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S1. Additional Results and Discussion

S1.1. Potential and temperature dependence of charge transfer resistances of 

NCM622-bare and NCM622-SSOL thin-film electrodes for Ea calculation

EIS of the thin-films was measured to analyze the effects of the SSOL phase the 

electrochemical interfacial reaction of NCM622 thin-film electrodes. Figure S7 shows 

the potential dependance of charge transfer resistance (Rct) of the NCM622-bare 

thin-film electrode during the first cycle. In Nyquist plots, none of the semi-circle in the 

middle-low frequency region is recognized until the potential reached the oxidation 

position (3.70 V). Thus, the newly formed semi-circle observed above 3.70 V can be 

attributed to the Rct at the interface between the thin-film electrode and electrolyte. In 

addition, the values of Rct showed a strong temperature dependence as shown in Figures 

S8a and b. Based on these results, the activation energy (Ea) is calculated.

Figures S8c and d show a linear relationship between the interfacial Rct and absolute 

temperature based on the potential and temperature dependences of the values of Rct. Ea 

was evaluated, which can provide quite accurate information on the interfacial lithium 

transfer, using the plots in Figure S8c and d and Arrhenius equation as follows:1–3

                          (1)
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where T is the absolute temperature, R is the universal gas constant, and A is the 

frequency factor. The electrode was charged to an oxidation potential (for NCM622 

thin-film: 3.80 V, NCM622-SSOL thin-film: 3.85 V), at which the cell was kept for 

sufficient times to reach the kinetic balance before the EIS analysis. The values of Ea at 

NCM622 thin-film and NCM622-SSOL thin-film electrodes were estimated to be 

54–58 and 49–51 kJ mol–1, respectively. The value at the NCM622-SSOL thin-film was 

lower than that at the NCM622 thin-film electrode, implying that the energy barrier for 

the lithium transfer at the interface between NCM622-SSOL thin-film and electrolyte 

was smaller than that at NCM622-bare thin-film electrode. In our previous works, it has 

been demonstrated that the surface modification can decrease the value of Ea during 

charge transfer process in lithium layered oxide electrode/organic electrolyte systems.4,5 

If the rate determining step of the charge transfer reaction depends on the ion transfer 

reaction rather than the electron transfer, related to the enough electron conductivity of 

the material, it is considered that the decrease of the value of Ea for the charge transfer  

reaction is probably caused by some interactions between modification surface and 

lithium-ions. Although precise mechanism cannot be clarified in this study, it should be 

described that the SSOL phase affect not only the surficial stabilization but also the 

kinetics of charge transfer reaction, which is consistent with the results of CV and 

dQ/dV vs. V.

S1.2. XPS spectra of O 1s of NCM622-bare and NCM622-SSOL thin-film electrodes 

after electrochemical cycles

The core-level O 1s spectra of NCM622-bare and NCM622-SSOL thin-film 

electrodes after 30 cycles are displayed in Figure S9 and the fitting results are 
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summarized in Table S3. The results revealed that the NCM622-bare thin-film electrode 

had a much higher defect ratio at the surface than that at the NCM622-SSOL thin-film 

electrode. It is suggested that the spinel-like derivate phase induced by the oxygen 

vacancy largely exists at the surface of the NCM622 thin-film, which can trigger the 

formation of the disordered amorphous structure and other derivative phases.6,7 

However, this decay was restrained by combining with SSOL phase on the surface, 

which was identical to the HR-TEM images in Figure 5.
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S2. Additional Figures:

Figure S1. A schematic illustration of a three-electrode cell.
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Figure S2. CV curves of lithium impurity phases (Li2PtO3) on the Pt substrate under the 

scan rate of 0.1 mV s–1. Pristine electrode only using lithium acetate (black line), after 

being coated with TiO2 (Red line).
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Figure S3. XPS depth profiling of different detected elements of a) NCM622-bare and 

b) NCM622-SSOL thin-film electrode before (bottom) and etching for 200 s (upper).
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Figure S4. Depth profiles from surface to the bulk phase based on XPS spectra etching 

for 200 s of Ni 2p, Mn 2p, Co 2p, and Ti 2p of a) NCM622-bare and b) NCM622-SSOL 

thin-film electrodes.
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Figure S5. XPS depth profiling of O 1s of a) NCM622-bare and b) NCM622-SSOL 

thin-film electrode before (bottom) and etching for 200 s (upper).
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Figure S6. Cross-sectioned TEM images a) NCM622-bare and b) NCM622-SSOL 

thin-film electrodes. 
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Figure S7. Nyquist plots at different potentials during the first charge of a 

NCM622-bare thin-film electrode.

0 50 100 150 200 250 300
0

50

100

150

200

250

300

 OCP
 3.40 V
 3.60 V
 3.70 V
 3.80 V
 3.90 V
 4.00 V
 4.10 V
 4.30 V

Z
im

g (
k

)

Z real (k)

100 mHz

0 2000 4000 6000
0

2000

4000

6000



S13

Figure S8. The temperature dependences of electrochemical impedance at the main 

redox potential of a) NCM622-bare and b) NCM622-SSOL thin-film 

electrodes. The plots of  against 1000/T of c) NCM622-bare and d) NCM622-SSOL 

thin-film electrodes for Ea calculation.

0 10 20 30 40 50 60 70
0

10

20

30

40

50

60

70
 45 C
 40 C
 35 C
 30 C
 25 C
 20 C
 15 C

Z
im

g (
k

)

Z real (k)

100 mHz

a
3.80 V

0 20 40 60 80 100 120
0

20

40

60

80

100

120
 45 C
 40 C
 35 C
 30 C
 25 C
 20 C
 15 C

Z
im

g (
k

)

Z real (k)

100 mHz

b
3.85 V

3.10 3.15 3.20 3.25 3.30 3.35 3.40 3.45 3.50

-4.8

-4.6

-4.4

-4.2

-4.0

-3.8

-3.6
 Run1
 Run2
 Run3

57 kJ mol1

54 kJ mol1

lo
g(

R
ct

1
) (


1

)

1000 / T (K1)

55 kJ mol1

45 40 35 30 25 20 15
 t (C)c

3.10 3.15 3.20 3.25 3.30 3.35 3.40 3.45 3.50
-5.2

-5.0

-4.8

-4.6

-4.4

-4.2

-4.0

-3.8

-3.6
 Run1
 Run2
 Run3

50 kJ mol1lo
g(

R
ct

1
) (


1

)

1000 / T (K1)

49 kJ mol1

51 kJ mol1

45 40 35 30 25 20 15
t (C)d



S14

Figure S9. XPS spectra of O 1s of NCM622-bare and NCM622-SSOL thin-film 

electrodes after 30 cycles.
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Table S1. Chemical concentrations of Ni. Co and Mn for the NCM622 thin-film 

material detected by ICP-AES

Chemical concentration (at %)Elements

Sample Ni Co Mn

NCM622 thin-film 60.8 19.7 19.5

Table S2. The fitting results of O 1s spectra of NCM622-bare and NCM622-SSOL 

thin-film electrodes before electrochemical cycles

Samples Derivatives
NCM 

lattice
C=O

Defect ratiosa) 

(%)

NCM622 thin-film

Surface (0 s) 31.99 66.5 1.1 32.5

Etching for 50 s 20.68 79.32 – 20.68

NCM622-SSOL thin-film

Surface (0 s) 12.64 73.86 13.51 14.6

Etching for 50 s 5.4 87.03 7.57 5.8

a) Defect ratios: Derivatives / (Derivatives + NCM lattice)
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Table S3. The fitting results of O 1s spectra of NCM622-bare and NCM622-SSOL 

thin-film electrodes after 30 cycles

a) Defect ratios: Derivatives / (Derivatives + NCM lattice)

Samples Derivatives
NCM 

lattice

Li2CO3

(C=O)

Electrolyte 

compositions

Defect ratiosa) 

(%)

NCM622-bare 29.85 36.11 9 25.04 45.3

NCM622-SSOL 9.04 49.38 15.78 25.81 15.5


