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Abstract: Lead fluoride (PbF2) is a promising electrode material for 
fluoride shuttle batteries (FSBs) owing to its high theoretical capacity 
(219 mAh g–1). In this study, the discharge and charge capacities of 
a PbF2 electrode were measured using a bis[2-(2-
methoxyethoxy)ethyl] ether containing cesium fluoride and 
triphenylborane as an electrolyte. A high specific capacity was 
maintained during both the discharge and charge processes in the 
first cycle, but the capacity decreased from the first charge process 
to the following discharge process. To clarify the electrochemical 
reaction mechanism, the dissolution and change in the electronic 
state of Pb at the PbF2 electrode during the discharge and charge 
processes were evaluated via atomic absorption spectrometry (AAS) 
and X-ray photoelectron spectroscopy (XPS). The results obtained 
from AAS and XPS indicated that Pb was formed during the 
discharge process. Conversely, the formation of PbF2 and 
dissolution of Pb coexisted within the wide range of charge process. 
The PbF2 could react in the following cycle, but the dissolved Pb was 
unable to contribute to the following discharge/charge reaction. 
Therefore, after the initial charge process, the capacity decreased. 

 

To improve the performance of portable electronic devices, a 
range of batteries have been developed [1–11]. Recently, Reddy 
et al. proposed a battery based on fluoride ion migration [12], 
since then several research groups have further developed 
these batteries [13–15]. Our group has developed an organic-
solvent-based electrolyte that contains supporting electrolyte salt 

and an anion acceptor (AA) for use in a fluoride shuttle battery 

(FSB) [16–19]. The development of organic-solvent-based 
electrolytes for FSBs was accomplished through the utilization of 
an AA, which supports the dissolution of insoluble inorganic 
fluoride compounds as a supporting electrolyte salt in an organic 
solvent. A metal fluoride (MFx) is used as the active material for 
this type of battery. The electrochemical reaction of MFx starts at 
the discharge process, during which the metal (M) is formed 

(MFx + xe  M + xF). Then, MFx is formed (M + xF  MFx + 

xe) during the charge process. 
Previously, the charge and discharge measurements for the 

bismuth fluoride (BiF3) and lead fluoride (PbF2) electrodes were 
conducted in an electrolyte comprising cesium fluoride (CsF), 
(fluorobis(2,4,6-trimethylphenyl)borane (FBTMPhB)), and (bis[2-
(2-methoxyethoxy)ethyl] ether (tetraglyme: G4)) as the 
supporting electrolyte salt, AA, and an organic solvent. The 
discharge and charge reactions of the BiF3 and PbF2 electrodes 
progressed in this electrolyte. However, after one cycle, the 
shape of the discharge curve changed and the discharge 
capacity decreased greatly [16]. We previously found that 
triphenylborane (TPhB) and triphenylboroxine (TPhBX) could 
also be used as AAs [19]. Using the electrolytes containing 
TPhB/TPhBX, the charge and discharge measurements of BiF3 
electrode were conducted. The change in the shape of the 
discharge curve was suppressed when using these AAs. The 
cycling performance of the BiF3 electrode was affected by the 
type of AA used. The cycling performance in the electrolyte with 
TPhB was higher than that with TPhBX [19]. 

In this study, the electrochemical properties of a PbF2 
electrode were investigated by using an electrolyte comprising 
CsF, TPhB, and G4. Here, we verified the ability of TPhB to act 
as an AA via the density functional theory (DFT) calculation. 
After the optimized molecular structure of TPhB was calculated, 
the most stable binding site of F– on TPhB and its adsorption 
energy (Ea) were calculated. After confirming that TPhB 
behaves as an AA, the electrochemical measurements of the 
PbF2 electrode were performed using an electrolyte with TPhB. 
PbF2 mixed with carbon, by using a ball mill, was used as the 
active material because this method has been reported to 
improve the electrochemical properties of MFx electrodes [20–25]. 
The electrochemical reaction mechanism of the PbF2 electrode 
was investigated via atomic absorption spectrometry (AAS) and 
X-ray photoelectron spectroscopy (XPS). 
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Figure 1. Structures of a) TPhB and b) TPhB–F– after optimization. The gray, 

white, pink, and aqua balls represent carbon, hydrogen, boron, and fluorine, 

respectively. 

 

 

 
 
Figure 2.  Discharge and charge curves for the PbF2 electrode at a) 1/10 and 
b) 1/40 C over the potential range from –1.4 to –0.6 V (vs. ref.). 

 
 

The ability of TPhB to act as an AA to coordinate with F– was 
estimated from the Ea value of TPhB–F– obtained from DFT 
calculations. The optimized molecular structure of TPhB 
obtained from the calculation is illustrated in Figure 1(a). The 
boron atom (shown as a pink ball in Figure 1(a)) is located at the 
center of the molecule and is coordinated with three phenyl rings 

(shown as gray and white balls in Figure 1(a)). The most stable 
binding site for F– (shown as an aqua ball in Figure 1(b)) on 
TPhB was found to be the boron atom, as shown in Figure 1(b). 
The Ea of F– on TPhB was –324.3 kJ mol–1, which is similar to 
those of an efficient AA such as FBTMPhB or 
tris(pentafluorophenyl)borane [16, 26]. The calculation results 
indicate that TPhB is an appropriate molecule to act as an AA in 
an organic electrolyte. 

Using G4 containing CsF and TPhB as a supporting 
electrolyte salt and AA, respectively, the charge and discharge 
measurements of the PbF2 electrode were conducted at 1/10 
and 1/40 C (Figure 2), respectively. When PbF2 was cycled at 
1/10 C (Figure 2(a)), the first, second, and third 
discharge/charge capacities were 212/186, 130/112, and 89/72 
mAh g–1, respectively. The first discharge capacity was close to 
the theoretical capacity (219 mAh g–1); however, the capacity 
decreased in the following cycles. In order to progress the 
electrochemical reaction, the operating current condition was 
changed from 1/10 C to 1/40 C. At 1/40 C (Figure 2(b)), the first 
discharge capacity (254 mAh g–1) was higher than the 
theoretical capacity. This suggests that the electrolyte might 
decompose during the first discharge process, which has 
observed in an LIB operated in an organic electrolyte [27–30]. 
Furthermore, the high capacity (217 mAh g–1), which is close to 
the theoretical capacity, was obtained during the first charge 
process. However, the discharge/charge capacities then 
decreased as the cycle progressed. The change from 1/10 C to 
1/40 C in the operating current condition decreased the 
polarization and increased the discharge/charge capacities. 
However, the capacity degradation during the cycle cannot be 
improved. 

As reported previously, an electrolyte containing an AA can 
dissolve CsF and active material [16]. In this study, we assumed 
that the Pb is dissolved in the electrolyte during the charge 
process. To access the progress of Pb dissolution, the amount 
of Pb dissolved in the electrolyte during the charge process in 
the first cycle was measured. The results obtained through AAS 
indicate that 46% of the Pb is dissolved during the charge 
process in the first cycle, indicating that a charge capacity of 101 

mAh g–1 is attributed to the dissolution of Pb (Pb  Pb2+ + 2e–). 
The dissolution of Pb causes a loss of active material; therefore, 
the capacity greatly decreases from the first charge to second 
discharge processes (Figure 2). However, the remainder of the 
charge capacity (116 mAh g–1) may be attributed to the 

formation of PbF2 (Pb + 2F–  PbF2 + 2e–). 
The formation of PbF2 during the charge process can be 

confirmed by the change in the electronic state of Pb in the 
electrode. Further, the progress of Pb formation in the discharge 
process might be clarified from the change in the electronic state 
of Pb in the electrode. The electronic states of Pb in the 
electrode during the discharge and charge processes were 
investigated through XPS (Figure 3). Two peaks, both assigned 
to Pb2+ (PbF2), are observed at 139.0 and 143.9 eV in the 
pristine state (bottom in Figure 3) [31]. In addition to the peaks 
assigned to Pb2+ (PbF2), peaks indexed to Pb metal were 
observed at 136.6 and 141.5 eV in the partially discharged state 
(100 mAh g–1, second from bottom in Figure 3) [32]. There are 
two small peaks, indexed to Pb2+ (139.0 and 143.9 eV), and two 
large peaks, indexed to Pb metal (136.6 and 141.5 eV), in the 
fully discharged state (third from bottom in Figure 3). The 
changes in the peak intensities during the discharge process 
indicate that the amount of PbF2 in the active material 
decreases, and the amount of Pb in the electrode increases as 
the discharge reaction progresses. This means that Pb is formed 
during the discharge process. Conversely, four peaks, assigned 
to Pb2+ and Pb metal, were observed in the partially charged 
state (100 mAh g–1, fourth from bottom in Figure 3). Two large 
peaks, indexed to Pb2+, and two small peaks, indexed to Pb 
metal, were observed in the fully charged state (top in Figure 3). 
The changes in the peak intensities during the charge process 
indicate that the amounts of Pb2+ and Pb metal increase and 
decrease, respectively, as the charge reaction progresses. 
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These intensity changes were observed at both 0–100 and 100–

217 mAh g–1, indicating that the formation of PbF2 (Pb + 2F–  
PbF2 + 2e–) progresses during both the initial to intermediate 
stages and intermediate to final stages of the charge process. 

The experimental results indicate that the electrochemical 
reaction of PbF2 in the electrolyte containing TPhB proceeds as 
follows: 
In the discharge process, the Pb is formed according to the 
following formula: 

PbF2 + 2e–  Pb + 2F– (i) 
 
In the charge process, the formation of PbF2 and dissolution of 
Pb proceed according to the following formulae:     

Pb + 2F–  PbF2 + 2e– (ii) 

Pb  Pb2+ + 2e– (iii) 
 
From the results obtained through the electrochemical and AAS 

measurements, the capacities of 116 and 101 mAh g1 were 
attributed to the progress of reactions (ii) and (iii), respectively. 
According to Figure 2(b), only one plateau was observed in the 
first charge curve. This implies that reactions (ii) and (iii) proceed 
at the same/similar potential range. Furthermore, the XPS 
results (Figure 3) indicate that two types of reaction coexist 
within the wide range during the charge process.  
The formed PbF2 can contribute to the subsequent 

discharge/charge reactions but the dissolved Pb cannot. Since 
two types of reaction progress at the same/similar potential, it is 
difficult to simultaneously suppress the dissolution of Pb and 
improve the cycling performance by limiting the charge cut-off 
potential. 
Currently, to suppress the Pb dissolution during the charge 

process, the effects of the AA type and CsF/AA ratio in the 
electrolyte on the electrochemical performance are being 
investigated. Furthermore, the electrochemical reaction 
mechanisms at the PbF2 electrode in various electrolytes are 
being investigated through several analysis methods. The 
results of these methods will be reported in the near future. 

 
 

 

 
Figure 3.  Pb 4f XPS spectra for the PbF2 electrode in the pristine, partially 
discharged (100 mAh g–1), fully discharged, partially charged (100 mAh g–1), 
and fully charged states during the first cycle. 

 

 

 

 

Supporting Information Summary 

Information about the calculation method and experimental section is 

provided in the Supporting Information. 
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Electrochemical measurement of PbF2 electrode for fluoride shuttle battery was performed in an electrolyte comprising G4, CsF, and 
TPhB. Initial discharge/charge capacities were high, but capacities were decreased in the following cycle. Analysis results indicate 
that Pb was formed during discharging, but PbF2 formation and Pb dissolution coexisted during charging. The capacity degradation 
was caused by lack of active material due to Pb dissolution. 
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