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ABSTRACT. Li metal electrode is the ultimate choice use in Li ion batteries as high-energy 

storage systems. An obstacle to its practical realization is Li dendrite formation. In this study, the 

desolvation resistance of the Li metal electrode, which is strongly related to the inhibition of Li 

dendrite formation, is investigated. By applying a Laplace transform impedance technique, the 

desolvation/solvation resistances were successfully separated and analyzed in cells using liquid 

electrolytes containing different lithium salts, revealing asymmetry in the desolvation/solvation 

resistances of Li metal electrodes. The desolvation resistances, which supposedly require large 

amounts of energy derived from the strong interaction between Li+ ion and solvents, were smaller 

than the solvation resistances. It has also been revealed that the larger resistance in the desolvation 

process is effective for suppressing Li dendrite formation further. 
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In recent years, the demand for lithium ion batteries has increased to address energy and 

environmental problems.1 In particular, improved lithium ion batteries that satisfy higher 

performance requirements (such as; higher energy density, higher output, longer life and greater 

safety)  are needed to fulfill the growing demands of large-scale power sources, used in electric 

vehicles, etc.2 In the current situation, Li metal anodes are considered as the ultimate choice for 

use in high-energy-density batteries, owing to its largest theoretical capacity (3860 mAh g-1) and 

lowest electrochemical potential (−3.040 V vs. the standard hydrogen electrode) among all 

possible candidates.3 However, development of Li metal secondary batteries has been hindered by 

their poor cycle efficiencies due to the uncontrolled morphological variation of the Li metal 

electrode.4 In the worst case scenario, Li metal grows dendritically during the charging process, 

which penetrates the separator and comes in contact directly with the positive electrode causing 

an inner short circuit with subsequent rapid heating and explosion of the cells. Therefore, the Li 

metal electrode has been under extensive research owing to the advantages and challenges.5 This 

dendritic growth is a common phenomenon in many other metal systems as well. Besides, the 

mechanism of metal dendrite growth in an electrochemical system must be elucidated for the 

plating industry as well as for next-generation batteries using metal negative electrodes.6,7 Many 

researchers have reported that electrolytes used in Li metal batteries critically affect the 

electrochemical performances, such as the cyclability and Coulombic efficiency.cv One recent 

advancement demonstrated that a large resistance at the electrode/electrolyte interface (low 

exchange current density and low transfer coefficient) suppresses the Li dendrite formation.11,12 A 

solid electrolyte interphase (SEI) layer forms on the Li electrode in the batteries because of the 

high reactivity of Li.13 Thus, the electrode/electrolyte interface reaction is believed to proceed via 

the following mechanism. During the charging process, Li+ ions desolvate from the electrolyte 
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while adsorbing to the SEI surface (desolvation process; the adsorbed ion is called adatom14). 

Subsequently, the adatoms migrate through the SEI to the Li surface and undergo electron transfer 

reaction (charge transfer process); these reactions occur in reverse during the discharge process.15 

A mathematical model for Li metal batteries indicated that the larger activation overpotential at 

the electrode/electrolyte interface during charging, which is related to lower charge transfer 

coefficient in the literature, effectively suppresses Li dendrite.12 Previous studies that used the 

conventional AC impedance technique revealed that the desolvation process at the interface has 

the most significant contribution to the interfacial resistance, which induces the large activation 

overpotential.16–18 These results indicate that accurate analysis of the desolvation resistance is 

important for controlling Li dendrite formation. However, although the AC impedance technique 

is widely used for the analysis of electrode reactions, notably, the information is the average of the 

charging/discharging processes due to the alternating current signal. In other words, it is 

technically difficult to separate the solvation and desolvation kinetics by the conventional AC 

impedance technique. Since Li dendrite forms during the charging, the charging and discharging 

processes must be elucidated separately. However, to the best of our knowledge, the 

desolvation/solvation resistances have not been analyzed separately thus far.  

A Laplace transform impedance method can be used to separate charge/discharge reaction 

kinetics,19 and has been used to reveal the asymmetry in the interface resistances of 

charge/discharge processes in a Li-ion battery electrode.20 An impedance spectrum is obtained 

herein by Laplace transforming an input direct-current pulse and the output response voltage. 

The asymmetry in interfacial reaction for charge/discharge processes can be analyzed when the 

direction of the applied current pulse is changed. In this research, we have applied the Laplace 
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transform impedance method for Li metal electrodes, and the relationship between the separate 

resistances and the degree of Li dendrite formation in the cells was investigated. 

   AC impedances of Li metal cells were measured to determine the characteristic frequency 

(charge/discharge average) of each resistance (solvation/desolvation resistance, charge transfer 

resistance) before performing the Laplace transform impedance measurements. Figure 1 (a) 

shows an example of the AC impedance result of three-electrode Li cells at 30 °C, where two 

semicircular components can be identified. The two semicircles were also observed in the results 

obtained using other salts (LiPF6 and LiTFSI) (Figure S1). The two components were herein 

assigned to the solvation/desolvation resistances on the high-frequency side (103–102 Hz) and to 

the charge transfer resistance on the low-frequency side (102–10-1 Hz) because the characteristic 

frequencies agree with those of electrodes with negligible SEI.21 However, as mentioned in 

Supporting Section 1, the measurement on the high-frequency side suffered from noises in the 

Laplace transform impedance method owing to the insufficient sampling precision for the small 

time-period region of direct pulses. Therefore, to analyze the solvation/desolvation resistances, 

the measurement temperature is decreased, which generally lowers the characteristic frequencies. 

22 
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Figure 1. Electrochemical measurement results of three-electrode Li cells with a liquid 

electrolyte containing LiClO4 salt. AC impedance measurement results obtained (a) at 30 °C and 

(b) at −30 °C. (c) Time dependence of the response potential to the current pulse of the charge 

and discharge processes with a current density of 200 μA at −30 °C. 

Figure 1 (b) shows the corresponding AC impedance spectra at the low-temperature of -30 °C. 

Two semicircles are seen as in the spectra at 30 °C (Figure 1(a)). Further, the characteristic 

frequency of the solvation/desolvation resistance on the high-frequency side increased, which 

corresponds to a sufficient frequency shift for LT impedance measurement. Figure 1 (c) shows 

the time dependence of the response potential after the current pulse application for the three-

electrode Li cell at -30 °C. As explained in the supporting section 2, the current value is set to 

200 μA to suppress noise and side reactions. Asymmetrical behavior in the charge and discharge 

processes is observed in the response potential, in which these over-potential values are slightly 

different (ex. the potential values at 5 s are 1.75 V and -1.53 V on discharging and charging, 

respectively). Therefore, Laplace transformation was performed on the potential behavior to 

obtain the impedance spectra for quantitative evaluation for each elemental reaction. Figure 2 

presents the LT impedance spectra obtained for the charging and discharging processes for 
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various Li salts, which are all asymmetrical. When salts of LiClO4 and LiTFSI are used, two 

semicircular components appear in both the charging and discharging process results. 

 

Figure 2. Laplace transform impedance results of three-electrode Li cells with electrolyte using 

salts of (a) LiClO4, (b) LIPF6, and (c) LiTFSI at -30 °C. Black and red dots indicate the results of 

the discharging and charging process, respectively. 

Since these semicircles have characteristic frequencies that are in good agreement with the AC 

impedance measurement result, it is considered that the high and low frequency side resistances 

are due to solvation/desolvation and charge transfer, respectively. On the other hand, when LiPF6 

salt is used, a semicircle solely is observed in the impedance spectrum at a glance, indicating 

similarity in the characteristic frequencies for both semicircles at the measurement temperature (-

30 °C). The semicircle was analyzed using the distribution of relaxation times (DRT) analysis23 to 

separate resistance components. The result shown in Figure S4 confirmed two components having 

close characteristic frequencies. In addition, the characteristic frequencies of these two resistance 

components observed in LiPF6 salts were in reasonable agreement with that of 

solvation/desolvation resistance on the high-frequency side and the charge transfer resistance on 

the low-frequency side. The DRT analysis result and asymmetry in resistance indicate that the 
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ionic conductive resistance of the SEI does not significantly contribute to the observed resistance. 

And, the resistance frequencies observed on the high-frequency side in all the cells are much lower 

than the high-frequency region that suffers from noise in the Laplace transform impedance method 

(Supporting section 1). Therefore, fitting of the impedance spectra was performed to analyze each 

resistance component using the equivalent circuit shown in Figure S5 (a). R1, R2, and R3 in the 

equivalent circuit indicate the resistances of the electrolyte and the external circuit, the 

solvation/desolvation resistance, and the charge transfer resistance, respectively. The impedance 

spectra obtained by the Laplace transform impedance method were fitted following the non-linear 

least square (CNLS) method using the equivalent circuit. Suitable fittings were obtained, as shown 

in Figure S5 (b) as an example. The values of the fitting chi-square are all less than 10-4. Table 1 

shows the desolvation and solvation resistances of the cells using each Li salt obtained from the 

fitting results. Notably, the solvation resistance was larger than the desolvation resistance for all 

the salt combinations. A large amount of energy was likely required to dissociate the solvent 

molecules in the desolvation process16,24; however, resistance separation using the Laplace 

transform impedance method indicated that solvation requires a larger resistance than desolvation. 

The origin of difference in these resistances and the asymmetry likely stems from the difference 

in Li+ ion potentials in these electrolytes and their respective SEIs, although this is under 

investigation. The degree of the solvation resistances might be also important if it strongly affects 

the roughness of the Li electrode as well. These results also indicate the difficulty of the general 

AC impedance method for accurately analyzing resistance, including the dendrite-related 

resistance during the charging process. 

 



 9 

Table 1. Desolvation and solvation resistance values of three-electrode cells using each Li salt at 

−30 °C. 

Li salt Desolvation resistance / Ω Solvation resistance / Ω 

LiClO4 194 351 

LiPF6 1925 2680 

LiTFSI 473 559 

 

Figure 3 shows SEM images of electrodeposited Li metal to discuss the morphological 

variation of the electrodeposited Li metal representing different desolvation resistances. Li metal 

was electrodeposited onto Cu ultra-micro-electrode (UME) in these electrolytes. UME is a very 

good tool for morphology comparison because it allows the observation of the entire electrode 

surface with high magnification.25 Further, the mass transfer rate is much faster than the 

conventional planar electrode because of nonlinear diffusion mode. Therefore, the sluggish 

characteristics of the interface process are displayed clearly. The applied current density is 2 mA 

cm-2 and capacity is 2 mAh cm-2. Figure. 3 indicates that the electrodeposited Li metal is much 

more dendritic in the case of LiCl4-PC and LiTFSI-PC electrolyte than that of LiPF6-PC. The 

morphological variation is associated with the difference in the desolvation resistances of the 

electrolytes. Smaller desolvation resistances will induce dendrite formation, while larger 

desolvation resistances will restrict dendrite formation. Moreover, this morphologic difference 

such as in electrode area and dendrite tip curvature, would affect the desolvation/solvation 

resistances as well. Further research on this point is also expected in the future.  
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Figure 3. SEM images of the Li metal electrodes charged in the cells using propylene carbonate 

electrolytes with salts of (a) LiClO4, (b) LiPF6, and (c) LiTFSI salts. 

Li dendrite formation on charging with the desolvation process is one of the major factors 

hindering the practical application of Li metal electrode. In this study, the resistance of 

solvation/desolvation reactions for the Li metal electrode is analyzed via a Laplace transform 

impedance method. As a result of measurements at the appropriate high current and low 

temperature, solvation/desolvation resistances have been successfully separated. The fitting with 

an equivalent circuit based on the Adatom theory revealed the asymmetry of desolvation 

showing a smaller resistance value than solvation. The results reconsider the conventional idea of 

large desolvation resistances derived from strong solvation interactions. They also indicate the 

difficulty of analyzing the resistance related to Li dendrite formation using conventional 

methods. Moreover, a larger value of the analyzed desolvation resistance is suggested to be 

useful in suppressing Li dendrite formation in this paper. The large desolvation resistance will be 

a parameter in the selection and evaluation of electrolyte for the improvement of rechargeable 

high-energy lithium batteries in addition to the important conventional parameters such as the 

electrochemical window, transport number, and ionic conductivity. The Laplace transform 

impedance method is an effective tool to diagnose and analyze the root-cause of dendrite 

formation in Li metal batteries.  
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