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Abstract: 

To sensitively detect the electrode surface roughness change in the initial process of the 

lithium electrodeposition/dissolution processes in ionic liquids (ILs), electrochemical 

surface plasmon resonance (ESPR) measurements were performed in an in-situ manner 

on a gold electrode in a glyme-Li salt solvate IL, tetraglyme/lithium 

bis(fluorosulfonyl)amide ([Li(G4)+][FSA−]), and also an IL, 1-butyl-3-

methylimidazolium bis(fluorosulfonyl)amide ([C4mim+][FSA−]) containing 100 mM 

Li+[FSA−].  The SPR angle shifts (ΔθSPR) were tracked simultaneously with the 

repetitively recorded cyclic voltammograms (CVs) of the Li underpotential deposition 

(UPD)/underpotential stripping (UPS).  ΔθSPR increased/decreased in the UPD/UPS 

processes, sensitively responding to the refractive index change at the IL/electrode 

interface.  The time derivative ΔθSPR curves basically reproduced the CVs, but were 

significantly less influenced by residual current, indicating that ESPR is an effective in-

situ method to track the Li UPD/UPS processes.  In [Li(G4)+][FSA−], the shift amounts 

of ΔθSPR per deposited Li amount did not change as the CV scan was repeated, indicating 

no change in surface roughness.  In contrast, in [C4mim+][FSA−], the same parameter 

increased with increasing the scan number, reflecting the increase in surface roughness as 

confirmed by Fresnel reflectivity simulations.  The comparison of ESPR results with the 

simulations suggests that for both the two ILs the surface of the deposited Li layer is 

smoothed during the period after the Li UPD and before the Li UPS in CVs.  
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Introduction 

Lithium metallic anode with a high energy density is attractive in the Li-metal 

batteries that are regarded as the next-generation Li-ion batteries.[1-3]  In the charging 

process of Li-metal batteries, Li electrodeposition is a vital electrochemical process 

occurred on the metallic anode.  As promising electrolytes for the Li-metal batteries,[4-

7] ionic liquids (ILs) show the characteristics such as non-volatility, non-flammability, 

wide potential window, and high ionic conductivity.  Therefore, the mechanisms of the 

Li+ ion transport and Li+ electrodeposition/dissolution processes in ILs are urgent to be 

clarified.  

Compared to the conventional aqueous or organic electrolytes, ILs have a 

complex ionic structure and high ionic concentration, resulting in a peculiar solvation 

environment and a highly ordered structure on the electrode.  Several experimental 

methods, such as electrochemical impedance spectroscopy,[8-10] in situ interferometry,[11] 

and nuclear magnetic resonance (NMR) spectroscopy,[8,12] were used to investigate the 

Li+ ion transport process near the electrode, indicating that the low transport number of 

Li+ ion in IL electrolytes can limit the discharging current due to the polarization in the 

IL electrolytes,[8,12] and that the change in ionic concentration near the electrode alters the 

local viscosity.[11]  Scanning electron microscopy (SEM)[9-11,13,14] is a powerful method 

to visualize the electrode surface in an ex-situ manner after the Li electrodeposition 

process in ILs.  As for the in-situ experimental methods to study Li electrodeposition in 

ILs, scanning tunneling microscopy (STM),[15] optical microscope observation,[13,16] 

atomic force microscopy (AFM),[17,18] and electrochemical quartz crystal microbalance 

(EQCM)[14,19] were used to study not only the electrode surface morphology[13-16] but also 

the IL structure on the electrode.[14,17-19]  
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The Li electrodeposition/dissolution processes induce the increase in surface 

roughness of the metal anode, which significantly affects the electrochemical 

performance of Li-ion batteries.  The surface roughness increase can further lead to Li 

dendrite formation during the Li electrodeposition, which is a serious problem for the 

electrochemical reversibility, durability, and safety of Li-metal batteries.[20,21]  The 

sensitive detection of the change in electrode surface roughness in the very initial stage 

of Li electrodeposition would be helpful to monitor and understand the initiation process 

of Li dendrite growth.[22-24]  Therefore, in-situ measurement of tracking the change in 

the electrode surface roughness is desirable to investigate and understand the Li 

electrodeposition/dissolution process in the Li-metal batteries. 

In the present study, electrochemical surface plasmon resonance (ESPR) is 

proposed as an in-situ method to sensitively detect the change in the metal electrode 

surface roughness during the Li deposition/dissolution processes.  ESPR is an 

experimental method to track the change in refractive indices at the metal/electrolyte 

interface.  Compared with the other in-situ methods (STM, AFM, optical imaging, and 

EQCM) described above, ESPR does not have any lateral resolution that STM and AFM 

beautifully attain on the angstrom order on single crystal electrodes.  In contrast, the 

surface-normal resolution of ESPR is comparable to that for STM and AFM, on the 

angstrom order, which is significantly higher than that for EQCM and optical imaging, 

especially when focusing on the surface roughness.  This high resolution of ESPR in the 

surface-normal direction is maintained even when we would like to focus on the surface 

roughness change of polycrystalline electrodes whose surface is already rough as is the 

case with the present study.  Also, the detection principle of ESPR, the local refractive 

indices around the electrode surface, can be beneficial when focusing on the metal 
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electrodeposition, which leads to significant refractive index change compared with that 

caused by other phenomena, as we will discuss in Results and Discussion.  For the IL 

side of the IL|electrode interface, ESPR has been used to study the dynamics in the electric 

double layer (EDL),[25,26] the diffusion layer formation,[27] and even ionic reorientation in 

the first ionic layer on the electrode[25,28] by tracking the SPR angle, which is the incident 

angle of light where the reflectivity is the lowest.  On the other hand, for the metal 

electrode side of the IL|electrode interface, ESPR can be used to monitor the metal 

electrodeposition process.  We demonstrated that the gold electrode smoothing can be 

detected on the order of Å as the decrease in the SPR angle shift by repetitive reductive 

deposition and oxidative dissolution of Cu in 1-butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)amide ([C4mim+][TFSA−]).[29]  In the same IL, we also 

found that coumarin, a leveling additive, actually smooths the electrodeposited Co surface 

in the initial electrodeposition stage, whereas thiourea roughens the gold electrode surface 

underneath.[30]  A few studies have also successfully applied ESPR to the bulk 

electrodeposition of Li in organic electrolytes.  Jin et al.[31] performed plasmonic 

monitoring of the morphology evolution of Li metal deposited on Ag array electrodes and 

identified two different deposition pathways, ideal and nonideal ones, under different 

conditions, the latter of which triggers the Li dendrite formation.  Kitta et al.[32] 

compared the SPR reflectance spectra during the Li electrodeposition on a Cu electrode 

with the simulation results of Li morphology models, and revealed that a model with the 

isotropic nucleus growth can explain the experimental spectra. 

In the present study, we study the Li underpotential deposition 

(UPD)/underpotential stripping (UPS) processes on a gold electrode to focus on the very 

initial process of Li electrodeposition and the concomitant change in the electrode surface 
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roughness by tracking the SPR angle.  As the electrolyte, we choose two ILs based on 

bis(fluorosulfonyl)amide (FSA−), which has been recognized as a key component for the 

IL application to Li-ion batteries.[33-37]  One is tetraglyme/lithium 

bis(fluorosulfonyl)amide ([Li(G4)+][FSA−]), which is one of glyme-Li salt solvate ILs 

that are promising electrolytes for Li-metal batteries, owing to the high transport number 

of Li+,[12,38-41] as well as high thermal stability and a wide electrochemical window like 

typical ILs.[12]  In the G4 based solvate ILs, the complex formation of Li+ with G4 

endows the thermal/electrochemical stability of G4 and high ionic conductivity at the 

same time to the solvate ILs.[12,38-40]  We also investigate an FSA-based IL, 

[C4mim+][FSA−] containing 100 mM Li+[FSA−].  Combining with the quantitative 

simulation analysis of SPR angle shift, we demonstrated that the roughness of gold 

surface does not change during the repetitive deposition and dissolution of Li in 

[Li(G4)+][FSA−], whereas the gold electrode surface is gradually roughened in 

[C4mim+][FSA−].  For both the two ILs, the surface of the deposited Li layer is found to 

be smoothed during the period after the Li UPD and before the Li UPS. 

Experimental 

 [Li(G4)+][FSA−] was prepared as an equimolar mixture of G4 (Tokyo Chemical 

Industry) with Li+[FSA−] (Tokyo Chemical Industry).  [C4mim+][FSA−] was prepared 

from [C4mim+]Cl− (synthesized) and Li+[FSA−] and purified as the same procedure for 

[C4mim+][TFSA−] as in our previous studies.[26-30]  The refractive indices of the ILs were 

measured at 656 nm by the multi-wavelength Abbe refractometer (DR-M2, Atago): 1.425 

for [Li(G4)+][FSA−] and 1.449 for [C4mim+][FSA−] containing 100 mM Li+[FSA−], and 

were approximately used for the simulation (details shown below) at 670 nm. 
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The ESPR measurements were performed, as the same manner as our previous 

work,[25-30] using an SPR instrument (Springle, Kinetic Evaluation Instruments) with a 

Kretschmann configuration,[42] in which the SPR was induced by a 670-nm laser 

illuminating an IL-covered gold film on a prism.  A three-electrode electrochemical cell 

was set up with the gold film (thickness dfilm = 50 nm, refractive index n*Au= 0.096 + 

3.69I at 670 nm)[43] deposited on a SF15 glass (refractive index nprism = 1.691 at 670 nm) 

as the working electrode, a Pt wire as the counter electrode, and an AgCl coated Ag wire 

as the quasi-reference electrode.  Before the measurement, the gold film surface was 

cleaned in a piranha solution for at least 2 h.  After 12 h vacuum evacuation, the ILs 

were injected into the cell to cover the gold surface (area: 7.1 × 10−2 cm2).  Above the 

ILs, the atmosphere of Ar gas (99.9%) was kept over the whole measurement.  In the 

simultaneous cyclic voltammetry and ESPR measurement, a PC-controlled potentiostat 

(Autolab Type III) controlled the potential of the working electrode vs. Ag/AgCl, E, with 

the scan rate of 50 mV s−1, which is in the range of 10~100 mV s−1 adopted in previous 

CV studies on Li UPD.[18,44-46]  Before each scan, E was held at −2 V for 1000 s to 

stabilize the SPR angle and current.  

Model 

To analyze the experimental results, the Fresnel reflectivity simulations of SPR 

angle were performed.  In the model, the roughness of gold surface is modeled as the 

thickness of a mixture layer, consisting of Au, Li, and IL, as our previous ESPR work on 

the Co electrodeposition.[30]  For the Au surface without Li layer deposited on it, shown 

in Figure 1a, the surface roughness, ΔdAu, is regarded as the thickness of a mixture layer 

consisting of Au and IL, Δdmix1, and hence Δdmix1 = ΔdAu.  The thickness of the Au layer 
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in the model, dfilm’, is expressed as dfilm’ = dfilm –ΔdAu/2, where dfilm = 50 nm is the effective 

thickness of the Au film.  It should be noted that the surface roughness detectable with 

ESPR is limited to “local” one that has a lateral scale shorter than the optical wavelength.  

When Li UPD layer is electrodeposited on the Au film (Figure 1b), the mixture layer 

consists of Au, Li, and IL.  To take into account the surface roughness difference 

between the deposited Li UPD layer surface and the Au electrode surface, we assume that 

the deposited Li UPD layer has two different thickness on the peak, dLi-p, and on the valley, 

dLi-v, as shown in Figure 1c.  The effective thicknesses of Li UPD layer is dLi = (dLi-p + 

dLi-v) / 2, and the thickness of the mixture layer after Li deposition increases to Δdmix2 

=ΔdAu + dLi-p. 

Using Fresnel equations,[47] we can express the reflectivity, R, at the prism|Au|IL 

(Figure 1a) or prism|Au|Li|IL (Figure 1b) interface by using the following equations: 

 𝑛𝑛𝑖𝑖sin𝜃𝜃𝑖𝑖  =  𝑛𝑛prismsin𝜃𝜃prism (1)  

 𝑞𝑞𝑖𝑖 =
cos𝜃𝜃𝑖𝑖
𝑛𝑛𝑖𝑖

 (2)  

 𝛽𝛽𝑖𝑖 =
2π
𝜆𝜆
𝑛𝑛𝑖𝑖𝑑𝑑𝑖𝑖cos𝜃𝜃𝑖𝑖  (3)  

 𝑀𝑀𝑖𝑖 = � cos𝛽𝛽𝑖𝑖 −I 𝑞𝑞𝑖𝑖−1sin𝛽𝛽𝑖𝑖
−I 𝑞𝑞𝑖𝑖sin𝛽𝛽𝑖𝑖 cos𝛽𝛽𝑖𝑖

� (4)  

 M = ∏ 𝑀𝑀𝑖𝑖𝑖𝑖  (5)  

 𝑅𝑅 = �
(𝑀𝑀11 + 𝑀𝑀12𝑞𝑞IL)𝑞𝑞prism − (𝑀𝑀21 + 𝑀𝑀22𝑞𝑞IL)
(𝑀𝑀11 + 𝑀𝑀12𝑞𝑞IL)𝑞𝑞prism + (𝑀𝑀21 + 𝑀𝑀22𝑞𝑞IL)�

2

 (6)  

where λ is the wavelength and i is either of the layers (Au or mixture).  ni, θi, and di are 

the refractive index, the laser light angle with respect to the surface normal, and the 

thickness for the layer i, respectively.  Mab is the element at the a-th row and b-th column 

of the matrix M. 
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Figure 1.  Simulation model with the mixture layer to represent the roughness of electrode surface 

(a) without and (b) with the Li deposited layer.  (c) Model of the deposited Li layer on the electrode 

surface. 

  



9 
 

According to the Bruggeman effective medium approximation,[48] the refractive 

index of the mixture layer, nmix, can be written as: 

 �𝑓𝑓𝑗𝑗
𝑛𝑛𝑗𝑗2 − 𝑛𝑛mix2

𝑛𝑛𝑗𝑗2 + 2𝑛𝑛mix2𝑗𝑗

 =  0 (7)  

where fj is the fraction of j, either of Au, Li, and IL, in the mixture layer.  We assumed 

that the areal fraction of j in the mixture layer in Figure 1 corresponds to fj; in Figure 1a, 

fAu = fIL = 0.5, and in Figure 1b,c, fLi = (dLi-p + dLi-v) / 2 (dLi-p + ΔdAu), fAu = ΔdAu / 2 (dLi-p 

+ ΔdAu), fIL = (ΔdAu + dLi-p − dLi-v) / 2 (dLi-p + ΔdAu).[30] 

In the simulations, ΔdAu, dLi-p, and dLi-v are the three independent variables.  At 

various values of these three variables, we calculated the reflectivity R as a function of 

θprism and then obtained the SPR angle, θSPR, where R is the minimum.  Then we obtained 

ΔθSPR accompanied by the UPD/UPS processes to compare with the ESPR experimental 

results. 

Results and Discussion 

 Figure 2 shows the CVs (a, b) and SPR angle shifts (c, d), ΔθSPR, during the 

UPD/UPS process for the two ILs.  For each IL, all the potential scans of 8 cycles were 

started from −2 V to the negative direction.  For [Li(G4)+][FSA−], the scan range was 

from −3 V to −1.8 V, while for [C4mim+][FSA−], it was from −2.8 V to −1.5 V, because 

for the latter the UPD/UPS peaks were 0.2 V more positive (see the discussion below).  

In each CV, a current peak pair assignable to the Li UPD/UPS was observed as previous 

studies of Li UPD/UPS in organic electrolytes[44,45] and ILs[18,46] on gold.  For the solvate 

IL, [Li(G4)+][FSA−], the reductive deposition peak of Li UPD appeared at −2.9 V in the 

negative-going scan, just before the bulk Li deposition starts.  In the positive-going scan, 
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the oxidation dissolution peak of Li UPS appeared at −2.2 V.  The peak positions and 

peak separation are similar to those previously reported.[44,45]  For [C4mim+][FSA−], the 

corresponding peak potentials are −2.7 V and −2.0 V.  The peak potentials for 

[C4mim+][FSA−] are about 0.2 V more positive than the counterparts for the glyme solvate 

IL, implying that Li+ ions in the latter are thermodynamically more stable.  

 

 

Figure 2.  (a, b) CVs and (c, d) SPR angle shifts during the repetitive Li UPD/UPS processes of 8 

scan cycles at the scan rate of 50 mV/s in (a, c) [Li(G4)+][FSA−] and (b, d) [C4mim+][FSA−] containing 

100 mM Li+[FSA−]. 
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ΔθSPR is sensitive enough to respond to the interfacial refractive indices change 

due to the Li UPD/UPS processes; corresponding to the reduction peak (Li UPD) and 

oxidation peak (Li UPS) in CVs, an increase and decrease in ΔθSPR, respectively, can be 

seen in Figure 2c,d.  Similar ΔθSPR behaviors were reported in previous ESPR studies 

on Cu[29] and Co[30] electrodeposition, in which ΔθSPR was correlated with the deposited 

amount of Cu and Co.  Besides, it was demonstrated that ΔθSPR also changes with the 

surface roughness of the electrode[29,30] and the deposited layer.[30]  ΔθSPR shows different 

behaviors in [Li(G4)+][FSA−] and [C4mim+][FSA−] in the positive-going scan after the Li 

UPD and before UPS processes (Figure 2c,d).  In [Li(G4)+][FSA−], ΔθSPR decreases 

after the Li UPD (process A in Figure 2c), while it tends to be flat (process B in Figure 

2c) in the very beginning of the Li UPS.  The same ΔθSPR behavior, as well as the 

response to the UPD/UPS, has also been found in another G4 solvate IL, 

[Li(G4)+][TFSA−] (see Figure S1).  In contrast, in [C4mim+][FSA−] (Figure 2d), the 

slope is more positive overall; ΔθSPR is flat in the process A and then increases in the next 

process B.  The slope increase is ascribable to the roughness increase in the gold 

electrode surface, as discussed below. 

During the scan cycles, ΔθSPR varies with the deposited Li amount and the 

surface roughness of the Au electrode, which can be written as:[29] 

 ΔθSPR = α 𝑑𝑑Li + 𝛽𝛽∆𝑑𝑑Au (8)  

where the two coefficients, α and β, are both positive and constants for small dLi and ΔdAu.  

It should be noted that ΔθSPR is also affected by the surface roughness of the deposited Li 

layer, ΔdLi (= dLi-p − dLi-v), however, the sensitivity of ΔθSPR towards ΔdAu is higher than 

that towards ΔdLi (see the discussion in Figure 5 below).  Besides, ΔθSPR is also generally 

sensitive enough to the ionic concentration in the EDL[25,26,28] and the diffusion layer,[27,29] 
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but this is not the case with the present Li UPD/UPS case.  For the former, the Li 

UPD/UPS potentials are far negative from the potential of zero charge (PZC), where the 

EDL structure is in the “crowding” state and the first ionic layer is saturated with cations, 

therefore the contribution of EDL structure is small to be neglected here.[26,49]  For the 

latter, i.e., the contribution of diffusion layer, the deposited/stripped Li amount is small 

with only about monatomic layer thickness, and in contrast, the concentration of Li+ in 

the ILs is high enough to be regarded as constant during the Li UPD/UPS.  The time 

derivative of ΔθSPR can be expressed as: 

 
dΔ𝜃𝜃SPR

d𝑡𝑡
= −

𝛼𝛼𝑉𝑉Li
𝐹𝐹

𝑖𝑖Li + 𝛽𝛽
d∆𝑑𝑑Au

d𝑡𝑡
 (9)  

where VLi is the molar volume of Li metal, F is the Faraday constant, and iLi is the current 

density for the Li UPD/UPS processes.  This is because iLi = − dqLi/dt = − (F/VLi) ddLi/dt, 

where qLi is the surface charge density for the Li UPD layer.  Here, VLi is evaluated to 

be 13.0 cm3∙mol−1 by the molar mass of Li, 6.941 g∙mol−1, and the density of Li metal at 

room temperature, 0.534 g∙cm−3.  Therefore, the time derivative of SPR angle is in a 

linear relationship to the current in the Li UPD/UPS processes with the contribution of 

surface roughness change.  

The time derivative ΔθSPR curves are shown in Figure 3.  One can see that the 

curves basically reproduce the behaviors in the CVs in Figure 2, including the redox peak 

pair.  The Li UPD/UPS processes are reflected in the time derivative ΔθSPR curves, but 

less influenced by residual current, because nLi is significantly different from nIL than 

other organic/inorganic compounds that may be produced via residual current.  

Especially, a large reduction current in the 1st cycle in [C4mim+][FSA−] (Figure 2b), which 

is likely due to the reductive decomposition of IL ions, has no effect on the corresponding 

time derivative ΔθSPR (Figure 3b).  This demonstrates that ESPR is selectively sensitive 
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to the Li electrodeposition/dissolution process.   

 

Figure 3.  Time derivative of SPR angle during Li UPD/UPS processes in (a) [Li(G4)+][FSA−] and 

(b) [C4mim+][FSA−] containing 100 mM Li+[FSA−], obtained from Figure 2c,d.  The line colors 

correspond to those in Figure 2. 
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current peak of the CVs in Figure 2.  The details on their evaluation methods and results 

are shown in Figures S2 and S3, respectively.  

 

Figure 4.  Scan cycle number dependence of κR (blue points) and κO (red points), which are the 

absolute values of the change in ΔθSPR during the UPD and UPS, respectively, divided by the surface 

charge density for the Li deposition layer, qLi, for (a) [Li(G4)+][FSA−] and (b) [C4mim+][FSA−] 

containing 100 mM Li+[FSA−].  The dashed lines are from linear least-squares regressions. 

The shift values of ΔθR and ΔθO normalized with qLi, defined as κR and κO, 

respectively, are shown in Figure 4.  For [Li(G4)+][FSA−] in Figure 4a, κR and κO are 

nearly constant in the 8 scan cycles, indicating that the surface roughness does not change 

during the repetitive Li UPD/UPS processes.  In contrast, for [C4mim+][FSA−] shown in 

Figure 4b, κR and κO increase together with increasing the scan cycle, indicating that the 

surface roughness increases with the repetitive Li UPD/UPS processes (see Figure S4 for 

the simulation results).  This contrasting surface roughness results for these two ILs, i.e., 

no change for the former and increase for the latter, were reproduced with ex-situ AFM 

measurements where AFM images were taken before and after the ESPR measurements 
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for the 8-cycle UPD/UPS of Li (Figure S5).  One can see that κR always has a larger 

value than κO, especially for [Li(G4)+][FSA−] in Figure 4a.  For both the ILs, UPS takes 

a wider potential range than UPD (see Figures 2 and 3), hence the ΔθR is relatively more 

affected by other factors, such as the potential dependence of ionic concentration in the 

EDL, when it is evaluated.  Moreover, the roughness change in the Li layer surface after 

the Li UPD and before the Li UPS causes the difference between κR and κO; κO can be 

smaller than κR because of the surface smoothing, which is the case with [Li(G4)+][FSA−] 

(see the discussion for Figure 5 below). 

In Figure 2, between the Li UPD and UPS in the two ILs, ΔθSPR shows different 

trends, during the processes A and B.  Since there is no change in the deposited Li 

amount during this period, these ΔθSPR trends should reflect the surface roughness change, 

ΔdAu and ΔdLi (= dLi-p − dLi-v, see Figure 1c for definition).  We introduce ΔdLi to 

analyze the ΔθSPR in the processes A and B, by adding an additional term to eq 8 as 

follows: 

 ΔθSPR = α 𝑑𝑑Li + 𝛽𝛽∆𝑑𝑑Au + γ∆𝑑𝑑Li (11)  

where γ is a positive constant that is smaller than β.  ΔdLi indicates the roughness of the 

deposited Li layer surface beyond that of the gold surface underneath.  We performed 

the simulation with variable ΔdAu and ΔdLi but constant dLi.  dLi was fixed to be 0.29 nm, 

the thickness of the closely packed Li monolayer.[50]  In the repetitive Li UPD/UPS scan 

cycles, the evaluated qLi values are around 200 μC∙cm−2 (Figure S3a,b), corresponding to 

the amount of monolayer deposition.[46,51,52]  The simulation results are shown as 2-D 

density plots in Figure 5.  One can see that the contour lines are close to vertical, which 

means γ << β in eq 11.  Before ESPR experiments, the surface roughness of the gold 

electrode, ΔdAu, was measured to be 1.1 nm by AFM.[30]  Immediately after the Li UPD, 
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the deposited surface is likely rougher than the electrode surface, meaning ΔdLi > 0, 

although we have no clue to know the exact ΔdLi value.  Here, we set the point at (ΔdAu, 

ΔdLi) = (1.1 nm, 0.1 nm) in the 2-D plots as the reference point that represents the surface 

condition after the Li UPD and before the process A in the CV scans.  

 

Figure 5.  2-D plots of ΔθSPR against ΔdAu and ΔdLi for (a) [Li(G4)+][FSA−] and (b) [C4mim+][FSA−] 

containing 100 mM Li+[FSA−].  The arrows indicate the possible direction of the surface roughness 

after the Li UPD and before the UPS (process A). 

In Figure 5, the black points represent the status of ΔdAu and ΔdLi just after the 

Li UPD.  As described above at Figure 2, in [Li(G4)+][FSA−], ΔθSPR decreases after the 

Li UPD (process A) and then tends to be flat in the very beginning of the Li UPS (process 

B), while in [C4mim+][FSA−], ΔθSPR is flat or slightly increases after the Li UPD and then 

increases more obviously in the very beginning of the Li UPS.  Also, Figure 4 has 

demonstrated the trends in ΔdAu after the scan cycles in the two ILs; for [Li(G4)+][FSA−], 

ΔdAu is not changed after the scan cycles of Li UPD/UPS processes, while ΔdAu increases 

for [C4mim+][FSA−].  Taking into account these trends in ΔθSPR in the process A and in 
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ΔdAu during the whole scan cycle, we can draw possible behaviors of the surface 

roughness condition as the arrows in Figure 5.  For [Li(G4)+][FSA−], after the Li UPD 

process, the deposited surface tends to be smooth, i.e., ΔdLi decreases, and the surface 

roughness of the Au electrode, ΔdAu, is constant, therefore ΔθSPR decreases in the process 

A (Figures 5a and 2c).  For [C4mim+][FSA−] (Figure 5b), the smoothing of the deposited 

surface is also effective, while ΔdAu tends to increase simultaneously, resulting in the flat 

ΔθSPR for the early cycles in Figure 2d.  As the scan cycle increases, we can see the 

increase in ΔθSPR of the process A in Figure 2d, the increase in ΔdAu is likely to be more 

and more significant (Figure 5b).  The increase in ΔdAu for [C4mim+][FSA−] is not 

surprising.  Au-Li alloying/de-alloying is well-known during the 

electrodeposition/electrostripping of Li on the Au electrode, which roughens the Au 

surface or even produces a nanoporous Au surface layer.[53,54]  For example, Gasparotto 

et al.[54] revealed by in-situ STM measurements that a number of monoatomically deep 

pits appear on the Au(111) after Li UPS in 1-butyl-1-methylpyrrolidinium TFSA−, which 

is an IL whose ionic structures resemble C4mim+ and FSA−.  Rather, what is surprising 

is no change in ΔdAu for [Li(G4)+][FSA−] (Figures 4 and 5), which is beneficial for the 

application of this salt to Li-metal batteries.  As will be briefly discussed in the next 

paragraph, one of the reasons causing the difference is probably the EDL structure.   
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Figure 6.  Schematic diagrams of (a) the deposited surface smoothing in the process A and (b) the 

“initial stripping” in the process B. 

Based on all the investigation and analysis above, we propose a plausible 

mechanism for the two processes A and B as shown in Figure 6.  As the discussion in 

Figure 5 above, the process A is ascribable to the deposited surface smoothing after the 

Li UPD (Figure 6a).  This process, the Li surface diffusion, is driven to decrease the 

surface energy of the Li layer just after the Li UPD to make the surface more locally flat.  

In the process B, i.e., in the very beginning of Li UPS, the slope of ΔθSPR is more positive 

than that in the process A (Figure 2c,d).  This can be explained with “initial stripping” 

in which a small amount of Li is stripped from the deposited layer, causing an increase in 

surface roughness of the deposited layer.  Only in the initial stripping stage ΔθSPR 

increases, because in the later stage, the dLi decrease, the negative contribution to ΔθSPR, 

surpasses.  The different behaviors in the process A between the two ILs are likely to 

originate from the EDL structure formed by the different solvate environments of Li+.  

In glyme-Li solvate ILs, Li+ can form a stable complex cation with glyme in bulk,[12,38-40] 
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but partial desolvation of the complex cation was suggested near the negatively charged 

electrode by experiments[55] and simulations.[56]  Similarly, in FSA-based typical ILs, 

Li+ tends to be partially desolvated in the EDL near the electrode surface.[57,58]  However, 

the Li+ ions still have different solvate environments in the EDL of the two ILs, with 

neutral G4 molecules for the former and with FSA− anions for the latter.  This can affect 

the Li+ activity and thereby the Li electrodeposition process on the electrode, presumably 

resulting in the increase in ΔdAu only for [C4mim+][FSA−] but not for [Li(G4)+][FSA−]. 

Conclusion 

 By using ESPR as an in-situ measurement, the Li UPD/UPS processes on the 

gold electrode in a glyme solvate IL and a typical IL were analyzed and compared.  The 

time derivative SPR curves showed the same trends as CVs, but without the effects of 

residual current, indicating that ESPR is an effective in-situ method to track the metal 

electrodeposition/dissolution processes.  Compared with the results of a model 

simulation, the roughness of the gold electrode surface was found to increase with the 

scan number in [C4mim+][FSA−] but not in [Li(G4)+][FSA−].  Moreover, the surface of 

the deposited Li layer was demonstrated to be smoothed between the Li UPD and UPS 

processes.  Following the smoothing process, an initial stripping process was detected, 

which roughens the deposited Li surface in the very beginning of Li UPS.  The present 

study proposes that [Li(G4)+][FSA−] is an adequate electrolyte for Li-metal batteries, 

however, the investigation on various kinds of FSA-based ILs and other types is necessary, 

which will provide us with insight into the Li electrodeposition process in ILs.  

 

Supporting Information 
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CVs, SPR angle shifts, and the time derivative of SPR angle shifts during the Li UPD/UPS 

in [Li(G4)+][TFSA−]; methods to evaluate κR, κO, and qLi, and their values; simulation 

results of κ as a function of ∆dAu; ex-situ AFM images before and after ESPR 

measurements. 
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