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Figure 2-1. Examples of previous studies of lithium borate 
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Figure 2-2. Lithium borates
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Figure 2-3. General synthetic method
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



    

   

 

Table 2-1. Structure-related parameters obtained from NMR and high-resolution  
mass spectrometry. 
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Figure 2-4c. 1  





Figure 2-4d. 11B NMR spectra for each borate with LiBF4. The LiBF4 peak was set to 0.00 ppm.

Figure 2-4e. 11B NMR spectra for each borate. To check the purity, the measurement 
was performed without adding LiBF4 as the standard. LiBF4 (the starting material) was 
included as an impurity.
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Figure 2-4f. 7Li NMR spectra of each borate. LiBF4 was added as an external standard and its peak 
was set to 0.00 ppm.
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



220 c) < 0.1 
140 < 0.1 
170 4.5 
350 < 0.1 
180 92.8 
170 86.7 
310 68.7 
230 92.8 

LiBF4 190 17.7 


Table 2-2. Stability data for each of the newly prepared lithium borates. 

a) Estimated from TG-DTA analysis at 10°C min-1 under N2 atmosphere. 
b) The decomposition rate was evaluated by 11B-NMR analysis of a 0.8 M 
aqueous solution after 2 days at 25°C.  
c) Values measured using DSC are reported 15). 
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Figure 2-5. TG-DTA curves were obtained for each lithium borate obtained at a rate of 10°C 
min-1 under a N2 atmosphere. The solid lines show the TG data (left axis) and the dotted lines 
indicate the DTA data (right axis).
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Figure 2-6. 11B NMR spectra obtained after hydrolysis for 2 days at room temperature in a 0.8 
M aqueous solution. 
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Figure 2-8. Electrochemical stability of lithium borates. Cyclic voltammograms of PFP2, PFP-
F2, PFP-Ox, , HHIB-F2, HHIB-Ox, Ox2, Ox-F2, and LiBF4 in EC/EMC (1/2 v) from 3.0 
to 0.0 VLi at (a) 1st and (b) 2nd cycle and from 3.0 to 6.0 VLi at (c) 1st and (d) 2nd cycle at a scan 
rate of 5 mV s-1. A glassy carbon electrode was used as a working electrode, and lithium metal 
was used as the counter and reference electrodes.  
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Figure 2-9. Linear sweep voltammograms of PFP2, PFP-F2, PFP-Ox, , HHIB-F2, HHIB-
Ox, Ox2, Ox-F2, and LiBF4 in DME from 2.5 to 0.0 VLi at (a) 1st and (b) 2nd cycle at a scan rate 
of 5 mV s-1. A glassy carbon electrode was used as a working electrode and lithium metal was 
used as the counter and reference electrodes. (c) LSV curves measured in 0.1 M ligand (PFP, 
HHIB, and Ox) solutions in EC/EMC (1/2 v/v). (d) cyclic CV voltammograms of PFP2, PFP-F2, 
PFP-Ox, , HHIB-F2, HHIB-Ox, Ox2, Ox-F2, LiBF4, and LiFSI in EC/EMC (1/2 v) from 
3.0 to 6.0 VLi at a scan rate of 5 mV s-1. Aluminum was used as a working electrode and lithium 
metal was used as the counter and reference electrodes.
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Figure 2-10. The HOMO and LUMO energy levels of PFP2, PFP-F2, PFP-Ox, , HHIB-
F2, HHIB-Ox, Ox2, Ox-F2 and BF4 which were determined using density functional theory (DFT)
are presented.
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Table 2-3. Ionic conductivity and solubility in the EC-EMC (1:2 v/v) solution. 







  

   



    

    

     

     

  

 

   

  

  

   

   

       

Figure 2-11. Relationships among the borate structure, Li dissociability, and ionic 
conductivity. (a) Raman spectra of 0.8 M EC-EMC (1/2 v) solution of each lithium borate in 
the 850 960 cm-1 region. (b) 11B NMR spectra of 0.8 M EC-EMC (1/2 v/v) solution of each 
lithium borate. LiBF4 dissolved in CD3CN was used as an external standard (0 ppm). (c) 11B 
NMR chemical shift of 0.8 M EC-EMC (1/2 v/v) solution versus the Li dissociation 
from Table 2-4). (d) Ionic conductivities of 0.8 M EC-EMC (1/2 v/v) solution versus the Li 

11B NMR and Raman spectra 
were measured at 25°C. 
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
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  
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Table 2-4. Degree of Li+ dissociation estimated using the Raman peak area. 
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



 



   




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  

 

 





 

 
    

       
       
       
       
       
       
       
       
       
       

Table 2-5. Self-diffusion coefficients and viscosities of 0.8 M electrolyte solutions at 30°C 

The diffusion coefficient of Li is smaller than that of the solvent, suggesting that the Stokes radius 
of Li is larger than that of the solvent 46); hence, Li is solvated according to the Stokes-Einstein 
equation. The transference number of Li+ (tLi+) was obtained from the following equation 47): 

tLi+ = DLi / (DLi + Danion) 
We can estimate the number of accompanying solvent molecules (R) using the following simplified 
equation 46):  

R = (DEC + DEMC) /DLi 

 







 

  

     



  

  

Figure 2-12. Relationships among the borate structure, Li mobility, and ionic 
conductivity. (a) Viscosity of 0.8 M EC-EMC (1/2 v/v) solution versus the self-diffusion 
coefficients of the lithium cation. (b) Self-diffusion coefficients of the solvent (EC + EMC) 
versus that of the lithium cation. (c) Ionic conductivities of 0.8 M EC-EMC (1/2 v/v) solution 
versus the self-diffusion coefficients of the lithium cation. (d) Molecular weight of the borate 
anion versus the viscosity and mass fraction (anion) of the 0.8 M EC-EMC (1/2 v/v) solution. 
The self-diffusion coefficient, viscosity, and ionic conductivity were measured at 30°C. (e) 
11B NMR chemical shift of 0.8 M EC-EMC (1/2 v/v) solution versus the Li dissociation 
(calculated from Table 2-6). 
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  
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  

  







 
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  





  





  
 

 
  
  
  
  
  
  
  
  
  

Table 2-6. Ionisity of 0.8 M electrolyte solutions at 30°C 
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 



  

  
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 

Table 2-7. Summary of properties of lithium borates
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Figure 3-2. (a) Differential capacity profiles at 
pre-charge from LiNi0.33Mn0.33Co0.33O2 / 
Graphite cells at 0.2 C rate (25°C). The 
electrolytes contain 1.0 M of lithium borate PFP-
F2 or HHIB-F2, or LiBF4. (solvent: EC / EMC = 
1/2 v) (b) Cycle performance of full cells with 
three different electrolyte salts. (60°C, 3 C rate 
within a voltage range of 3.0 V to 4.3 V). (c) 
Coulombic efficiency during cycle test.
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  

Figure 3-3. EIS date of full cells with three different electrolytes, (a) before cycle test (Scheme 
3-1. EIS-1), (b) after cycle test (Scheme 3-1. EIS-2). Measurements were performed on cells 
with 100% SOC (after 0.2C charge at 25°C) at an amplitude of 10 mV and frequency of 100 
kHz to 10 mHz at 25°C. And charge/discharge curves of full cells, (c) with PFP-F2, (d) with 
HHIB-F2, (e) BF4 in 60°C, 3 C cycle test within a voltage range of 3.0 to 4.3 V.
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Figure 3-4. (a) Differential capacity profiles at 
pre-charge from LiNi0.33Mn0.33Co0.33O2 / 
Graphite cells at 0.2 C rate (25°C). The 
electrolytes contain 1.0 M of lithium borate PFP-
F2 or HHIB-F2, or LiBF4.All electrolytes contain 
1.0 wt% of LiBOB. (solvent: EC / EMC = 1/2 v)
(b) Cycle performance of full cells with three 
different electrolyte salts. (60°C, 3 C rate within 
a voltage range of 3.0 V to 4.3 V). (c) Coulombic 
efficiency during cycle test.
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Figure 3-5. Cycle performance of full cells 
with 1 M PFP-F2 electrolyte and an additive 
LiBOB. The blue solid line is 1.0 wt.% 
LiBOB (Fig. 2b) and the blue dotted line is 
without LiBOB (Fig. 2b). The black solid line 
shows 1.5 wt.% of LiBOB and the black 
cotted line shows 0.5 wt.% of LiBOB. (60°C, 
3 C rate within a voltage range of 3.0 V to 4.3 
V)
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Figure 3-6. Cyclic voltammogram data of each electrolyte solutions at a scan rate of 1 mV s-1 at 
25°C. Lithum half-cell was used, and positive/negative electrodes (NMC111/graphite) were used as 
working electrode.
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Figure 3-7. EIS date of full cells with three different electrolytes with LiBOB, (a) before cycle 
test (Scheme 3-1. EIS-1), (b) after cycle test (Scheme 3-1. EIS-2). Measurements were 
performed on cells with 100% SOC (after 0.2C charge at 25°C) at an amplitude of 10 mV and 
frequency of 100 kHz to 10 mHz at 25°C. And charge/discharge curves of full cells, (c) with 
PFP-F2 + LiBOB, (d) with HHIB-F2 + LiBOB, (e) BF4 + LiBOB in 60°C, 3 C cycle test within 
a voltage range of 3.0 to 4.3 V. 
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Figure 3-8. 11B-NMR spectra of pristine 
electrolytes and electrolytes extracted 
from the cycle tested cell. LiBF4 at 0 ppm 
is an internal standard added to the pristine 
PFP-F2 and HHIB-F2 samples. The LiBF4
internal standard was not added to the 
electrolytes extracted from cycle tested 
cell to avoid the overlap with the generated 
LiBF4 via the decomposition of PFP-F2
and HHIB-F2 during the cycle test.
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Scheme 3-2. Separation procedures and combination patterns of recovered electrodes to check the 
capacity of the positive electrode in a half-cell. 
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Figure 3-9. Comparison of capacities of the 100th cycle, after cycle test (capacity check at 25 °C, 0.2
C), and of the reconstructed half-cell (see Scheme 3-2 for reconstructed procedure). The capacities of 
left two columns (columns 1 and 2) were obtained from full cells before reconstruction, columns 3, 4, 
and 5 were obtained from half-cells with recovered positive electrode and Li metal, and the far right 
column (column 6) was obtained from a half-cell with pristine positive electrode and Li metal. Color of 
the bar indicates the electrolyte used for the cycling test. Filled and open bars show the cell with and 
without LiBOB, respectively. Charge discharge tests for reconstructed cells were conducted in the 
voltage range of 3.0 V to 4.3 V at 25 °C and 0.2C, using 1.0 M LiBF4 electrolyte.
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Figure 3-10. Charge and discharge capacities were checked. Blue and dark blue indicate PFP-F2 as 
the electrolyte at cycle test. Similarly, red and dark red indicate HHIB-F2, and black and violet indicate 
LiBF4. A green line indicates a half-cell with pristine positive electrode and Li metal. The dotted lines 
are cells without LiBOB added in the cycle test. In contrast, the solid lines show data of a cell using 
LiBOB. (a) Comparison of discharge capacity when capacity is checked after cycle test and 1st charge 
capacity of Li half-cell using recovered positive electrode. (25°C, 0.2 C within a voltage range of 3.0 
V to 4.3 V) (b) Comparison of 1st discharge and 2nd charge capacity when Li+ is supplied to the 
recovered positive electrode from Li metal negative electrode and a discharge capacity of half-cell 
with pristine positive electrode and Li metal negative electrode. (25°C, 0.2 C within a voltage range 
of 3.0 to 4.3 V)





   

 

 

 



 



Figure 3-11. Discharge capacity of the recovered positive electrode was checked using Li 
metal and 1.0 M LiBF4 EC/EMC (1/2 v) solution. The solid green line shows the discharge 
curve of the pristine positive electrode, dark blue dotted line indicates PFP-F2, and dark red 
dotted line indicates HHIB-F2. (25°C, 0.1 C within a voltage range of 3.0 to 4.3 V)
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Scheme 3-3. Separation procedures and combination patterns of recovered electrodes to check 
the resistance of positive and negative electrodes.

Figure 3-12. Electrochemical impedance spectra for cells with recovered and pristine 
electrodes in (a) PFP-F2, (b) HHIB-F2, (c) PFP-F2 with LiBOB, and (d) HHIB-F2 with 
LiBOB. Each legend represents the conditions of the cell for EIS measurements. 
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Table 3-1. Cell resistance obtained from EIS measurements.
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Figure 3-13. XPS spectra of a pristine and recovered (a) positive and (b) negative electrode surface 
after the cycle test in PFP-F2 electrolyte with and without LiBOB. (recovered electrodes were 
recovered from the cells, washed, and dried under reduced pressure before XPS measurement.) From 
left to right, the photoemission lines for the C 1s, F 1s, O 1s B 1s, and Mn 2p3/2. All spectra were 
calibrated with the adventitious hydrocarbons at 284.3 eV and background corrected using a Shirley 
background. The cycle test for recovered electrodes were performed at 60°C, 3 C within a voltage 
range of 3.0 V to 4.3 V in 1.0M PFP-F2 in EC/EMC with and without 1wt.% LiBOB.
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Figure 3-14. XPS spectra of recovered (a) positive and (b) negative electrode surface after the 
cycle test in HHIB-F2 electrolyte with and without LiBOB. (Recovered electrodes were recovered 
from the cells, washed, and dried under reduced pressure before XPS measurement.) From left to 
right, the photoemission lines for the C 1s, F 1s, O 1s,B 1s, and Mn 2p3/2. All spectra were calibrated 
with the adventitious hydrocarbons at 284.3 eV and background corrected using a Shirley 
background. The cycle tests for recovered electrodes were performed at 60°C, 3 C within a voltage 
range of 3.0 to 4.3 V in 1.0 M HHIB-F2 in EC/EMC with and without 1wt.% LiBOB.
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Figure 3-15. XPS spectra of the 
recovered negative electrode surface after 
the cycle test, where the surface was 
etched using argon gas cluster ion beam; 
red lines show the etching depth of 5 nm 
and blue lines show 10 nm. 

Figure 3-16. Proposed working principles for improved cycle performance observed in LiBOB-
contained electrolytes. For electrolytes without LiBOB, electrolyte reductively decomposes on the 
negative electrode surface forming CF3-contained decomposition product. The CF3-contained 
decomposition product then migrate to the positive electrode side and oxidatively decomposes to 
form highly-resistive surface layer, which has dominant role in the deterioration of the cycle 
performance. For LiBOB-contained system, LiBOB-derived SEI on the negative electrode surface 
effectively suppress the reductive decomposition of the electrolyte, leading to suppress the formation 
of the CF3-contained decomposition product. Therefore, the formation of the higly-resistive surface 
layer on positive electrode surface originating from the reductive decomposition product from 
negative electrode side is intrinsically suppressed and significantly improve the cycle performance.
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Scheme 3-4. Reassemble procedure of SEI/CEI-formed electrodes and the 2nd cycle test conditions.
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Figure 3-17. (a) Cycle retention of four different full cells. Cycle test was performed in 1.0 M 
PFP-F2 EC/EMC solution (1/2v) with (solid line) and without LiBOB (dotted line) at 60°C, 
within a voltage range of 3.0 V to 4.3 V. Pre-cycling treatment to form SEI and CEI was 
performed in 1.0 M PFP-F2 EC/EMC solution (1/2v) with LiBOB (see Scheme 3-4 for detailed 
procedure). The result from pristine cell with (blue solid line, the same data as Fig. 3-4b) and 
without LiBOB (blue dotted line, the same data as Fig. 3-2b) is shown for comparison. (b) 
Electrochemical impedance spectra of the four types of full cells after the cycle test (corresponds 
to the EIS-2 in Scheme 3-1 and EIS-5 in Scheme 3-4). Measurements were performed on cells 
with 100% SOC (after 0.2 C charge at 25°C) at an amplitude of 10 mV and frequency of 100 
kHz to 10 mHz at 25°C.  
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Figure 3-18. XPS spectra of recovered electrodes surface after the cycle test in PFP-F2 electrolyte. 
The pristine cell data (blue solid and dotted line) is the same as in Figs. 3-13a, b. The light blue 
dotted line is the data of the electrodes after the cycle test using the negative electrode with SEI 
formed by LiBOB. And the dark blue dotted line is the data of the electrodes after the cycle test 
using the positive electrode with CEI formed by LiBOB.
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Figure 3-19. Proposed reductive 
decomposition mechanisms for 
the lithium borate salts, LiBF4, 
LiBOB, and LiDFOB.using the 
positive electrode with CEI 
formed by LiBOB.

Figure 3-20. The presumptive reductive decomposition products of 
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Scheme 4-2. Procedure used to assemble symmetric cells.
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Scheme 4-3. Procedure used to assemble lithium half-cells to check the capacity.
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Figure 4-5. Charge/discharge curves of cells fabricated from 100-fold cycled electrodes and 
lithium metal (see Scheme 4-3 for detailed procedure). Charge and discharge were performed in 
the voltage range of 0.001 2.0 V (negative electrode) and 3.0 4.8 V (positive electrode) at 25 °C
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  

Figure 4-7. (a) C 1s, (b) F 1s, (c) O 1s, and (d) B 1s spectra of 100-fold cycled (4.8 V, 3 C, 
60 °C) positive electrodes. C 1s peaks around 286.0 and 290.5 eV were attributed to the C H and 
C F bonds of PVDF, respectively 31). The C F peak of PVDF was also observed in the F 1s 
spectrum at ~687.6 eV 31), 32), 33). Peaks at 285.0, 286.5, 288.5, and 289.5 eV were identified as 
C H 32), 34), C O 32), 33), 34) C=O 32), 33), and CO3 31, 34, respectively. O 1s peaks around 533.5 31), 

33), 35), 532.0 31), 33), 35), and 531.0 eV 32), 33), 35) were ascribed to C O, C=O, and CO3, respectively. 
The C 1s peak around 292.5 eV was ascribed to CF3 22), 36) and corresponds to the F 1s peak at 
688.5 eV 22), 36). The peak around 687.0 eV, also appearing in the F 1s spectrum, was attributed 
to B F 31), 35), 36), 37), and the peak at 685.0 eV 31), 32), 33), 35), 37) was attributed to LiF. The B 1s peak 
around 192.5 eV was ascribed to B O bonds 26), 31), 35).
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Figure 4-8. Scanning electron microscopy (SEM) images of pristine and 100-fold 
cycled (4.8 V) positive electrodes.  
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Figure 4-10. (a) C 1s, (b) F 1s, (c) O 1s, B 1s, and Mn 2p3/2 spectra of 100-fold cycled (4.8 V, 3 
C, 60 °C) negative electrodes. 
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Figure 4-11. SEM images of pristine and 100-fold cycled (4.8 V) negative 
electrodes.
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Figure 4-12. SEM images and related elemental distributions obtained for pristine and 100-fold 
cycled (4.8 V) negative electrodes. Particulate deposits are indicated by white circles (far right 
column).
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Table 4-1. Bond length changes resulting from one-electron oxidation 
determined by DFT calculations at B3LYP / 6-31+G(d,p) (charge 0) and 
UB3LYP / 6-31+G(d,p) (charge +1) levels. 

. M-O-M-O 
means the positive electrode surface.
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Figure 4-15. (a) Results of cycling test conducted at 3 C, 60 °C, and an upper potential limit of 4.8 V 
using the LNMO positive electrode and EMC-based electrolytes. (b) The amount of decrease in 
discharge capacity at the 100th cycle when the electrolyte is replaced from EC/EMC-based to EMC-
based. Both negative electrodes are made of graphite, with an upper potential limit of 4.8 V for the 
LNMO positive electrode and 4.3 V for the NMC111 positive electrode.
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Figure 4-16. Cyclic voltammograms of (a, b) PFP-F , (c, d) HHIB-F , and (e, f) LiBF solutions 
in (a, c, e) EC/EMC and (b, d, f) EMC recorded at a scan rate of 1 mV s 1 and 25 °C for lithium 
half-cells and LNMO positive electrodes as working electrodes. 
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Figure 4-17. (a) Results of cycling test conducted at 3 C, 60°C, and an upper potential limit of 4.3 
V using the NMC111 positive electrode and EMC-based electrolyte. (b) Capacity after 100 cycles. 
The EC/EMC-based electrolytes contain 1.0 wt% LiBOB and EMC-based electrolytes contain 0.5 
wt% LiBOB. When LNMO positive electrode and EMC-based LiBF4 electrolyte were used, 
charge-discharge reaction did not progress after around 40 cycles (Figure 4-15a); when NMC111 
positive electrode and EMC-based LiBF4 electrolyte were used, charge-discharge reaction did not 
progress at the first cycle.
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Figure 4-18. Charge-discharge curves for lithium metal half-cell. Charging and discharging were 
performed at 0.2C and 25°C. The voltage range was 3.0 to 4.8 V for the LNMO positive electrode 
and 3.0 V to 4.3 V for the NMC111 positive electrode. Except for the EC/EMC-based LiBF4
electrolyte contains 0.5 wt% LiBOB. (a) First cycle of cells with LNMO positive electrode. (b) 
First cycle of cells with NMC111 positive electrode. (c) Tenth cycle of cells with LNMO positive 
electrode. (d) Tenth cycle of cells with NMC111 positive electrode.
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Figure 4-19. Charge-discharge 
curves for lithium metal half-cell. 
Charging and discharging were 
performed at 0.2C and 25 °C. The 
voltage range was 0.001 to 2.0. 
Except for the EC/EMC-based 
LiBF4 electrolyte contains 0.5 wt% 
LiBOB. (a) First cycle of cells with 
graphite negative electrode. (b) Fifth 
cycle of cells with graphite negative 
electrode.

Figure 4-20. The hypothesis of the 
mechanism by which oxidative 
decomposition products form CEI 
and SEI on LNMO electrode.
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Figure 4-21. Mn 2p3/2 spectra and 
relative atomic concentrations of 
100-fold cycled (4.8 V, 3 C, 60 °C) 
negative electrodes.

Table 4-2. Analysis of electrolyte exposed to atmosphere.
(Difference before and after exposure)
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Figure 4-22. 19F NMR 
chart of each electrolyte. 
The peak of hexafluoro-
benzene (C6F6) was set 
to 0.0 ppm.
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Figure 5-1. Lithium borates used for the tests. 
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  

   





   

   

    

 


 


    

  

     

    

  

    

  







 

 

    

  





 



    

  

      

         

   

   

  

   

 

 

 

 

  





 

 
    

  

   

 

     

    



  

  

   







    

   





 



   

  

    

   

  



  

  

 
 
 
  

 

 

   

 

 



  

   





   

  

   















 

 

 





 

 

 



 

 

  

    

 



    



 

 

 



  

 

  

 



  

 

    

  

   

   

   

   







   



  

   



    

   

  

 

   

 

    

  

 

    



   

 



  

 

  

     

    



  

    

 





 

   

 

   







 



   

   

  

 

  

  



  

 

    

    

  

   

    

 



 

   

 

  

  

 

     

  

  

  

   

   

 

   







  

 

  

     

    



  

    

 





 

   

 

   



   

 



 

    

 



   

   

  

 

  

  



     

     

 









 



 

















 











 









 

 

 

 

 

 

 

 

 

 

 

 




