm and a feeble one at

approximately -140 ppm. The former was assigned to the CF; group in TFSA~ and the latter to

poly(hydrogen fluoride) species, (HF),F-, respectively. The latter peak was contributed by the

presence of a small amount of H,O in TMPA-TFSA, i.e., the Hofmann elimination.>’-3¥ However,

the relative amount of (HF),F~ species was considerably small and did not depend on the fluoride

sources, MPPF and TMAF or their varying concentrations. Therefore, (HF),F- must have

originated from the small amount of water in the TMPA-TFSA solvent. Moreover, no significant

difference was observed between the well-dehydrated MPPF and TMAF in the following

electrochemical fluorination/defluorination behavior of Bi and Pb. Meanwhile, the peaks observed

at -82 and -96 ppm were attributed to TMA-F and MPP-F, respectively. These spectra indicate that
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the alkylammonium fluorides were sparsely dissociated in TMPA-TFSA, i.e., the chemical shifts

of fluoride ions strongly depend on the original fluoride sources, TMA-F and MPP-F, and were

oNOYTULT D WN =

largely reserved as a state similar to a molecular state in the solvent. Consequently, a small amount

14 of the dissociated fluoride ions contributed to the fluorination of the active materials.
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44 Figure 1. (a) Cyclic voltammogram (CV) of 0.08-mol/dm? MPPF/TMPA-TFSA as the electrolyte
47 solution (1:50 molar ratio) at a scan rate of 1 mV/s. (b) Arrhenius plots for the ionic conductivity
of the MPPF/TMPA-TFSA electrolyte solution in varying concentrations: 0.08 (circles), 0.38

54 (triangles), and 0.54 mol/dm? (diamonds), respectively. (¢) '"F-NMR spectra of the electrolyte
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solutions: 0.38-mol/dm? MPPF/TMPA-TFSA (red), 0.08-mol/dm?* MPPF/TMPATFSA (blue), and

0.08-mol/dm* TMAF/TMPA-TFSA (green).

Figure 2(a) illustrates the CV of Pb in MPPF/TMPA-TFSA at 298 K. The figure reveals two

anodic peaks and one cathodic peak. The curve remained unchanged during five cycles of the CV

measurement. This result implies that Pb can be reversibly oxidized and reduced in the electrolyte

solution. To reveal the oxidized product, the potential of the Pb electrode was maintained at +0.05

V (first anodic peak) and +0.2 V (second one) versus PbIPbF, for 12 h. Figure 2(b) displays the

XRD patterns of the obtained oxidized Pb electrodes. For comparison, the XRD patterns of cubic

Pb (Card no. 00-004-0686) and cubic-PbF, (Card no. 01-077-1865) are also illustrated in the

figure. The XRD pattern of oxidized Pb at +0.05 V approximately corresponded to that of cubic

Pb, except for the peak of PbO at 28 = 28°. This result suggests that the first anodic peak in the

CV corresponded to the oxidative dissolution of Pb in the electrolyte solution. In contrast, the XRD

pattern of oxidized Pb at +0.2 V was attributed to cubic PbF,, in addition to original cubic Pb. That

is, the fluorination of Pb to PbF, occurred after oxidative dissolution.

These CV and XRD results indicate that Pb can be fluorinated and defluorinated reversibly.

Figure 2(c) and (d) illustrate the SEM images of the surface of the fluorinated Pb plate. PbF,
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crystals had formed at arbitrary position of the flat Pb plate. Figure S2(a) displays the EDS spectra

at the points corresponding to the SEM image in Figure S2(b). As a marked amount of F was

detected on the crystal via the EDS spectra, the crystals were verified to be PbF,. Figure S3

displays the other magnified SEM image of the same fluorinated Pb electrode, which indicates that

the PbF, crystals grew not only onto the solution side, but also into the Pb plate. In a previous

study, we reported an SEM observation upon the fluorination of Bi plate, and all the surfaces of

Bi have been fluorinated uniformly.>* Therefore, the present behavior of Pb is quite different from

the fluorination mechanism of Bi. Deference of the fluorination mechanism between Pb and Bi is

described in detail later.

0.4

o
()

2

o
T

Current/ mA/cm
S
N

L

-06 -04 -02 0 02 04 06

(

=2
S—

Intensity / arb. units

I L cubic-PbF,
1 .

v'JL_l_J‘n. fss

J I 1 L

| ls Al Pb

30 40 50 60 70
2 theta / deg.

ACS Paragon Plus Environment

19



oNOYTULT D WN =

Chemistry of Materials

Figure 2. (a) CV of Pb in 0.08-mol/dm? MPPF/TMPA-TFSA. (b) XRD patterns of Pb electrodes

after fluorination at 0.05 and 0.2 V versus PbIPbF,. (c, d) SEM images of the surface of Pb after

fluorination.

With the Pb plate as a negative electrode, we investigated the charge—discharge reaction of the

BiF;-Pb FSB cell in MPPF/TMPA-TFSA at room temperature. Figure 3(a) displays the charge—

discharge profile of the FSB cell. First, the cell was discharged to 0.05 V with a constant current

(2) and then further discharged with a constant voltage until the current had decreased to (7500

(3). Subsequently, the cell was charged until 0.6 V in the CC mode at (7100 rate (4). The discharge

capacities of the BiF;/C positive electrodes with the CCCV mode neared the theoretical capacity

of BiF;, 302 mAh/g, and the subsequent recharge capacity was 235 mAh/g (78%). Figure 3(b)

illustrates the XRD patterns of the BiF3/C composite positive electrodes obtained at the initial state

(1), end of CC discharge (2), full discharge (3), and subsequent CC charge (4).

In the initial state, the crystal structure of BiF; was a mixture of h-BiF; and 0—BiF;, because the

BiF3/C composite was prepared by ball-milling for a few hours, as depicted in Figure S4. After

CC discharge (2), a peak was observed at 27.3° of Bi. Notably, the diffraction peaks of h-BiF; and

0—BiF; disappeared, and instead those of c—BiF; appeared at the end of the CC discharge to 0.05
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V (2). Yamanaka et al. reported the deference in reactivity and defluorination mechanism between

orthorhombic and cubic BiF; in an MPPF/TMPA-TFSA electrolyte solution using 7n sifu Raman

oNOYTULT D WN =

microscopy.® In the study, 0o-BiF; discharged at a higher voltage than c-BiF; in the electrolyte

14 solution to form Bi. Importantly, they found that o-BiF; had partially transformed into c—BiF; and

17 then defluorinated at a lower voltage. Similarly, the as-obtained XRD patterns after CC discharge

and full discharge of the BiF5/C positive electrodes (Figure 3(b)) conformed with the /n situ Raman

24 measurement results. The subsequent charge reaction (refluorination) caused the disappearance of

27 Bi and the formation of c—BiF;. These results proved that, with Pb as the negative electrode, the

BiF;/C composite positive electrode underwent reversible defluorination/fluorination in the

34 electrolyte solution at room temperature.
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Figure 3. (a) Charge—discharge curves of BiF;—Pb FSB with 0.08-mol/dm? MPPF/TMPA-TFSA

as the electrolyte solution. The discharge process is switched to the constant voltage mode at 0.05

V. (b) XRD patterns of BiF/C positive electrodes after discharge and charge cycles. The numbers

with parentheses and colors correspond to those in the charge—discharge curves (a). Asterisks (¥)

are the peaks of Ti as the current collector.

Figure 4(a) illustrates the charge reaction in the PbIPbF,—-Bi FSB cell with PbIPbF, as the

negative electrode and Bi as the positive electrode. The charge—discharge profile and cyclability

of the FSB cell with respect to the capacity of PbF, at the surface of the Pb negative electrode in

the PblPbF,—Bi FSB system were investigated. The obtained charge—discharge profiles are
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depicted in Figure 4(b)—(e). The electrochemical measurement was limited at O V for discharge

and +0.6 V for charge. The electrolyte solution was stable up to approximately +1.2 V versus

PbIPb, (Figure 1(a)). It is not so important for the Bi positive electrode to charge beyond +0.6 V;

therefore, we limited there to prevent the anodic dissolution of the metal at higher voltages.

In addition, the cycling performance of the Bi positive electrode was evaluated with a charge

capacity limit of 0.1 mAh. The reason for limiting the capacity is that BiF3, the charge product at

the surface of Bi, has poor electronic and ionic conductivities; therefore, the reversibility of

fluorination/defluorination would be declined via charging the adequately deep Bi from the

surface. Figure 4(b) illustrates the charge—discharge profile of the Pb-Bi cell, i.e., no PbF, exists

on the surface of the negative electrode. In this cell, even a subtle charge—discharge reaction did

not occur, and the electrode had a capacity of equal to or less than approximately 10 nAh. Thus,

the charge reaction of FSB was in need for fluoride species, such as the PbF,, on the negative

electrode. As expected, the charge capacity and number of cycles significantly increased with an

increase in the initial capacity of PbF, on the negative electrode from 0.1 to 1.0 mAh depicted in

Figure 4(c) to 4(e)). In addition, Figure S5 illustrates the similar charge—discharge profiles using

TMAF/TMPA-TFSA as the electrolyte solution. The same tendency as for MPPF/TMPA-TFSA
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was confirmed, i.e., there was no significant difference between MPPF and TMAF. These results

confirmed that this PbIPbF,—Bi FSB cell was charging based on a fluoride shuttle, that is, the

defluorination of PbF, at the negative electrode and the fluorination of Bi at the positive one

occurred simultaneously (Figure 4(a)). Next, the charge—discharge profile of the FSB cell with a

PbF, capacity of 1.0 mAh on the negative electrode (Figure 4e) will be discussed.

In the charging process from the first to the sixth cycle, the FSB cell could be charged up to 0.1

mAh, despite the gradual increase in the overpotential. Beyond cycle 6, however, the charge

capacity plummets. In contrast, the discharge profile exhibits two plateaus as described above,

with discharge capacity being only 40-60% of that of the charge capacity, which gradually

decreased with the number of cycles. Here, we compare the charge—discharge profile with that of

the case in which the FSB cell charged all at once to the reactive limit in depth as demonstrated in

the previous paper.?* The results are displayed in Figure S6. In this comparison, both galvanostatic

charge—discharge tests were performed at half the current density in Figure 4, i.e., 5 uA/cm?.
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Figure 4. (a) Schematic of the PbIPbF,—Bi FSB system during the charge process. (b—e) Charge—

discharge curves of the PbIPbF,—Bi FSB system with various initial capacities of PbF, on the

PbIPbF, negative electrode: (b) 0, (c) 0.1, (d) 0.2, and (e) 1.0 mAh, respectively.

As illustrated in Figure S6(a), although the FSB cell was charged up to 0.3 mAh at the initial

charge reaction, its capacity significantly degraded from the second cycle. In contrast, in the
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charge—discharge test limited at a charge capacity of 0.1 mAh (Figure S6(b)), the FSB cell could

be charged up to the sixth cycle with an increase in the overpotential, as anticipated. A charge

capacity of 0.3 mAh corresponds to a fluorination reaction that has progressed to a depth of 3.2

Mm from the surface of the Bi plate electrode, as calculated from the bulk metal density and

projected area of the electrode. We hypothesize that the formation of BiF; to such a depth, which

exhibits poor ionic and electronic conductivities, would greatly impede the reversibility of the

fluorination/defluorination reaction. In fact, the utilization of only 40-60% in the discharge

reaction suggests the accumulation of isolated and inactive BiF; (dead BiF3) on the surface in each

cycle. This indicates that the progress of subsequent fluorination (charge reaction) in a deeper layer

in Bi. To confirm this conjecture, we analyzed the in situ EC-AFM measurements of the

morphological changes of Bi and Pb during fluorination/defluorination, which constitute the

positive and negative electrodes of the FSB cell, respectively. The 7n situ EC-AFM measurements

were performed using the airtight cell as shown in Figure S1. The reason for using it was to avoid

reactions between the fluoride-containing electrolyte solution and water vapor in the air. If these

reacted, the fluoride species readily change to (HF),F-, and the TMPA* cation would be
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progressively decomposed by the Hofmann elimination. Therefore, it was necessary to use the

airtight 7n situ EC-AFM cell for the fluoride-containing electrolyte solution.

Figure 5 displays the snapshots of a video on the time-dependent topological variation of the

surface of the Bi plate during fluorination in TMAF/TMPA-TFSA. The original video is provided

as Movie 1 in the Supporting Information section. Here, the measurement points were marginally

shifted between images (a) and (b) for ease of viewing the surface changes. The Bi plate was

fluorinated once, and then a bare surface with a few fluorinated points was selected. Yellow arrows

in each figure indicate upheaved regions. As the galvanostatic fluorination progressed, cracks

appeared on the flat Bi surface, and propagated from the first point in the upheaved region. The

cracks were presumed to occur along the grain boundary of the Bi plate. The upheaval was caused

by the large volume change, expansion, during the conversion from Bi to BiF;. Consequently, the

electrolyte solution, i.e., an active fluoride species could penetrate deeper into the surface of Bi

formed by exfoliation of the upheaved planes.
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1 um

Figure 5. Time-dependent topological variation of the surface of the Bi plate during galvanostatic

fluorination in TMAF/TMPA-TFSA as obtained by 7n situ EC-AFM. The measurement points are

purposely shifted between (a) and (b) for a clearer view of the surface changes. Yellow arrows

indicate the upheaved regions.
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In the previous study, we captured SEM images of the fluorinated surface of Bi after the first

charge; the entire surface was covered in upheaved BiF3.?* Thus, the current in situ EC-AFM

observation clearly demonstrated the topological change of the Bi positive electrode in the

charging process of the PbIPbF,-Bi FSB. In addition, Movies 2 and 3 (Supporting Information)

play the results of the 7in situ EC-AFM observation during the defluorination and re-fluorination

of the Bi electrode following Movie 1. The outermost upheaved layer had remained intact after

defluorination, while the lower upheaved layer gradually receded (Movie 2). In subsequent

fluorination (re-fluoridation) at the same region, the deeper layer re-emerged, and the surface

became rougher (Movie 3). Thus, we demonstrated via 7n situ EC-AFM measurements that isolated

and inactive BiF; accumulates on the topmost surface in each cycle. Generally, the problem of the

isolated and inactive BiFj; is easily overcome by the BiFs/C composite electrode composed of BiF;

powder with a suitably small particle diameter.

The morphological change trend of Pb was unlike that of Bi. Figure 6 displays snapshots of the

video on the time-dependent topological change of the surface of the Pb plate during its

fluorination in TMAF/TMPA-TFSA. The original video is presented as Movie 4 in Supporting

Information. In this measurement, we selected a region on the bare surface with a few fluorinated
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points after one cycle of fluorination. As the fluorination progressed, PbF, crystals appeared

abruptly at arbitrary positions to a notably large size at this resolution. The yellow arrows in the

figures indicate the crystal nuclei formed at the surface. The nuclei grow on the surface after

formation.

For example, the crystal nuclei at the top edge in Figure 6(a) burgeons over time. In addition,

after sometime, the newly generated crystal nuclei were larger than the early ones. Here, as is clear

from the CV and XRD patterns illustrated in Figure 2, the fluorination of Pb is preceded by

dissolution. These facts suggest that the crystal nuclei had already grown in the electrolyte solution

before deposition onto the Pb surface. That is, the unexpected formation of the crystal nuclei at

arbitrary locations observed in the 7n situ EC-AFM measurements of the Pb surface was presumed

to be the result of the following two-step reaction.
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39 2 um

44 Figure 6. Time-dependent topological change of the surface of the Pb plate during fluorination in
47 TMAF/TMPA-TFSA as obtained by in siftu EC-AFM. Yellow arrows indicate the abruptly formed

51 crystal nuclei.
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The Pb?* ions dissolved as the initial step of the sequential fluorination reacted with the F- ions

in the electrolyte solution to form PbF, nanoparticles (crystal nuclei), which were deposited on the

Pb plate at some time. Consequently, the location of the formation of PbF, crystal nuclei was

arbitrary, and hence unpredictable. Once the PbF,; crystal nuclei was deposited on the Pb plate, the

two reactions, Pb — Pb** + 2e~ (dissolution) and Pb** + 2F- — PbF, (deposition), proceeded

simultaneously at the interface between the bare Pb surface and the PbF, crystal nucleus.

Consequently, the buried PbF, crystal formed as displayed in Figure 2(c), (d) and Figure S3. This

reaction mechanism, in which the active material is dissolved followed by deposition, is likely to

cause aggregation and desorption of the active material on/from the composite electrode.

Additionally, deposition on the opposite electrode is also a concern.

The reason for the poor cycling performance of the PbIPbF,—Bi FSB cell is not only the isolation

of BiF; formed during the charging process, but also the dissolution—deposition mechanism of Pb.

In fact, no studies have reported the construction of two-electrode rechargeable batteries using

positive and negative electrodes based on the fluoride shuttle phenomenon in an electrolyte

solution, in which the dissolution—deposition mechanism is used as the electrode reaction for the

active materials. In addition, to the best of the authors’ knowledge, no chargeable—dischargeable
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FSB cell using an electrolyte solution has been demonstrated. To develop FSBs that can be

operated at room temperature using an electrolyte solution, researchers must design active

materials that promote reactions near their surfaces without being dissolved in the electrolyte

solution, e.g., Bi in Figure 5. They must further design the effective components that constitute the

electrolyte solution. We are currently working on further improvements to the FSB in this

direction.

4. Conclusions

In conclusion, we report that morphological changes of active materials, Bi and Pb for the

solution-based FSB, at their interface with an electrolyte solution were investigated by in situ EC-

AFM measurement for the first time. Difference in the morphological changes of the active

material surface between two mechanisms, direct fluorination and dissolution—deposition, were

explained with evidence. In direct fluorination, large structural changes propagating on the surface,

clacks and upheavals, were observed during conversion of metal into metal-fluoride. In

dissolution—deposition, the crystal nuclei of the products, metal fluoride, were formed in the

electrolyte solution and then deposited on the original metal surface, and subsequently grew. The

location of the crystal nuclei deposited on the surface was arbitrary, and hence unpredictable.

ACS Paragon Plus Environment

33



oNOYTULT D WN =

Chemistry of Materials

Therefore, the position and degree of fluorination and defluorination cannot be controlled in an

electrode with the dissolution—deposition mechanism, i.e., the process is not reversible. Thus, the

main causes of the fading of cyclability in FSBs using electrolyte solutions were identified. This

work is anticipated to inspire interest in modifying electrolyte solutions and its additives, and

designing structures of active materials, the FSB based on electrolyte solutions will be further

improved.
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