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ABSTRACT  

Solution structures at solid–liquid interfaces play important roles in electrochemical reaction 

systems. To gain insights into interactions between binary solutions and metal oxides, we used 

quantitative 1H NMR and resonance shear measurements to investigate the behavior of a mixed 

solvent of propylene carbonate (PC)–1,2-dimethoxyethane (DME) at the interface with SiO2. The 

PC–DME mixture formed a well-ordered structure at the SiO2 interface, with the viscosity 

increasing from 0.5 mPa s in the bulk to 105 mPa s at 25 nm from the SiO2 surface. This long-

range structure resulted from the preferential concentration of DME on the SiO2 surface owing to 

the different absorptivities of the solvent molecules. LiClO4 addition reduced the distance from 

the SiO2 surface at which the solution structure formed to 10 nm at 1.0 mol L-1 and 7.5 nm at 2.0 

or 3.0 mol L-1. This interfacial structure affected ionic conduction and was consistent with the 

distance from the SiO2 surface at which the activation energy of ionic conduction in solid–liquid 

systems became 10 kJ mol-1 greater than the bulk value. The disproportionation of the solvent 

mixture at the SiO2 interface was competitive with ion solvation but was suppressed when the 

[DME]/[Li+] ratio was ≤2.6. 
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1. INTRODUCTION 

In both fundamental and practical electrochemical systems, which often have complex 

morphologies and geometries, the redox reaction proceeds at a solid–liquid interface. Even in 

dispersed systems of isolated particles, an electric double layer forms on the surfaces of solids 

owing to the disproportionation of ions in the liquid phase and the orientation of molecules at the 

interface. Knowledge about the structure at this solid–liquid interface is very important and has 

long been of interest for understanding electrochemical reactions.1–8 In particular, the structure of 

the electrode interface is involved in solid–electrolyte interphase (SEI) formation1–6 and charge-

transfer resistance.7,8 According to the Poisson–Boltzmann distribution in which the Gouy–

Chapman electric double layer theory is applied as a structural model of a solid–liquid interface,9,10 

counterions, which have the opposite charge to the solid phase surface, concentrate near the solid 

phase. In this model, ions are point charges and their distribution at the solid–liquid interface is 

constant, regardless of the ion type. However, model refinements by Stern et al. indicate that the 

double layer depends on ion size11 and solvation as well as the dipole interactions of solvent 

molecules. Among these factors, the effect of differences in the polarity of solvent molecules on 

the solid–liquid interface structure is of particular interest.  

To control ionic conduction, expand electrochemical windows, and improve the stability of 

species dissolved in electrolyte solutions, binary systems of nonaqueous solvents with significantly 

different polarities are commonly used as the electrolytes in electrochemical devices.12–14 We have 

investigated the influence of such binary systems on the interface structure using a cyclohexane–

ethanol mixture. In this binary solvent, a long-distance ethanol layer is adsorbed on the silica 

surface owing to hydrogen bonding interactions between surface silanol groups and ethanol 

hydroxyl groups.15–17  Kitaoka et al, investigated the interfacial liquid structure at the solid interface 



 4

of this ethanol-cyclohexane mixture using molecular dynamics simulation and examined the 

effects of hydrophilicity and hydrophobicity on the solid surface, molecular orientation, size of 

cluster structure.18 For electrochemical devices, a solvent combination with a greater polarity 

difference is typically selected, such as propylene carbonate (PC) and 1,2-dimethoxyethane (DME), 

which have dielectric constants of 66.8 and 6.92, respectively.19 We previously found that the 

electrical conductivity of LiClO4 solutions in a mixture of PC and DME (LiClO4 PC1-xDMEx) was 

maximized at approximately x = 0.5 in the bulk. By contrast, in the presence of the metal oxide 

LiCoO2, the electrical conductivity was maximized at x = 0 and decreased monotonically as the 

DME content increased.20 Furthermore, in the PC–DME solution, the activation energy of ionic 

conduction increased at a distance of 100 nm or less from the LiCoO2 surfaces, which was 

attributed to a change in the solution structure at the solid–liquid interface. However, to clarify the 

interactions between binary solutions and metal oxides, a more detailed understanding of the 

solution structures at solid–liquid interfaces is required. 

For binary nonaqueous solvents used in electrochemical devices, most studies on the structure 

at the solid–liquid interface have been carried out using simulation calculations,21–24 whereas only 

a few experimental studies have been carried out using spectroscopic and structural techniques 

such as X-ray reflectivity (XRR)25 and sum frequency generation spectroscopy (SFG).26,27 

Although XRR can provide information such as the density profile of the solution at the solid–

liquid interface, the density profile of each solvent cannot be obtained. Furthermore, using SFG, 

the abundance ratio of the solvents at the solid–liquid interface can be determined from the relative 

intensities of the solvent absorption spectra, but no information on distances from the solid–liquid 

interface can be obtained. By contrast, a more in-depth understanding can potentially be obtained 

using quantitative 1H NMR (q-1H NMR) spectroscopy and resonance shear measurement (RSM) 
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based on a surface forces apparatus (SFA).28,29 Grunberg et al. reported that no peak was detected 

for water molecules adsorbed on the silica wall surface by static (nonrotating) 1H solid-state 

NMR.30 Based on this result, we have investigated the effect of various interactions on the intensity 

of NMR measurements. We have reported that solvent molecules solvated with ions31 or 

interacting with a solid surface32 or ions in the double layer33 are not detectable by NMR 

spectroscopy. Owing to this property, the amounts of PC and DME detected upon SiO2 addition 

may provide information about the abundance ratio of solvent molecules at the solid–liquid 

interface. RSM, which is sensitive to changes in the viscosity of a confined liquid, revealed that 

the viscosity of water between mica surfaces increases when the surface separation is less than 1 

nm,34 and that the viscosities of [C4min][NTf2] and [C4min][BF4] increase when the surface 

separation is less than 10.0 and 6.9 nm, respectively.35 Such viscosity information can be employed 

to estimate the distance between the solid–liquid interface and a specific solution structure.  

In recent years, attention has been focused on the solution structure at electrode interfaces in 

high concentration solutions.36–42 Yamada et al. found that the reductive stability and ultrafast-

charging character of lithium-ion batteries were enhanced by a highly concentrated organic 

electrolyte.36 Even in aqueous systems, the potential window has been found to expand in high 

concentration solutions.37–39 In addition, the electrolyte concentration has been reported to affect 

the composition, shape, and mechanical properties of the SEI and improve cycling properties.40–42 

In this study, the structure of a binary nonaqueous solvent (PC1-xDMEx) near the surface of a 

metal oxide (SiO2) was investigated using q-1H NMR measurements and RSM. In addition, to 

investigate the structure of high concentration solutions at the electrode interface, we examined 

the effect of LiClO4 concentration on the structure of the LiClO4 PC1-xDMEx solution at the 

interface with SiO2. This work provides important insights into the interactions between binary 
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solutions and metal oxides as well as the changes in the structure and physical properties of 

solutions at interfaces, which can be useful in the field of electrochemistry.  

 

2. EXPERIMENTAL 

2.1 Materials 

Well-dispersed fumed silica consisting of SiO2 (Nippon Aerosil Co. Ltd.) was dried at 130 °C 

for 24 h in vacuo and employed as the solid phase. The average SiO2 particle size was ~20 nm, as 

determined by scanning electron microscopy (JSM 6335F, JEOL Ltd.), and the specific surface 

area was 120 m2 g-1, as obtained by the BET adsorption/desorption method with Nova 2200e 

(Quantachrome Instruments). Binary PC–DME mixtures (Nacalai Tesque Inc.) with DME molar 

fractions of 0–0.8 were prepared by mixing thoroughly under dehydration conditions molecular 

sieve 4A (Nacalai Tesque Inc.). LiClO4 (Kishida Chemical Co.) was dried at 180 °C for 24 h in 

vacuo and then dissolved in the PC–DME solvent at concentrations of 1.0–3.0 mol L-1. Solid–

liquid mixed samples were prepared as described elsewhere.20 The mixing ratio of the solid and 

liquid phases were adjusted using the volume fraction. In addition, the length over which the solid 

phase surface affects the liquid phase was estimated using the apparent average thickness, l, which 

is defined as follows:     

𝑙 ൌ  
𝑊୪୧୯/𝑑୪୧୯
𝑠୴𝑊ୱ୭୪୧ୢ

                          ሺ1ሻ 

where Wliq, Wsolid, dliq, and sv are the weight of the liquid phase, weight of the solid phase, density 

of the liquid phase, and specific surface area of the solid, respectively. The apparent average 

thickness, l, indicates the distance from the solid phase surface at which the liquid phase is present 

in the solid–liquid mixed sample. A photograph of one example of a solid-liquid coexistence 

sample is shown in Figure S1. 



 7

 

2.2 q-1H NMR Measurements 

1H NMR spectra were recorded using a Varian INOVA 400 NMR spectrometer with a 9.39 T 

magnet and a 5 mm switchable broadband (5 mmsw) probe (Varian, Inc.). To avoid mixing the 

sample with a deuterated solvent, a coaxial NMR tube (516-CC-5, SP Wilmad-LabGlass Co.) was 

used and the outer tube was filled with deuterium oxide (Euriso-Top). The 1H NMR chemical 

shifts were determined using deionized double distilled water as a second-order external standard 

with tetramethylsilane as the first-order standard (0 ppm). All experiments were performed at 

25 °C. The quantitative analysis of the 1H NMR spectra was carried out following a previous 

study,31–33 as defined in the following equation:  

𝑁୶
𝑁ୱୟ୫୮୪ୣ

 ൌ  10
൤
ோ௚౨౛౜ ି ோ௚౩౗ౣ౦ౢ౛

ଶ଴ ൨
𝐾
𝑁𝑠୰ୣ୤𝐼ୱୟ୫୮୪ୣ
𝑁𝑠ୱୟ୫୮୪ୣ𝐼୰ୣ୤

                    ሺ2ሻ 

where N is the concentration of the chemical species that gives the NMR signal, Rg is the receiver 

gain of the NMR spectrometer, Ns is the number of FID scans, and I is the integrated intensity of 

the NMR signal. The subscripts “ref” and “sample” represent the external standard solution and 

the sample solution, respectively. K is a specific constant corresponding to the measurement 

conditions such as the NMR sample tube and NMR spectrometer. This constant is approximately 

unity when similar NMR sample tubes and the same NMR spectrometer are used. 

 

2.3 Resonance Shear Measurements 

To evaluate viscosity, RSM was performed as described previously using the setup shown in 

Figure S2.28,29 Sufficiently thin and smooth quartz glass sheets were used as a silica substrate 

following the procedure of Horn et al.34,35,43 The root mean square and peak-to-valley roughnesses 

of the silica surfaces were 0.29 ± 0.11 nm and 2.5 ± 0.8 nm, respectively, as reported previously.34 
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To avoid dissolution of the adhesive by DME, a gold layer of ~40 nm (as a half mirror) was directly 

deposited on the cylindrical silica surface by vacuum deposition, and then a silica layer of ~2 μm 

was deposited on the gold layer using an rf magnetron sputtering system (SPV2-TMP-T1-RF1/R, 

Toei Scientific Industrial Co. Ltd.).44 For RSM, two silica discs were mounted vertically, and the 

distance between the substrates (D) was controlled by moving one surface up and down. D was 

determined by fringes of equal chromatic order (FECO) analysis based on the wavelength of 

diffracted light.45,46 For PC solution analysis, RSM was performed by sandwiching a liquid sample 

of ~30 μL between the upper and lower substrates. For PC–DME and DME solution analyses, to 

avoid DME evaporation effects, RSM was performed by immersing the entire surfaces of the upper 

and lower substrates in a liquid sample of ~30 mL. The RSM system was composed of an upper 

surface unit hung by a pair of vertical leaf springs and a lower surface unit mounted on the 

horizontal leaf spring of the SFA. The upper unit was connected to a four-sectored piezo tube and 

oscillated laterally with the sinusoidal input voltage (Uin) at various angular frequencies (ω). The 

deflection of the upper unit detected by a capacitance probe was the output voltage (Uout). The 

relationship between the amplitude ratio, Uout/Uin, and the variation in ω at various D values 

represents the viscosity and friction of the confined liquid. To confirm reproducibility, the 

measurements were repeated twice for all solutions, changing the silica substrate and solution. All 

measurements were conducted at 25 °C. 

 

2.4 Impedance Measurements 

For ac impedance measurements, the closed cell shown in Figure S3 was used to prevent changes 

in sample composition, and the cell was placed in a glove box under a nitrogen atmosphere to 

maintain the nonaqueous system. Measurements were performed using an ac four-terminal method 



 9

with LCR meters (HP 4284A, Agilent Technologies). To obtain the activation energy of electrical 

conductivity (ΔEa), electrical conductivity measurements were carried out in the temperature range 

of 20–40 °C. The activation energies were calculated as previously reported.20 

 

2.5 Raman Spectroscopy Measurements 

Raman spectra were recorded using a T-64000 Raman spectrometer (HORIBA, Ltd.) equipped 

with a Nb: YVO4 laser and a charge-coupled device cooled using liquid nitrogen as a detector. The 

532 nm line was used for excitation. The solid–liquid samples were loaded into glass tubes and 

spectra were recorded in the back-scattering geometry. The monochromator was calibrated using 

the silicon peak at 520 cm-1. All experiments were performed at 25 °C. 

 

3. RESULTS AND DISCUSSION 

3.1 q-1H NMR and RSM Observations of PC–DME Disproportionation at the SiO2 Interface 

q-1H NMR spectroscopy was used to study solution structures at the interface with a metal oxide. 

First, to clarify the interactions between the solution and the metal oxide, measurements were 

performed with a mixed solvent system and SiO2 without salt addition. Figure 1a–c show the 

typical 1H NMR spectra of the PC, DME, and PC0.6DME0.4 solvent systems in the presence of 

SiO2. Peaks corresponding to each 1H nuclei in PC and DME were observed. In bulk PC–DME, 

one doublet (1.86 ppm), two triplets (4.50 and 5.03 ppm), and one sextet (5.34 ppm) were assigned 

to the methyl, methylene, and methine groups, respectively, of PC, whereas two singlets (3.75 and 

3.94 ppm) were assigned to the methyl and methylene groups, respectively, of DME. The small 

peak at ~4.88 ppm was derived from H2O present in the D2O in the outer tube. With increasing 

SiO2 addition, the position shifts toward the lower magnetic field. The shift of the solvent peak 
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toward the low-field side means that the electron density around each H in the solvent molecules 

is decreasing, probably because the O atom attracts electrons when the carbonyl group for the PC 

molecules and the ether group for the DME molecules interact with the SiO2 surface. As for the 

line width of the peak, for example, Figure 1(a) shows that for SiO2/PC, the line width increases 

with SiO2 addition from 100 vol% to 60 vol% of liquid phase volume fraction, and decreases with 

SiO2 addition below 60 vol% of liquid phase volume fraction.  In the 100-60 vol% volume fraction 

of the liquid phase, the line width of the peak is expected to be wider due to the interaction of 

solvent molecules with SiO2, which reduces the mobility, and the exchange of solvent molecules 

between solvent molecules adsorbed on the SiO2 surface and solvent molecules in relatively bulk 

solution away from the solid phase surface, which results in various electron densities. It is 

considered that when the liquid-phase major fraction is less than 60 vol%, no exchange of solvent 

molecules occurs between the solvent molecules adsorbed on the solid-phase surface and the 

relatively bulk solution away from the solid-phase surface. And since the intensity of the peak 

decreases with the amount of SiO2 added, the solvent molecules adsorbed on the solid phase 

surface are not expected to be detected by 1H NMR. Therefore, the peaks are considered to be 

narrowed because the solvent molecules appear relatively close to the bulk state.  Furthermore, no 

peaks were detected when the liquid phase volume fraction reached 5 vol% for PC, 7.5 vol% for 

DME, and 20 vol% for PC0.6DME0.4. Typically, in 1H NMR measurements, the detected amount 

is proportional to the number of 1H nuclei. However, the mobility of solvent molecules near a 

metal oxide surface is limited by interactions with the surface, which reduces the relaxation 
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time.31,32 Strong restriction of the movement of solvent molecules near the oxide surface results in 

the peaks becoming so broad that they cannot be detected. 31-33  

 

Figure 1. Typical q-1H NMR spectra of solid–liquid systems with various liquid 

contents: (a) SiO2/PC, (b) SiO2/DME, and (c) SiO2/PC0.6DME0.4. To make it easier 

to identify the peaks, in SiO2 / PC system, the NMR spectra is multiplied by 10 times 

for liquid volume fraction with a liquid phase volume fraction of 90,80 vol% and by 

50 times for liquid phase volume fraction < 70 vol%. Similarly, in the SiO2 / DME 

system, the NMR spectra is multiplied by 10 times for liquid volume fraction with a 

liquid phase volume fraction of 90,80 vol% and by 50 times for liquid phase volume 
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fraction < 70 vol%. In SiO2/PC0.6DME0.4 system, the NMR spectrum is multiplied 

by 50 when the liquid phase volume fraction is less than 90 vol%. 

 

Taking advantage of this property, we investigated the state of the solvent molecules near the 

SiO2 surface by quantitatively evaluating the 1H NMR peaks. Figure 2a–c show the relationship 

between the liquid phase volume fraction in the PC, DME, and PC0.6DME0.4 systems with SiO2 

and the amount of each solvent molecule detected by 1H NMR spectroscopy.  

 

 

Figure 2. Liquid content dependences of the q-1H NMR detection ratios of PC (red) 

and DME (blue) for (a) SiO2/PC, (b) SiO2/DME, and (c) SiO2/PC0.6DME0.4. The 

vertical axis (Isample/Ibulk liquid) represents the detection ratio of each molecule in the 

liquid phase, as determined by the integrated peak intensity of the solid–liquid 

sample (Isample) divided by the integrated peak intensity of the bulk liquid (Ibulk liquid).  

Broken lines represent the expected amounts of PC and DME after adjustment for 
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the liquid content. For samples with a liquid phase volume fraction of 45.8 vol% or 

less, the broken lines bend due to the pore volume taken into consideration and 

calculated from the ratio of the tap density to the true density. Details are indicated 

in Figure S4. (d) Schematic diagram of the interface for SiO2 PC0.6DME0.4 (Liquid 

content: 60 vol%). See SI for the calculation of the thickness of the DME layer not 

detected by 1H NMR. 

 

In the case that SiO2 was added to pure PC and DME, the detected amounts were slightly below 

the broken lines (Figure 2a, b). However, when SiO2 was added to PC0.6DME0.4, the detected 

amount of DME was significantly reduced compared to that of PC. When the liquid phase volume 

fraction was 30 vol% or more, the detected amount of PC exceeded the broken line. These 

observations indicate that for PC0.6DME0.4 coexisting with SiO2, the solvent mixture is 

disproportionated such that DME is concentrated near the SiO2 surface and PC is located away 

from the SiO2 surface, as shown in Figure 2d. In addition, for PC0.6DME0.4, the solvent peak is no 

longer detected when the liquid phase volume fraction is 20 vol%, and the liquid phase volume 

fraction at which no peaks were detected was higher than that for each pure solvent, indicating that 

the interactions between the SiO2 surface and the solvent molecules act over a longer distance in 

the binary solution. The thickness of the DME layer undetectable by NMR measurement was 

calculated by the method described in Supporting Information. As shown in Figure 2(d), for 

example, the DME layer at a distance of 0.93 nm from the SiO2 surface was undetectable when 

the liquid phase volume fraction was 60 vol%. 

The q-1H NMR results suggest that the mobility of the solvent molecules near the SiO2 surface 

is reduced by interactions with the metal oxide surface. Therefore, we measured the shear viscosity 

of a solution sandwiched between SiO2 substrates to investigate the viscosity of the solution near 
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the SiO2 surface by RSM technique. The resonance curves of PC0.6DME0.4 confined between 

sputtered silica surfaces at various surface separations are shown as Figure 3.  

 

 

Figure 3. Resonance curves of PC0.6DME0.4 confined between sputtered silica 

surfaces at various surface separations by resonance shear measurement (RSM) 

technique. The curves for separation in air and solid contact are also plotted as 

references.  

 

For reference, the curves for separation in air (AS) and solid contact (CS) are also plotted. For 

PC0.6DME0.4, the resonance curve at D = 75 nm exhibited a peak at a resonant frequency (ωres) of 

195 rad s-1, which is the same as the frequency for AS. As the distance between the substrates was 

reduced to D = 55 nm, the peak intensity decreased. When D was further reduced, the peak at ωres 

= 195 rad s-1 disappeared, which indicated that the vibration of the substrate was hindered by the 

solution. Thus, at D < 55 nm, the shear viscosity of the solution is considered to increase. 
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Furthermore, at D = 32 nm, a new peak appeared at a higher frequency. Finally, at D = 26 nm, the 

frequency of the peak matches that for CS. Thus, at D < 26 nm, the upper and lower substrates 

oscillate at the same time and the motility of the solvent molecules is significantly restricted, which 

suggests the formation of a large cluster-like structure.  

Based on a basic physical model, we calculated an effective viscosity of the solution at each D. 

Figure 4a shows the mechanical model used for this analysis. In this model, b1 and b3 are the 

damping parameters of the upper and lower units, m1 and m2 are masses of the upper and lower 

units, and k1 and k3 are the spring constants of the upper and lower units. For the sample, b2 is the 

viscous parameter and k2 is the elastic parameter.35 As the sample is a solution, k2 was regarded as 

0. First, we determined the constants for the upper unit from the resonance curve of AS. In the AS 

state, only the upper unit vibrates, and b1, k1, and m1 contribute to the resonance curve. Therefore, 

the theoretical resonance curve of the AS peak derived from the corresponding equation of motion 

can be written as:28,35 

                                          
𝑈୭୳୲
𝑈୧୬

ൌ  
𝐶
𝑚ଵ

1

ටሺ
1
𝛼
𝑘ଵ
𝑚ଵ

െ 𝜔ଶሻଶ ൅ ሺ
𝑏ଵ
𝑚ଵ

ሻଶ𝜔ଶ

                        ሺ3ሻ 

where C is an apparatus constant and α is a parameter related to the lateral movement of the upper 

unit with respect to the movement of the end of the vertical leaf spring. Each constant was obtained 

by fitting the resonance curve of AS with this equation. The other resonance curves are described 

by the following equation:28,35 

 
𝑈୭୳୲
𝑈୧୬

ൌ  
𝐶
𝛼
ඨ

ሺ𝐾ଶ െ 𝑚ଶ𝜔ଶሻଶ ൅ 𝜔ଶ𝐵ଶ
ଶ

ሾሺ𝐾ଵ െ 𝑚ଵ𝜔ଶሻ𝐾ଶ െ 𝜔ଶ𝐵ଵ𝐵ଶ െ 𝑘ଶ
ଶ ൅ 𝑏ଶ

ଶ𝜔ଶሿଶ ൅ 𝜔ଶሾሺ𝐾ଵ െ 𝑚ଵ𝜔ଶሻ𝐵ଶ ൅ ሺ𝐾ଶ െ𝑚ଶ𝜔ଶሻ𝐵ଵ െ 2𝑘ଶ𝑏ଶሿଶ
 ሺ4ሻ

 

where B1 = b1 + b2, B2 = b2 + b3, K1 = k1/α+ k2, and K2 = k2 + k3. The constants for the lower unit 

was determined from the resonance curve of CS. In this case, the b2 and k2 parameters of the sample 

were removed, and b3, k3, and m2 were obtained by fitting with Eq. (4) using the b1, k1, and m1 
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values determined from the resonance curve of AS. The b2 at each D value was obtained by fitting 

the resonance curves of the sample sandwiched between the SiO2 substrates at each D value using 

Eq. (4). Subsequently, the effective viscosity was calculated using ηeff = b2D/Aeff. Here, the 

effective area (Aeff) was determined to be the bulk viscosity of each solution when D was 

sufficiently large.35 Figure 4b shows the effective viscosity dependence of D in pure PC, pure 

DME, and PC0.6DME0.4. In both pure solvents, the effective viscosity was almost constant up to D 

= 15 nm. However, at lower D values, the effective viscosity increased sharply as D decreased, 

becoming almost 4 orders of magnitude higher than that of the bulk solvent. By contrast, in 

PC0.6DME0.4, the viscosity began to increase at D = 60 nm, becoming approximately 5 orders of 

magnitude higher than that of the bulk solvent at D = 30 nm. Considering the q-1H NMR results, 

disproportionation of the solvent mixture by DME concentration on the SiO2 surface is considered 

to increase the distance at which the effective viscosity increases. The disproportionation of the 

solvent mixture suppresses the exchange of the solvent molecules concentrated on the SiO2 surface 

with those in the bulk, resulting in an increase in the effective viscosity.  

 

Figure 4. (a) Mechanical model used for RSM analysis. (b) Effective viscosity 

dependence on D in pure PC, pure DME, and PC0.6DME0.4. Different symbols 

with the same color in each system distinguish the results of measurements made 

twice to check reproducibility. 
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3.2 Effect of PC–DME Disproportionation at the SiO2 Interface on the Electrical 

Conductivity of LiClO4 PC1-xDMEx 

The q-1H NMR and RSM results indicated that the PC–DME solvent mixture underwent 

disproportionation at the SiO2 interface. We have previously discovered that in the coexistence of 

LiCoO2 and Al2O3 with 1.0 mol L-1 LiClO4 PC1-xDMEx, the DME content, which has the highest 

electrical conductivity, is different from that of bulk solvents.20,47 Therefore, the electrical 

conductivity of the LiClO4 PC1-xDMEx solution was measured in the presence of SiO2, and the 

effect of the nonuniformity of the solvent composition at the solid–liquid interface on the ionic 

conduction was investigated. Figure 5 shows the dependence of the electrical conductivity on the 

DME content for SiO2/1.0 mol L-1 LiClO4 PC1-xDMEx at various liquid phase volume fractions.  

 

 

 

Figure 5. (a)Variation in electrical conductivity with solvent composition and liquid content for 

SiO2/1.0 mol L-1 LiClO4 PC1-xDMEx at 25 °C.  
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As shown in Figure 5, in the bulk, the maximum electrical conductivity was observed for the 

solution with an approximate DME content of x = 0.5, which is consistent with previous 

reports.19,48,49 However, when SiO2 was added, the maximum electrical conductivity was observed 

at a lower DME content. When the liquid phase volume fraction was 20 vol% or less, the electrical 

conductivity decreased monotonically as the DME content increased. The same tendency has been 

observed with LiCoO2 or Al2O3 as the solid phase.20,47  

In the bulk, as the content of DME increased, the viscosity of the solution decreased, resulting 

in a decrease in the activation energy of ionic conduction as shown in Figure 6a. By contrast, in 

samples with a liquid phase volume fraction of 50 vol% or less (apparent average thickness of ≤3.8 

nm), the activation energy of ionic conduction increased as the DME content increased. This 

behavior occurs because DME loses fluidity on the SiO2 surface, which inhibits the ionic 

conduction. As shown in Figure 6b, the activation energy of ionic conduction increased for 

samples with a small apparent average thickness. The thickness at which the activation energy of 

ionic conduction increased was larger than the thickness typically assumed for the electric double 

layer, suggesting that the viscosity of the solvent molecules is increased by interactions with the 

SiO2 surface, which increases the activation energy.  
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Figure 6. Variations in activation energy with (a) apparent average thickness and (b) 

DME content for SiO2/1.0 mol L-1 LiClO4 PC1-xDMEx. 

 

 

The thickness at which the activation energy increased became larger as the DME content 

increased. These observations, which are consistent with the q-1H NMR and RSM results, confirm 

that the interaction between the SiO2 surface and the solvent molecules acts over a longer distance 

in the binary solution. Thus, by investigating the solution structure at the solid–liquid interface, 

we clarified the origin of the change in the solvent composition dependence of the electrical 

conductivity for 1.0 mol L-1 LiClO4 PC1-xDMEx. 

 

3.3 Influence of LiClO4 Concentration on PC–DME Disproportionation at the SiO2 Interface  

To understand how the formation of solvation structures affects the disproportionation of the 

solvent near the solid–liquid interface and the viscosity reduction effect, the concentration 

dependence of solvent disproportionation at the SiO2 surface was investigated. The LiClO4 

concentration dependence was investigated using q-1H NMR measurements of LiClO4 
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PC0.6DME0.4 solutions in the presence of SiO2. At 1.0 mol L-1 LiClO4, the addition of SiO2 caused 

the detected amount of DME to decrease relative to the amount of PC (Figure 7a). However, the 

difference in the detected amounts of PC and DME became smaller as the LiClO4 concentration 

increased. Furthermore, the liquid phase content at which no peak was detected also decreased as 

the LiClO4 concentration increased. Thus, as the LiClO4 concentration increased, the distance at 

which the interaction between the SiO2 surface and the solvent molecules acted decreased, and the 

concentration of DME on the SiO2 surface also decreased (Figure 7b). At 3.0 mol L-1 LiClO4, the 

decrease in the detected amounts of PC and DME upon SiO2 addition was similar (Figure 7c), and 

disproportionation of the solvent mixture on the SiO2 surface did not occur (Figure 7d). The liquid 

phase content at which no peak was detected was also minimized. Based on the apparent average 

thickness, the solvent molecules that are not detected by 1H NMR are those at distances of 0.7 nm 

from the SiO2 surface for 1.0 mol L-1 and 0.4 nm for 3.0 mol L-1. These results indicate that in 

highly concentrated solutions, the number of solvent molecules interacting with the SiO2 surface 

decreases and no disproportionation of the solvent mixture occurs.  
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Figure 7. (a,c) Liquid content dependences of the q-1H NMR detection ratios of PC 

(red) and DME (blue) and (b,d) schematic diagrams of the solid–liquid interface for 

(a,b) 1.0 mol L-1 LiClO4 PC0.6DME0.4/SiO2 (Liquid content: 60 vol%) and (c,d) 3.0 

mol L-1 LiClO4 PC0.6DME0.4/SiO2 (Liquid content: 60 vol%). See SI for the 

calculation of the thickness not detected by 1H NMR. 
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The RSM results also revealed a LiClO4 concentration dependence. Figure 8 shows the effective 

viscosity dependence of D for PC and PC0.6DME0.4 solutions with LiClO4 concentrations of 1.0– 

3.0 mol L-1. In the PC solutions, the effective viscosity sharply increased at D = 15 nm at all LiClO4 

concentrations. By contrast, in the PC0.6DME0.4 solutions, the D value at which the effective 

viscosity increases showed a dependence on the LiClO4 concentration, with the D becoming 

smaller as the LiClO4 concentration increased. As the distance at which the shear viscosity 

increased is larger than the thickness of the electric double layer and no concentration dependence 

was observed in the PC solution, the conventional double layer model cannot explain these results. 

Thus, the suppression of solvent mixture disproportionation on the SiO2 surface is considered to 

result in a decrease in the distance at which the shear viscosity increases.  

Figure 8. Dependence of effective viscosity on D in (a) 1.0–3.0 mol L-1 LiClO4 

PC and (b) 1.0–3.0 mol L-1 LiClO4 PC0.6DME0.4. Different symbols with the same 

color in each system distinguish the results of measurements made twice to check 

reproducibility. 
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In highly concentrated solutions (≥1.0 mol L-1 LiClO4), the electrical conductivity increased with 

the addition of DME, even in solid–liquid systems (liquid phase volume fraction of 15 vol%). In 

particular, at 3.0 mol L-1 LiClO4, the addition of DME resulted in a monotonous increase in the 

electrical conductivity (Figure 9a). The apparent average thickness at which the activation energy 

of ionic conduction increased showed no dependence on the DME content, and the activation 

energy itself decreased with the addition of DME in the solid–liquid systems and in the bulk 

(Figure 9b). Thus, the viscosity of the solution decreases upon DME addition, even in solid–liquid 

system with highly concentrated solutions.  

 

 

Figure 9. (a) Variation in electrical conductivity with DME content for SiO2/1.0–3.0 

mol L-1 LiClO4 PC1-xDMEx (liquid content of 15 vol%) at 25 °C. (b) Variation in 

activation energy with DME content and apparent average thickness for SiO2/3.0 mol 

L-1 LiClO4 PC1-xDMEx. 
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Figure 10 shows the apparent average thickness dependence of the activation energy of ion 

conduction for PC and PC0.6DME0.4 solutions with LiClO4 concentrations of 1.0–3.0 mol L-1. The 

average thickness at which the activation energy increased did not depend on the LiClO4 

concentration in PC, whereas a decrease in this value was observed as the LiClO4 concentration 

increased in PC0.6DME0.4. In addition, the apparent average thickness dependence of the activation 

energy of ion conduction was similar to the distance from the substrate at which the viscosity 

increased (D/2; as D is the distance between the substrates, the distance from the substrate is D/2), 

as shown in Figure 8. 

 

Figure 10. Variations in activation energy with apparent average thickness for (a) 

SiO2/1.0–3.0 mol L-1 LiClO4 PC and (b) SiO2/1.0–3.0 mol L-1 LiClO4 PC0.6DME0.4. 
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3.4 Solvation Structure of LiClO4 PC–DME Solution in the Presence of SiO2 

We reasoned that DME solvation suppressed the disproportionation of the solvent mixture on 

the SiO2 surface in high concentration solutions. Therefore, the solvation structure of the LiClO4 

PC–DME solution in the presence of SiO2 was investigated using Raman spectroscopy. In pure 

PC, the vibration peak of the symmetric ring deformation band appears near 710 cm-1,50,51 and 

waveform separation gave peaks at 707 and 714 cm-1. The peak at 707 cm-1 was assigned to free 

PC (I1) without interactions and the peak at 714 cm-1 was attributed to PC (I2) with intermolecular 

interactions. Upon SiO2 addition, a new peak appeared at 730 cm-1, which was attributed to PC 

interacting with the SiO2 surface (Figure S9a). Similar to previous reports,50,51 the LiClO4 PC 

solution also showed a peak near 730 cm-1, which was not observed for pure PC alone, and this 

peak was assigned to a PC molecule solvated with Li+. As the peaks corresponding to PC 

interacting with the SiO2 surface and PC solvated with Li+ appeared similar wavenumbers, only 

three peaks were observed when SiO2 was added to the LiClO4 PC solution. Therefore, the I3 peak 

was considered to correspond to both PC interacting with the SiO2 surface and PC solvated with 

Li+ (Figure S9a).  

For DME, we focused on the stretching vibration peak of C–O–C near 1025 cm-1.52,53 Pure DME 

exhibited a single peak (I4) at 1025 cm-1 (Figure S9b). As DME has a smaller permittivity than PC, 

the intermolecular interactions are weak. Therefore, intermolecular interactions did not affect the 

position of the observed peak. When SiO2 was added to DME, no new peak appeared. However, 

in the LiClO4 DME solution, a peak appeared near 1017 cm-1, which was assigned to DME 

solvated with Li+ (I5; Figure S9b). As no new peak appeared upon SiO2 addition, the solvation 

number of DME was calculated using the following equation:  

                                   DME solvation number ൌ  
𝐼ହ

𝐼ସ ൅ 𝐼ହ
 
ሾDMEሿ
ሾLiାሿ

                                   ሺ5ሻ 
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Figure 11 shows the dependence of the relative intensity of I3 on the DME content for SiO2/1.0 

mol L-1 LiClO4 PC1-xDMEx. In the bulk solution, I3 decreased as the content of DME increased, 

indicating that PC desolvation proceeded. When SiO2 was added, I3 increased, which suggests that 

PC desolvation was suppressed or PC was adsorbed on the SiO2 surface.  

 

Figure 11. Dependence of the relative intensity of I3 on the DME content for 

SiO2/1.0 mol L-1 LiClO4 PC1-xDMEx at various liquid contents. I1 is assigned 

to free PC without interactions (707 cm-1). I2 is assigned to PC with 

intermolecular interactions (714 cm-1). I3 is assigned to PC interacting with the 

SiO2 surface and PC solvated with Li+ (730 cm-1). 

 

The dependences of the relative intensity of I5 and the solvation number of DME on the DME 

content are shown in Figure 12 for SiO2/1.0 mol L-1 LiClO4 PC1-xDMEx. As the content of DME 

increased, the solvation number of DME increased, which, considering the results for PC, indicates 

that DME is preferentially solvated by Li+ in the bulk. There has been discussion of selective 

solvation of PC and DME with respect to Li+, with conductivity and Raman spectroscopy 
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measurements reporting preferential orientation of DME,48,54-56 and electrospray ionization mass 

spectrometry reporting co-solvation of PC and DME.57 On the other hand, MD simulation results 

report preferential solvation of PC.58,59 It is unclear why this difference occurs, but in this 

measurement, the number of donors is 24 for DME and 15 for PC,60 with DME having a larger 

number of donors, resulting in preferential solvation of Li+ with DME in bulk. In the solid–liquid 

systems, the solvation number of DME was found to be smaller than that in the bulk for solutions 

containing large amounts of DME. Thus, desolvation of Li+ from DME and solvation of PC with 

Li+ were considered to occur because DME was concentrated on the SiO2 surface. However, SiO2 

addition did not change the solvation number of DME in solutions with low DME contents, 

indicating that the desolvation of Li+ from DME did not occur. Therefore, the concentration of 

DME on the SiO2 surface competes with solvation by Li+. In solutions with [DME]/[Li+] ratios of 

≥3.5, concentration on the SiO2 surface is favored, whereas in solutions with [DME]/[Li+] ratios 

of ≤2.6, solvation by Li+ is favored. Therefore, increasing the LiClO4 concentration is considered 

to suppress the concentration of DME on the SiO2 surface. A discussion of Raman data for PC-

DME without LiClO4 is provided in Supporting Information. (Figure S10) 
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Figure 12. Dependences of (a) the relative intensity of I5 and (b) the solvation 

number of DME on DME content for SiO2/1.0 mol L-1 LiClO4 PC1-xDMEx. I4 is 

assigned to free DME (1025 cm-1).  I5 is assigned to DME solvated with Li+ (1017 

cm-1). 

Finally, we discuss the distance at which the SiO2 surface can interact with solvent molecules. 

In 1.0 mol L-1 LiClO4 PC0.6DME0.4, at distances less than 0.7 nm from the SiO2 surface, the 

mobility of the solvent molecules is significantly restricted and these molecules are not detected 

by NMR. At distances less than 10 nm, the viscosity increases and the solvation structure changes. 

Therefore, in this region, ionic conduction is suppressed and the activation energy increases. At 

longer distances, the physical characteristics of the solution do not appear to change, and the 

solvent molecules are considered to have no interactions with the SiO2 surface. Notably, 10 nm is 

much larger than the thickness of the electric double layer, and this interaction distance is much 

longer than estimated by simulation calculations.21–24 However, this distance depends on the 

composition and concentration of the solution. For example, lower DME contents and the higher 

LiClO4 concentrations decrease the distance, and thus phase separation increases the distance. 
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4. CONCLUSIONS 

In this study q-1H NMR measurements and RSM provided insights into the changes in the 

solution physical properties at solid–liquid interfaces, which are usually difficult to observe. The 

mobility of solvent molecules near the SiO2 surface was decreased by interactions with the surface. 

Furthermore, in PC–DME solutions, DME molecules interacted preferentially with the SiO2
 

surface. Similarly, DME was preferentially solvated by Li+ in LiClO4 PC–DME solutions. The 

preferential interaction of DME with the SiO2 surface caused local disproportionation of the 

solvent mixture, resulting in an increase in viscosity. In addition, the local viscosity of PC–DME 

solutions increased at a greater distance from the solid surface than those of pure PC and DME 

because the phase separation of the solution suppressed the exchange of solvent molecules on the 

surface of the metal oxide with those in the bulk.  

As the local viscosity increased, the ionic conductivity of 1.0 mol L-1 LiClO4 PC–DME in the 

presence of SiO2 became inferior to that of 1.0 mol L-1 LiClO4 PC in the presence of SiO2. 

Interestingly, this disproportionation phenomenon was influenced by the concentration of ionic 

species in solution. Moreover, competition occurred between solvation by Li+ and concentration 

of DME on the SiO2 surface. Therefore, at large [DME]/[Li+] ratios, DME molecules were 

concentrated on the SiO2 surface and phase separation occurred, whereas at small ratios, DME 

molecules were coordinated to Li+ instead of being concentrated on the SiO2 surface and no phase 

separation occurred. Therefore, the distance from the SiO2 surface at which the viscosity increased 

in the PC–DME solution decreased with increasing LiClO4 concentration, despite this distance 

showing no concentration dependence in pure PC. These results clearly demonstrate that the 

disproportionation of the solvent mixture near the SiO2 surface is associated with the formation of 

a highly viscous solution layer over fairly long distances. Because formation of the high-viscosity 
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solution layer over long distances was suppressed, the electrical conductivity of 3.0 mol L-1 LiClO4 

PC0.6DME0.4 in the presence of SiO2 was 0.84 μScm-1, which is larger than the conductivity of 3.0 

mol L-1 LiClO4 PC, 0.33 μScm-1, consistent with the physical properties observed in the bulk 

solution. Thus, disproportionation of the mixed PC–DME solvent on the SiO2 surface was shown 

to cause unexpected changes in the physical properties of the solution. Moreover, the concentration 

of DME on the SiO2 surface and solvation by Li+ were found to be competitive, with the 

disproportionation phenomenon suppressed in high concentration solutions. 
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Figure S2. Schematic representation of experimental setups of resonance shear measurement 

(RSM).  

Figure S1. Photographs of SiO2/PC0.5DME0.5 samples mixed at each liquid phase volume fraction. 
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Figure S3. Schematic representation of experimental setups of AC impedance measurement. 
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How to consider pore volume in q-1HNMR measurement 

In NMR measurements, the intensity is detected according to the number of nuclides contained in the 

volume irradiated with the magnetic field. Therefore, when quantitatively measuring a sample of a 

solid-liquid coexistence system, it is necessary to accurately estimate the volume of the liquid phase 

contained in each unit volume. What is important is the existence of pore volume (Vp). Vp is the volume 

that is not filled with the electrolyte in the gap that exists when the solid powder is filled. For this 

evaluation, we decided to estimate the pore volume from the ratio of the true density of SiO2 to the tap 

density, as shown in Fig. S3. In this sample, the true density (d) was 1.98 g cm-3 and the tap density 

(db) was 0.91 g cm-3. Therefore, the porosity when filled with powder is 45.8 vol%. Therefore, when 

the liquid phase volume fraction (∅L) is 45.8 vol% or less, the gap cannot be filled with the liquid 

phase, so there is a pore volume (Vp). From the above, it is considered that the amount detected by 1H 

NMR can be expressed by the following formula.  

𝐼ୱୟ୫୮୪ୣ
𝐼ୠ୳୪୩ ୪୧୯୳୧ୢ

ൌ  
𝑉୐

𝑉୐ ൅ 𝑉ୱ ൅ 𝑉୮
  

Where VL is the volume of the liquid phase, VS is the volume of the solid phase, and Vp is the pore 

volume. However, when ∅L is 45.8 vol% or more, Vp = 0. Therefore, the dashed line showing the 

amount detected by 1H NMR in Figure 2. (a)-(c) bends when ∅L is 45.8 vol% or less.  

 

 

 

 

  

Figure S4. Detected amount of 1H-qNMR expected from liquid content of solid-liquid coexisting 

sample. Corresponds to the broken line in Figure 2. (a)-(c) and Figure 7 (a),(c). 
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How to calculate the thickness of the DME layer not detected by 1H NMR measurement. 

 

The thickness of the DME layer, which was not detected by 1H NMR measurements, was calculated 

using the apparent average thickness (l ) defined in Equation 1 in the text, using the following formula. 

Thickness of DME layer not detected by 1H NMR = 0.45l ×undetected ration of DME 

0.45 is the volume ratio of DME in PC0.6DME0.4. The undetected rate of DME was calculated from 

the ratio of the actual amount detected to the amount originally detected by 1H NMR, indicated by the 

dashed line in Figure S4. Table S1 shows the distances not detected by 1H NMR for each liquid phase 

volume fraction in SiO2/PC0.6DME0.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S1. DME layer thickening not detected by 1H NMR measurements at each liquid phase 

volume fraction in SiO2/PC0.6DME0.4. 
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Calculation method of electric conductivity 

Fig. S5 (a) shows the Nyquist plot obtained by impedance measurement of SiO2 / 1.0 mol L-1 LiClO4 

PC and Fig. S5 (b) shows the Nyquist plot of SiO2 / 1.0 mol L-1 LiClO4 PC0.55DME0.45. Except for the 

SiO2 / 1.0 mol L-1 LiClO4 PC0.55DME0.45 sample, which has a liquid phase volume fraction of 15 vol%, 

a semicircular part appears on the high frequency side and a straight part appears on the low frequency 

side, and the diameter of the semicircle increased as the liquid phase amount decreased. In the sample 

of SiO2 / 1.0 mol L-1 LiClO4 PC0.55DME0.45, the resistance value is too large, so it is considered that 

the measured value on the low frequency side is disturbed. We concluded that the electrical conduction 

path does not change in each sample, and since SiO2 is an insulator, the diameter of the semicircle is 

regarded as the resistance value of ion conduction in the solution in a solid-liquid coexistence system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure S5. Nyquist plot obtained by impedance measurement of (a) SiO2 / 1mol L-1 LiClO4 PC, 

(b) SiO2 / 1mol L-1 LiClO4 PC0.55DME0.45.  
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Calculation method of activation energy 

Figure. S5 shows some examples of the temperature dependence of electrical conductivity. From these 

temperature dependences, the activation energy was calculated by the Arrhenius plot or the VTF plot. 

 

 

  

Figure S6. Temperature dependence of conductivity at each DME content for (a) 1.0 molL-1 

LiClO4-PC1-xDMEx solution, (b) SiO2 / 1.0 mol L-1 LiClO4 -PC1-xDMEx solution coexisting 

systems, (c) 3.0 mol L-1 LiClO4-PC1-xDMEx solution, (d) SiO2 / 3.0 mol L-1 LiClO4 -PC1-xDMEx 

solution coexisting systems. Liquid content: φ =15 vol% for (b) and (d). 
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Figure S7. Resonance curves of (a)PC, (b) 1.0 mol L-1 PC, (c) 2.0 mol L-1 PC, (d) 3.0 mol L-1 PC 

confined between sputtered silica surfaces at various surface separations.  
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Figure S8. Resonance curves of (a) PC0.6DME0.4, (b) 1.0 mol L-1 PC0.6DME0.4, (c) 2.0 mol L-1 

PC0.6DME0.4 (d) 3.0 mol L-1 PC0.6DME0.4 confined between sputtered silica surfaces at various 

surface separations.   
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Figure S9.  Raman spectra (a) of symmetrical symmetry ring deformation band of PC (b) of C-

O-C stretching vibration band of DME.  

I1 is assigned to free PC without interactions (707 cm-1). I2 is assigned to PC with intermolecular 

interactions (714 cm-1). I3 is assigned to PC interacting with the SiO2 surface and PC solvated with 

Li+ (730 cm-1). I4 is assigned to free DME (1025 cm-1). I5 is assigned to DME solvated with Li+ 

(1017 cm-1). 
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Figure S10.  Raman spectra (a) of symmetrical symmetry ring deformation band of PC and (b) 

of C-O-C stretching vibration band of DME for for 1.0 mol L-1 LiClO4 PC0.8DME0.2 (Liquid 

content 90 vol%).  

I1 is assigned to free PC without interactions (707 cm-1). I2 is assigned to PC with intermolecular 

interactions (714 cm-1). I3 is assigned to PC interacting with the SiO2 surface and PC solvated with 

Li+ (730 cm-1). 

I4 is assigned to free DME (1025 cm-1). I5 is assigned to DME solvated with Li+ (1017 cm-1). 
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A discussion of Raman data for PC-DME without LiClO4 

Figure S10 shows the dependence of the relative intensity of I3 or I5 on the DME content for SiO2/ 

PC1-xDMEx. Because they do not contain LiClO4, I3 is the peak of PC interacting with the SiO2 surface. 

From Figure S10(a), it is clear that the relative intensity of I3 decreases with increasing DME content, 

indicating a decrease in PCs interacting with the SiO2 surface. This result supports the phenomenon 

that DME preferentially interacts with SiO2 surfaces. From Figure S10(b), the C-O-C stretching 

vibration peak of DME appears only in I4 for all DME compositions, and the I5 peak is observed only 

when solvated with Li+, regardless of the presence of SiO2 or PC, confirming that the I5 peak is that 

of DME solvated with Li+. 

 

Figure S11. (a) Dependence of the relative intensity of I3 on the DME content for SiO2/PC1-xDMEx 

at 90 vol% liquid contents. I1 is assigned to free PC without interactions (707 cm-1). I2 is assigned 

to PC with intermolecular interactions (714 cm-1). I3 is assigned to PC interacting with the SiO2 

surface (730 cm-1). Inset shows Raman spectra of symmetry ring deformation bands of PC in 

SiO2/PC0.92DME0.08 (Liquid content: 10 vol%) (b) Dependence of the relative intensity of I5 and 

(b) the solvation number of DME on DME content for SiO2/PC1-xDMEx at 90 vol% liquid contents. 

I4 is assigned to free DME (1025 cm-1). I5 is assigned to DME solvated with Li+ (1017 cm-1). Inset 

shows Raman spectra of C-O-C stretching vibration band of DME in SiO2/PC0.74DME0.26 (Liquid 

content: 10 vol%). 


