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ABSTRACT: Solvation structures formed by ions and solvent molecules at solid/electrolyte interfaces affects the 

energy storage performance of electrochemical devices, such as lithium-ion batteries. In this study, the 

molecular-scale solvation structures of an electrolyte, a solution of lithium bis(trifluoromethanesulfonyl)imide 

in propylene carbonate at the electrolyte-mica interface, were measured using frequency-modulation atomic 

force microscopy (FM-AFM). The spacing of the characteristic force oscillation in the force versus distance 

curves increased with increasing ion concentration, suggesting an increase in the effective size of molecules at 

the interface. Molecular dynamics simulations showed that the effective size of molecular assemblies, namely 

solvated ions formed at the interface, increased with increasing ion concentrations, which was consistent with 

the experimental results. Knowledge of molecular-scale structures of solid/electrolyte interfaces obtained by a 

combination of FM-AFM and molecular dynamics simulations is important in the design of electrolytes for 

future energy devices and in improving their properties. 
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The solid/liquid interface plays an important role as a site for various chemical and biochemical reactions, 

such as crystal growth and catalytic reactions. In the field of electrochemistry, the solvation structure or electric 

double layer formed by ions and solvent molecules at the solid/liquid interface is intrinsically important because 

it is directly related to the performance of energy-storage devices, such as secondary batteries and catalysts. In 

lithium-ion batteries (LIBs), which have attracted much attention in recent years as power sources for electric 

vehicles and portable electronic devices, the charge transport process at the electrode/electrolyte interface is 

one of the factors that determines the input/output characteristics of the battery during high-speed charging 

and discharging, together with the transport process of Li ions in the electrolyte and the ion diffusion process 

in the active material particles.1–3 In the electrolyte of LIBs, Li ions are solvated by solvent molecules and 

transported in the electrolyte during charging and discharging of the battery. When the solvated Li ions reach 

the electrode surface, they are desolvated near the surface, and Li ions are inserted into the electrode. It has 

been shown that the activation energy of the charge transfer reaction at the interface agrees well with the 

desolvation energy of Li ions calculated by density functional theory (DFT).4–6 Therefore, the desolvation 

process at the interface is considered the rate-limiting process of charge transport at the electrode/electrolyte 

interface; hence, clarification of the molecular-scale solvation structure of the electrolyte near the solid surface 

is important for improving the performance of LIBs. 

In recent years, the solvation structure at the solid-liquid interface has been investigated by X-ray 

reflectometry7–9 and sum frequency generation.10–12 For example, X-ray reflectometry can precisely measure 

the one-dimensional structure of solvation shells in the direction perpendicular to the interface, but it cannot 

provide information in the plane parallel to the interface; thus, it is difficult to evaluate the solvation structure 

in a specific area of concern. There is also a growing interest in the evaluation of high-resolution solid-liquid 

interfaces using atomic force microscopy.13 Especially, the solid-liquid interface measurement method using 

frequency modulation atomic force microscopy (FM-AFM), that has an atomic resolution in liquid, has made 

great progress in recent years. Unlike the commonly used method of amplitude modulation AFM, which 

detects the amplitude change of a cantilever, FM-AFM detects the resonance frequency shift of the cantilever, 
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thereby achieving high spatial resolution and high sensitivity in detecting force gradients. Initially, FM-AFM 

imaging in liquid was mainly focused on the solid/water interface, such as the hydration structure on the surface 

of mica14–16 and highly oriented pyrolytic graphite.17 However, recently, molecular scale structures at the 

interface between liquids other than aqueous solutions, such as ionic liquids, and solids have also been 

investigated.18–21 Regarding the structure of the interface between the electrode and solvent used in LIBs, 

Minato et al. reported that tetraglyme forms a layered structure near the surface of highly oriented pyrolytic 

graphite.22 However, there have been no reports on the structure of an electrolyte system containing lithium 

salt. Here, we investigate the molecular-scale solvation structure formed by the electrolyte near the solid 

surface of LIBs using FM-AFM and show that the size of the structure formed at the solid-liquid interface 

increases with increasing ion concentration in the electrolyte. We confirmed that the obtained measurement 

results are consistent with the Raman spectra and molecular dynamics (MD) simulations. This study strongly 

suggests that the observed increase in the size of the interfacial structure is due to a change in the effective 

size of the molecular assembly, that is, the solvated ions. 

In this study, we measured the solvation structure of an electrolyte, a solution of lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) in propylene carbonate (PC), at the electrolyte-mica interface. 

Figure 1 shows the molecular structures and electrostatic potential distributions of PC and TFSI anions. PC is a 

dipolar aprotic solvent used for nonaqueous electrolytes in LIBs.23 PC has a negatively charged carbonyl oxygen 

atom (Oc), as shown in Figs. 1(a) and 1(c),  and strongly coordinates with Li ions in the electrolyte. The TFSI 

anion is a relatively large anion that weakly coordinates to Li ions and forms an air-stable lithium salt (LiTFSI).24 

Although the charge is delocalized within TFSI anions, the nitrogen and oxygen atoms are negatively charged, 

as shown in Fig. 1(d), and these atoms tend to interact with Li ions. We investigated four LiTFSI salt 

concentrations in PC: 0, 0.8, 2.1 and 3.6 M. We chose muscovite mica as a model substrate for its atomic 

smoothness, allowing for high-resolution FM-AFM imaging of its solvation structures.14–16 While mica is an 

insulator for Li-ions and different from the surface of real electrodes used in LIBs, it is still an ideal substrate for 

studying solvation structures formed on the solid/electrolyte interface and has been commonly used in 
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previous studies.9,25 In this study, we employed mica substrates to confirm the applicability of FM-AFM for 

investigating the interfacial structures formed in electrolytes used in LIBs and their concentration dependence. 

Raman spectroscopy of bulk LiTFSI-PC electrolytes 

Prior to investigating the interfacial solvation structure, Raman spectra of LiTFSI-PC electrolytes were 

obtained to estimate the interaction between Li+, PC, and TFSI anions in the bulk electrolyte. As shown in Fig. 

2(a), a peak around 710 cm−1 was observed in pure PC, which corresponded to the ring deformation of PC.24 As 

shown in the inset of Fig. 2(a), the peak at around 710 cm−1 showed a shift of the peak position to a higher 

Raman shift with increasing LiTFSI concentration. The shift of the peak corresponds to a decrease in free PC 

and an increase in associated PC as a result of the increase in the interaction between PC and Li+ with increasing 

LiTFSI concentration.26 As shown in Fig. 2(b), which shows Raman spectra in the larger wave number region, a 

peak is observed at around 1225 cm−1 for pure PC, which corresponds to the asymmetric stretching of the 

carbonyl group of PC.24 With increasing LiTFSI concentration, another peak appeared at approximately 1240 

cm−1, which was considered to be caused by the interaction of PC and Li+. According to structural analysis using 

density functional theory in a previous study, the oxygen atom protruding from the ring of PC is strongly 

coordinated to Li+.27,28 

We also note that another peak around 740 cm−1 appeared with the addition of LiTFSI, as presented in Fig. 

2(a). Free anions and solvent-separated ion pairs are commonly characterized by components at 739–742 cm−1, 

which is attributed to the symmetric deformation of the CF3 group in the TFSI anion.24,29 The peak position 

shifted to the higher Raman shift side with increasing LiTFSI concentration, which is similar to the peak around 

710 cm−1, as shown in the inset of Fig. 2(a). This peak shift is attributed to the appearance of the components 

at higher wavenumbers (> 746 cm−1), which are attributed to contact ion pairs and aggregates.29 Thus, this 

suggests a change in the structure of the TFSI anion in solution from solvent-separated ion pairs to contact ion 

pairs,26 which means that the TFSI anion interacts with Li ions, although its interaction with Li ions is weaker 

than that of PC because of charge delocalization of the TFSI anion. These results strongly suggest that Li ions 

are solvated not only by PC but by TFSI anions, especially in the concentrated LiTFSI-PC electrolyte. 
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Molecular resolution imaging of interfacial solvation structures 

To investigate the solvation structure formed at the interface between the electrolyte and solid, two-

dimensional frequency maps were obtained by FM-AFM at the interface between three different 

concentrations of LiTFSI-PC and mica. First, in the case of pure PC, more than three bright stripes were observed 

on mica, as shown in the frequency shift maps in Fig. 3(a), which corresponded to the solvation structures that 

were uniformly formed on the mica surface. The spacing between the stripes was roughly about 0.5 nm, which 

is close to the average diameter of PC molecules,30 suggesting that the density distribution of PC is ordered in 

the direction perpendicular to the mica surface. We converted the frequency shift maps to force maps using 

the method of Sader and Jarvis.31 We measured the spacing of the oscillatory force in the force versus distance 

curves averaged in the direction parallel to the sample surface. The spacings of the force minima were 0.48, 

0.51, and 0.54 nm, which were gradually increasing as a function of the distance from the mica surface. We 

also note that the magnitude of the oscillatory solvation force gradually decreases as a function of distance. 

These observations suggest that the PC molecules closest to the mica are strongly bound to the mica surface, 

forming the first uniform layer, as well as the water molecules on the mica surface.14–16 The increase in the 

spacing and decrease in the magnitude of the oscillatory force suggest that the interaction between PC 

molecules and the mica substrate and the layering of PC molecules gradually decrease with increasing distance 

from the mica surface, and the orientation of PC molecules approaches random. 

The force versus distance curves measured at the PC/mica interface at 0.8 and 3.6 M LiTFSI concentrations 

are shown in Figs. 3(e) and 3(f). Note that the origin of the distance axis in Figs. 3(d)-3(f) is arbitrary. In the 

average force curve for 0.8 M LiTFSI in Fig. 3(e), there is only one force minimum near the mica surface. However, 

we found an inflection point at approximately 0.84 nm outside the position of the force minimum. In the case 

of 3.6 M LiTFSI, as shown in Fig. 3(f), the distance between the two force minima was approximately 1.44 nm. 

In both cases, the spacing is larger than the size of PC molecules, suggesting that the stripes in Fig. 3(b) and Fig. 

3(c) correspond to the layers of the molecular assembly whose size is greater than that of PC molecules. In 

solvation structure measurements by AFM, the repulsive force is generally attributed to the steric expulsion of 
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the molecules by the tip. Therefore, we consider that the distance between the onset of the repulsive force 

corresponds to the thickness of the layer of the molecular assembly. We also note that the dependence of the 

interlayer distance observed in the force-distance curves as a function of the molarity is mainly due to changes 

in the mass profile and not due to the charge density profile. Since the cantilever tip we used (SiO2) was slightly 

negatively charged but almost neutral and the charge density variation in the solution was small due to the 

solvation of Li+ and anions, we consider that the influence of charge density distribution is not significant 

enough in our experiments. While the competition between mass and charge density profiles on AFM data was 

discussed in a previous study,32 we believe that the influence of charge density distribution does not need to 

be considered in our experiment. 

Solvation structures of bulk LiTFSI-PC electrolytes 

We first performed MD simulations of the bulk LiTFSI-PC liquid to understand the solvation structure of LiTFSI 

salt by PC molecules in a 0.8 M LiTFSI-PC solution, the results of which are shown in Fig. 4. As shown in the 

radial distribution function around Li ions in Fig. 4(a), the oxygen atom of the carbonyl group (Oc) of PC is 

coordinated to the nearest neighbor of Li ions. As for the TFSI anion, both the oxygen and nitrogen atoms in 

the anion structure coordinate with Li+. The coordination number of the Oc of PC and the nitrogen atoms of 

TFSI anion at a distance of 0.3 nm from Li ions are approximately 3.6 and 0.8, respectively. Since there is only 

one nitrogen atom in the TFSI− and the coordination number of the nitrogen atom corresponds to the 

coordination number of the TFSI− around Li+, it is indicated that Li ions are dominantly solvated by PC in the 

LiTFSI-PC electrolyte at a concentration of 0.8 M while there is some contribution from the solvation structure 

containing a TFSI anion in its first solvation shell. Based on the coordination number, several coordinating 

structures with three or four PCs coordinated to Li+ coexist in the electrolyte. We presume that the molecular 

assemblies that may be formed in an electrolyte of 0.8 M LiTFSI in PC include Li+-(PC)3, Li+-(PC)4, Li+-(PC)3-TFSI− 

and Li+-(PC)4-TFSI−. Figures 4(b–d) show representative molecular assemblies of Li ions coordinated by PC 

molecules and a TFSI anion, taken from snapshots of the MD simulation. As mentioned above, Raman 

spectroscopy measurements suggest that a molecular assembly, in which both PC and TFSI anions are 
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coordinated to Li ions, is formed in the LiTFSI-PC electrolyte, and the results obtained by the MD simulation are 

also consistent with this. 

Interfacial structures at mica/ LiTFSI-PC electrolytes 

We then performed an MD simulation of the interface between the electrolyte of 0.8 M LiTFSI in PC and mica, 

as shown in Fig. 5(a). Figure 5(b) shows the density distribution profiles of the ions and PC molecules as a 

function of the distance from the electrolyte/mica interface, which were calculated from snapshots of the MD 

simulations. It shows that there is an oscillation with a spacing of approximately 0.5 nm in the density 

distribution profile of the electrolyte, which mainly reflects the density distribution profile of PC molecules. In 

fact, it is very similar to the density distribution profile of pure PC (see Fig. S2). This is because even in the 0.8 

M LiTFSI electrolyte, the number of PC molecules is still approximately 14 times larger than the number of LiTFSI 

molecules. In particular, the peak at approximately 0.3 nm from the mica is almost entirely due to PC, and the 

ratio of Li ions to TFSI anions at this position is very small. There is also a shoulder peak at approximately 0.4 

nm, as indicated by the gray arrow in Fig. 5(b). This is because the PC molecules in this region were oriented in 

two ways. Namely, there were PC molecules with the oxygen atoms of the carbonyl groups facing the mica 

surface, giving a peak at 0.3 nm, and those with the hydrogen atoms facing the mica substrate, giving a shoulder 

peak at 0.4 nm (see Fig. S3). In a previous study by sum-frequency generation, it was shown that PC molecules 

are oriented in two ways at the PC/LiCoO2 interface,33 which is similar to our result. Moreover, focusing on the 

density distribution of Li ions, a sharp peak was observed at 0.8 nm from the mica surface. The density of Li 

ions at this position was more than three times higher than the mean density of Li ions in the bulk region, which 

was greater than 3 nm from the mica surface. Furthermore, the distribution of TFSI anions was less pronounced 

than that of Li ions, although a small peak was observed around 0.8 nm from the mica. These distributions 

suggest that there is a local excess of positive charges in the electrolyte in the region near the negatively 

charged mica surface. In addition, these profiles suggest that the positively charged Li ions are not directly 

adsorbed on the negatively charged mica surface, but have a higher probability of being present at a slightly 

distant location. We assume that this is because the solvation of Li ions by PC molecules and TFSI anions is 
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stronger than the electrostatic interaction between bare Li ions and the negatively charged mica surface. In fact, 

according to snapshots obtained from MD simulations, as shown in Fig. 5(c–e), molecular assemblies including 

Li+-(PC)3, Li+-(PC)4 and Li+-(PC)3-TFSI− are formed near the interface. We consider that among these, Li+-(PC)3 

and Li+-(PC)4 are the major species at the interface, and some contributions from Li+-(PC)3-TFSI− are also present. 

This is because the electrolyte is locally positively charged in this region, as described above, and the positively 

charged Li+-(PC)3 and Li+-(PC)4 are likely in excess of Li+-(PC)3-TFSI−, which is a charge-neutral molecular assembly. 

The sizes of Li+-(PC)3 and Li+-(PC)4 are in the range of 0.8–1 nm, which is close to the size of the characteristic 

force oscillation intervals observed in the force curves of FM-AFM. In other words, in the LiTFSI-PC electrolyte, 

Li ions are strongly solvated by PC and TFSI anions, forming large molecular assemblies, and these molecular 

assemblies further solvate the mica surface. When the tip disturbs the layers of the molecular assemblies, 

layering of the molecular assemblies is detected as an oscillatory hydration force with a spacing that 

corresponds to the size of the molecular assembly. Therefore, by detecting changes in the interaction force, we 

can estimate the size of the structure formed at the interface. In fact, as shown in Fig. 3, a structure with a 

characteristic size of 1.44 nm, which is larger than that in the 0.8 M solution, was detected in the 3.6 M solution. 

It has been considered that larger structures are formed in an electrolyte with a higher concentration of the 

electrolyte generally used for LIBs.26,34 This is because ions and other dissolved solute molecules tend to self-

assemble into relatively large and polydisperse aggregates.35 The results presented here are consistent with 

this tendency. It should be noted that the MD simulations of the electrolyte with the 3.6 M solution did not 

converge. We believe this is because the force field is not optimized for the combination of mica and electrolyte. 

For mica and electrolyte on their own, the force field has been optimized as shown in the previous studies.36–

38 We consider that the force fields individually optimized for mica and electrolyte could be used without 

modification for weak electrolytes, but they should be modified for concentrated electrolytes. Although we 

could not discuss the structures formed at the mica interface in the case of 3.6 M LiTFSI-PC electrolyte in detail, 

we could calculate the structure of the molecular assemblies formed at the interface in the electrolyte with a 

high concentration using other calculation methods in the future, such as the reference interaction site model 
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or first-principles MD simulations. Note that the desolvation energies of the two structures, Li+-(PC)3 and Li+-

(PC)4, which are thought to be dominant at the interface between the LiTFSI electrolyte and mica at a 

concentration of 0.8 M, are related to the origin of the interfacial resistance of LIBs. In the desolvation process 

of these structures, PC molecules are removed from the solvated clusters, and the desolvation energy when 

the last PC molecule is removed from the Li ion can be obtained by DFT calculation.6 Although the measurement 

was performed using mica in this study, it would be possible to discuss the origin of the interfacial resistance of 

the LIB by analyzing the interface between the electrode material and the electrolyte used in a LIB using FM-

AFM and MD simulations, and by determining the desolvation energy of the estimated solvation structure at 

the interface using DFT. 

Finally, we note that the major advantage of FM-AFM is that it can be used to investigate interfacial structures 

even with highly concentrated electrolytes. Because the viscosity of the liquid increased significantly with high 

electrolyte concentration, the Q value of the cantilever vibration spectrum decreased significantly in the FM-

AFM measurement, and the vibration spectrum became very broad (Figure S4). In FM-AFM, which measures 

the shift in the resonant frequency of the cantilever vibration, the measurement becomes more difficult 

because the force detection sensitivity decreases as the Q value of the vibration spectrum decreases. However, 

in this study, structural changes at the solid-liquid interface could be detected on a molecular scale, even when 

a high-concentration (3.6 M) LiTFSI-PC solution was used. This clearly indicates that FM-AFM has a high 

potential for structural measurements at the electrolyte-solid interface of LIBs. Additionally, in this study, we 

mainly discussed the one-dimensional distribution of electrolytes in the direction perpendicular to the mica 

surface, but FM-AFM has the potential to measure the distribution of liquids in two and three dimensions. 

Therefore, it is possible, in principle, to discuss the adsorption and orientation of molecules to individual atoms 

on a solid surface, which is our future work. We also note that the FM-AFM measurements shown in this study 

can also be performed using solvents such as a mixture of EC and DMC, which are the most common electrolyte 

solutions for LIBs. 

The molecular-scale solvation structures formed near the interface between the LiTFSI-PC electrolyte used 
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in LIBs and mica were measured using FM-AFM. The characteristic force oscillation spacings in the force curves 

increased with increasing LiTFSI concentration in the electrolyte, suggesting an increase in the effective size of 

molecules at the solid-liquid interface. MD simulations showed that molecular assemblies including Li+-(PC)3, 

Li+-(PC)4, and Li+-(PC)3-TFSI− were formed at the interface. The sizes of these structures are close to the spacing 

of the characteristic force oscillations in the force curves. The combined method of molecular-scale solid-liquid 

interface measurement using FM-AFM and MD simulation is expected to play an important role in elucidating 

the structure of molecular assemblies formed by ions and molecules at the solid-liquid interfaces in electrolytes 

used in energy devices in the future. 
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Figure 1. Molecular structures of (a) PC and (b) TFSI anion with the lowest energy conformation, optimized 

using the B3LYP/6-31G* function. The arrows indicate the average diameter of PC30 and the ionic radius of 

TFSI anion dissolved in PC.23 (c–d) Three-dimensional distributions of electrostatic potential drawn on their 

electron density isosurfaces at 10.7 e/nm3. 
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Figure 2. (a–b) Raman spectra of LiTFSI-PC electrolytes with different concentrations measured in two 

different wave number regions. Inset in (a) shows the concentration dependence of the center values of the 

two peaks in the spectrum. 
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Figure 3. (a–c) Two-dimensional frequency shift maps obtained at the interface between mica and LiTFSI-PC 

solutions of different concentrations (0, 0.8, and 3.6 M). (d–f) Averaged force curves obtained by averaging 

the force curves in the force maps converted from the frequency shift maps shown in the upper panel. 
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Figure 4. (a) Radial distribution functions (solid curves) and coordination numbers (dashed curves) for 0.8 M 

LiTFSI-PC electrolytes calculated by MD simulations. Representative snapshots from MD simulations 

illustrating molecular assemblies in the bulk 0.8 M LiTFSI-PC electrolyte. (b) Li+-(PC)3. (c) Li+-(PC)4. (d) Li+-

(PC)3-TFSI−. 
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Figure 5. (a) Representative cell structure used for molecular dynamics simulations of the mica/electrolyte 

interfaces. (b) Density distribution of electrolyte at 0.8 M LiTFSI-PC electrolyte/mica interface. 

Representative snapshots from MD simulations illustrating the interfacial solvation structures of Li ion with 

different compositions at the 0.8M LiTFSI-PC electrolyte/mica interface. (c) Li+-(PC)3. (d) Li+-(PC)4. (e) Li+-(PC)3-

TFSI−. 
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