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4 Theoretical background 

4.1 Lithium-ion batteries and Lithium metal batteries 

4.1.1 Lithium-ion batteries 

 



𝑉𝑂𝐶 = (µ𝐴 − µ𝐶)/𝑒





ν 

𝑄𝑚𝑒𝑙 = 𝜈 ∗ 𝐹𝑀𝑊    (2)

𝑄𝑚𝑓𝑢𝑙𝑙 = 11𝑄𝑚𝑐𝑎𝑡ℎ𝑜𝑑𝑒 + 1𝑄𝑚𝑎𝑛𝑜𝑑𝑒    (3)



4.1.2 Lithium metal batteries and their drawbacks 

• 

• 



• 

• 

• 

²



4.1.3 Solutions for the drawbacks of lithium metal 





4.2 Surface fluorination 



↑ ↑

↑ ↑

↗[29], 

↑ ↑

↓ ↑

↑,

 ↑ ↑

↓ ↑

↑

↗ ↑

↗ ↑

→ ↑

↓ ↑

↑

↑, 



 

2 NH4HF2 + 2 Li → 𝟐 𝐋𝐢𝐅 + 2 NH4F +  H2
 

−(CH2 − CF2)3 −  +2 Li → 𝟐 𝐋𝐢𝐅 +  H2 +  −(CH = CF − CH2 − CF2 − CH = CF) −

 



α  β 

 



5 Methodology 

5.1 Preparation of a LiF coating on lithium metal 

5.1.1 Polyvinylidene fluorine (PVDF) in dimethylformamide (DMF) 

5.1.2 Ammonium hydrogen difluoride (NH4HF2) in Dimethyl sulfoxide (DMSO) 

Å



5.1.3 Gas-phase reaction with 1,1,1,2-Tetrafluoroethane (R-134a) 



5.2 Electrochemical measurements 

• 

R-134a gas

Heating plate

Vacuum pump

Reactor



• 

 



5.3 Analytical Methods 

5.3.1 Galvanostatic cycling/ cyclic chronopotentiometry 

²

²
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5.3.2 Electrochemical impedance spectroscopy EIS 





5.3.3 Measurement of the exchange current i0 

𝑖 = 𝑖0 ∗ (exp [𝛼 ∗ 𝑧 ∗ 𝐹𝑅 ∗ 𝑇 ∗ 𝜂] − exp [−(1 − 𝛼) ∗ 𝑧 ∗ 𝐹𝑅 ∗ 𝑇 ∗ 𝜂])  (4) 
η... α

η 



𝑖 = 𝑖0 𝐹 ∗ 𝜂𝑅 ∗ 𝑇  (5)
η

𝑅𝑐𝑡 = − 𝜂𝑖 = 𝑅 ∗ 𝑇𝐹 ∗ 𝑖0    (6)



5.3.4 Other measurements 

• θ 

• 

• 
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6 Results and discussion 

6.1 Characterisation of the LiF coatings 

6.1.1 Polyvinylidene fluoride (PVDF) in dimethyl formamide (DMF) 





  Element / at.% 
Ar-sputtering time C F Li N Ni O Si 

Pristine 15.1 18.6 37.9 3.4 0.5 23.0 1.5 
300 s 15.3 8.5 44.8 4.1 0.2 27.1 

 

600 s 14.9 7.3 42.5 6.6 0.2 28.5 
 

900 s 11.2 5.2 52.5 6.3 
 

24.8 
 

1200 s 11.3 4.8 52.2 5.9 
 

25.8 
 

1500 s 8.6 4.3 52.3 7.5 
 

27.3 
 

1800 s 8.8 3.9 55.2 6.6 
 

25.6 
 

 

6.1.2 Ammonium hydrogen difluoride  



Å



  Element / at.% 
Sample state Al C F Li N Na Ni O Si 

Pristine 1.4 5.3 42.7 43.8 2.3 0.4 1.2 2.2 0.8 
45s sputtering 0.8 1.6 44.2 49.2 0.7 0.4 1.2 1.2 0.7 

300s sputtering 0.3 0.6 45.6 49.9 
 

0.1 1.1 1.9 0.5 
 

 



 

6.1.3 Gas-phase reaction with R-134a 



6.1.4 XRD characterisation of the layers 



6.2 Electrochemical investigations 



6.2.1 Pristine lithium reference system 

6.2.1.1 Galvanostatic cycling 
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6.2.1.2 Open-circuit-voltage relaxation 
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6.2.1.3 Electrochemical impedance spectroscopy 
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6.2.2 Comparison of pristine lithium and LiF-coated lithium 

6.2.2.1 Galvanostatic cycling 
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6.2.2.2 OCV – relaxation 
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6.2.2.3 Electrochemical impedance spectroscopy 

0 20 40 60 80 100

-0.0003

-0.0002

-0.0001

0.0000

0.0001

0.0002

0.0003  Pristine Li
 NH4HF2

 PVDF
 R-134a

Po
te

nt
ia

l v
s 

L
i/L

i+  [V
]

Cycl. No.



0 500 1000 1500 2000 2500 3000
0

500

1000

1500

2000

2500

3000

0 20 40 60 80 100
0

20

40

60

80

100

-I
m

(Z
) [

O
hm

]

Re(Z) [Ohm]

 Sample 1
 S.2
 S.3

0 500 1000 1500 2000 2500 3000
0

500

1000

1500

2000

2500

3000

0 100 200 300 400 500 600
0

100

200

300

400

500

600

-I
m

(Z
) [

O
hm

]

Re(Z) [Ohm]

 Sample 1
 S.2
 S.3

0 500 1000 1500 2000 2500 3000
0

500

1000

1500

2000

2500

3000

0 100 200 300 400 500 600 700
0

100

200

300

400

500

600

700

-I
m

(Z
) [

O
hm

]

Re(Z) [Ohm]

 Sample 1
 S.2
 S.3

0 500 1000 1500 2000 2500 3000
0

500

1000

1500

2000

2500

3000

-I
m

(Z
) [

O
hm

]

Re(Z) [Ohm]

 Sample 1
 S.2



0 500 1000 1500 2000 2500
0

500

1000

1500

2000

2500

0 50 100 150 200 250 300 350 400 450
0

50

100

150

200

250

300

350

400

450

-I
m

(Z
) [

O
hm

]

Re(Z) [Ohm]

 Pristine
 NH4HF2

 PVDF
 R-134a

0 500 1000 1500 2000 2500 3000
0

500

1000

1500

2000

2500

3000

0 50 100 150 200 250 300 350 400 450 500
0

50

100

150

200

250

300

350

400

450

500

-I
m

(Z
) [

O
hm

]

Re(Z) [Ohm]

 Pristine
 NH4HF2

 PVDF
 R-134a

0 500 1000 1500 2000 2500 3000
0

500

1000

1500

2000

2500

3000

0 25 50 75 100 125
0

25

50

75

100

125

-I
m

(Z
) [

O
hm

]

Re(Z) [Ohm]

 Pristine
 NH4HF2

 PVDF
 R-134a



0 100 200 300 400 500 600 700 800 900 1000
0

100

200

300

400

500

600

700

800

900

1000

0 10 20 30 40 50 60 70 80
0

10

20

30

40

50

60

70

80

-I
m

(Z
) [

O
hm

]

Re(Z) [Ohm]

 Sample 1
 S. 2
 S. 3

0 100 200 300 400 500 600 700 800 900 1000
0

100

200

300

400

500

600

700

800

900

1000

0 50 100 150 200 250 300
0

50

100

150

200

250

300

-I
m

(Z
) [

O
hm

]

Re(Z) [Ohm]

 Sample 1
 S. 2

0 100 200 300 400 500 600 700 800 900 1000
0

100

200

300

400

500

600

700

800

900

1000

0 50 100 150 200 250 300
0

50

100

150

200

250

300

-I
m

(Z
) [

O
hm

]

Re(Z) [Ohm]

 Sample 1
 S. 2

0 100 200 300 400 500 600 700 800 900 1000
0

100

200

300

400

500

600

700

800

900

1000

-I
m

(Z
) [

O
hm

]

Re(Z) [Ohm]

 Sample 1
 S. 2



0 100 200 300 400 500 600 700 800 900 1000
0

100

200

300

400

500

600

700

800

900

1000

0 50 100 150 200 250 300
0

50

100

150

200

250

300

-I
m

(Z
) [

O
hm

]

Re(Z) [Ohm]

 Pristine
 NH4HF2

 PVDF
 R-134a

0 5 10 15 20 25 30 35
0

5

10

15

20

25

30

35

-I
m

(Z
) [

O
hm

]

Re(Z) [Ohm]

 Pristine
 NH4HF2

 PVDF
 R-134a

0 5 10 15 20 25 30 35
0

5

10

15

20

25

30

35

-I
m

(Z
) [

O
hm

]

Re(Z) [Ohm]

 Pristine
 NH4HF2

 PVdF
 R-134a



6.2.2.4 Capacity measurements in full cells 
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6.2.2.5 Conclusion 

6.2.3 Validation of the destruction of the layer 
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6.2.3.1 Stability threshold of the layer 
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6.2.3.2 Plating/stripping morphologies 
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6.3 Stability under ambient conditions (Photographs, XRD, FT-IR) 

6.3.1 Photographs 



6.3.2 X-Ray diffraction 



6.3.3 FTIR-Spectroscopy 
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9 Appendix 

Carbonate electrolyte 
Sample No. Max. overpotential 

before cycling [V] 
Max. OP. Cycle 

1 [V] 
Max. OP. Cycle 

2 [V] 
Max. OP. Cycle 

3 [V] 
  Pristine lithium 
S1 0.158 0.119 0.132 0.146 
S2 0.123 0.099 0.119 0.120 
S3 0.135 0.101 0.110 0.112 
Average  0.139 0.107 0.120 0.126 
Estimated error (%) 11 8 7 11 
  R-134a gas-phase coated lithium 
S1 1.370 0.345 0.286 0.266 
S2 1.170 0.320 0.284 0.258 
Average  1.270 0.332 0.285 0.262 
Estimated error (%) 8 4 0 2 
  NH4HF2 immersion-coated lithium 
S1 0.392 0.292 0.206 0.159 
S2 0.474 0.226 0.201 0.178 
S3 0.666 0.322 0.298 0.277 
Average  0.570 0.274 0.250 0.227 
Estimated error (%) 17 17 19 22 
  PVDF decomposition-coated lithium 
S1 0.651 0.244 0.226 0.157 
S2 0.631 0.215 0.153 0.155 
S3 0.499 0.333 0.207 0.197 
Average  0.565 0.274 0.180 0.176 
Estimated error (%) 12 21 15 12 



Ether electrolyte 
Sample No. Max. overpotential 

before cycling [V] 
Max. OP. Cycle 

1 [V] 
Max. OP. Cycle 

2 [V] 
Max. OP. Cycle 

3 [V] 
  Pristine lithium 

S1 0.126 0.030 0.027 0.028 
S2 0.138 0.029 0.029 0.029 
S3 0.169 0.045 0.052 0.056 

Average  0.144 0.035 0.036 0.037 
Estimated error (%) 13 21 31 35 

  R-134a gas-phase coated lithium 
S1 0.782 0.043 0.034 0.031 
S2 0.839 0.039 0.033 0.031 

Average  0.810 0.041 0.033 0.031 
Estimated error (%) 3 5 2 1 

  NH4HF2 immersion-coated lithium 
S1 0.375 0.031 0.029 0.028 
S2 0.305 0.044 0.041 0.033 

Average  0.340 0.037 0.035 0.030 
Estimated error (%) 10 17 17 9 

  PVDF decomposition-coated lithium 
S1 0.276 0.047 0.041 0.037 
S2 0.380 0.039 0.036 0.036 

Average  0.328 0.043 0.039 0.036 
Estimated error (%) 16 10 6 2 
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