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ABSTRACT

Non-aqueous LiClOs solutions kneaded with various fumed oxides (fumed silica, fumed
alumina, and fumed titania) were employed as model systems of lithium ion batteries. The properties of
the solid phase and Li* ions, which affect solvent molecules, were evaluated using 'H NMR
spectroscopy and *H NMR relaxation time (T1, T2) measurements. The *H NMR signals of propylene
carbonate (PC) molecules were influenced by the coexisting solid phase in the LiClIOs-PC
solution/fumed oxide nanoparticle dispersion. The mobilities of the PC molecules drastically decreased
in the presence of only 1-2 vol% of the solid phase (liquid phase thickness is 15-20 nm or less),
regardless of the fumed oxide employed. In the IR spectra of the PC/fumed alumina systems, the

vibrations at higher wavenumbers were predominantly observed because of indirect electron-donation
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from the solid surface. The 'H NMR signal detection ratios depended on the fraction of the liquid phase
influenced by the solid phase. In the LiClIO4-PC solution/fumed alumina systems, the *H NMR signal
detection ratios greatly decreased because of this influence; here, the large positive zeta potential of the
solid phase surface of fumed alumina attracted the PC molecules, which had local negative electric
fields owing to polarization. Moreover, the Ty and T2 results confirmed that the interaction between the
solid phase and PC molecules is much smaller than that between the solid phase and water molecules.
Additionally, it was seen that the PC solution system was more significantly affected than the aqueous
solution system; the network structure of the entire PC solvent is greatly affected by the addition of the

Li* ion, and the relaxation time decreased significantly.

1. Introduction

In recent years, lithium ion batteries (LIBs) have become indispensable in various
electrochemical devices, such as mobile phones and electric vehicles, because of their high energy
density and high voltage. However, to further improve the performance of such electrochemical devices,
the capacity and charge/discharge rate of LIBs should be increased. In several electrochemical devices,
porous solid materials are fabricated for holding the electrolyte solutions [1-3].

Various studies have reported that the physical properties of a liquid in the neighborhood of a
solid surface differ from those of the bulk solution [4-8]. Specifically, the physical properties of the
solvent molecules within the pores of a porous material with a layered structure are very different from
those in the bulk phase as a result of the extremely small pore volume and large specific surface area
[9-11]. Electrolyte solutions subject to ion-solvent interactions exhibit different properties in the
presence of a solid phase, and an elucidation of liquid phase properties of the solid—liquid interface in
non-aqueous electrolyte solution systems is important for improving the performance of energy storage

devices such as LIBs [11,12].



Moreover, it is essential to investigate the properties of high-concentration electrolytes for
enhancing the performance of LIBs. In recent years, the study of new materials that utilize highly
concentrated electrolytes has attracted attention [13-17]. Yamada et al. have reported that highly
concentrated electrolytes improved the charge efficiency and breakdown voltage of LIBs [18]. Various
measurement techniques such as thermodynamic measurements [5,19,20], spectrophotometric methods
(e.g., Infrared and Raman spectrometries [6,19,21-24], neutron scattering method [25], and X-ray
scattering measurements [26]), and electrochemical measurement (e.g., electric conductivity
measurement [7,19] and electrochemical impedance spectroscopy) has been used so far. Herein, we
focus on NMR measurements in particular. The NMR spectra yield information about the structural
changes such as hydrogen bond networks [27]. In addition, information regarding the interactions
between a solvent molecule and a solid surface can be obtained from the NMR chemical shift [27-29].
NMR has been used to study several important phenomena of chemistry related to the dynamic time-
dependent nature of various systems, particularly those at equilibrium and where simple molecular
mobilities are involved. The magnetic relaxation behavior of the nuclear spins is related to the
molecular dynamics of the system, and hence, it is a useful parameter for an in-depth study of
molecular mobilities in a system. The magnetic relaxation time (spin—lattice magnetic relaxation time,
Ty, and spin—spin relaxation time, T>) is closely related to the rotational correlation time of a molecule
[30-32]. In the case of a solid-liquid coexisting system, the rotational correlation times of the solvent
and ion molecules increase when their mobilities decrease because of the interaction with a solid phase
surface, and as a result, T1 and T decrease. In the case of a dipolar nucleus such as the *H nucleus, the
magnetic relaxation is determined solely from the rotational correlation time of the molecule.

In this study, we prepared high-concentration propylene carbonate (PC) solutions of LiClOg,
which were kneaded with fumed silica, fumed alumina, or fumed titania, as model systems of LIBs.
Then, the influence of the liquid phase fraction, apparent average liquid phase thickness, and LiClO4

concentration on the mobility of a PC molecule were investigated by analyzing the magnetic relaxation



time, 'H NMR signal detection ratio of PC molecules, and FT-IR spectra. Furthermore, the effect of the
zeta potential at the surface of the fumed oxide nanoparticles on the mobility of a PC molecule was

discussed.

2. Experimental section
2.1. Solid-liquid coexisting model system samples

Fumed silica (FS; AEROSIL® 200CF, Evonik Industries AG, Germany (200 + 25 m?g)), fumed
alumina (FA; AEROXIDE® Alu 130, Evonik Industries AG, Germany (130 £ 20 m? g1)), or fumed
titania (FT; AEROXIDE® TiO; P 90, Evonik Industries AG, Germany (90 = 20 m? g1)) powder whose
physical properties are shown in Table S1 was used as solid phases, and propylene carbonate (PC) or 1-
3 mol L™ LiClO4 PC solution was used as liquid phase. The surfaces of FS, FA, and FT particles does
not have porous structure and are relatively smooth. Paramagnetic impurity ions were not detected from
the washing water by a coupled plasma-optical emission spectrometry (ICP-OES). The solid-liquid
coexisting model samples were prepared in Ar glovebox by adequate kneading in inner NMR tubes of a
coaxial NMR tube system which is shown in Scheme S1. In addition, the solid-liquid coexisting model
sample whose solid phase and liquid phase are FS and pure water was also prepared. The coaxial NMR
tube system consists of a borosilicate inner (516-1-5, Wilmad-LabGlass, USA) and outer (516-O-5,
Wilmad-LabGlass, USA) NMR tubes, and the sample solution and a deuterated solvent for a field-
frequency locking (i.e., D2O in this work) were put into the inner and outer NMR tube, respectively.
Consequently, D,O was not contained in the sample solution at all. The FS, FA, or FT powder was
homogeneously dispersed in the liquid phases, respectively. The liquid phase fraction, ¢, of the model
samples which was determined by a gravimetry was varied in 90-100 vol%. The ¢ values are defined as

following equation;

Liquid phase fraction (@) = VL / (VL+Vs) 1)



where V. and Vs are the volume of liquid and solid phases, respectively. In this work, the V. and Vs

values are determined from the following equations, respectively;

Ve=WL/ oL (2)

Vs=Ws/ ps 3

where W and p are the weight and the density of a liquid phase, and Ws and ps are those of a solid

phase, respectively.

2.2.'H NMR and *H gNMR measurements

'H NMR and 'H quantitative NMR (qNMR) spectra were observed on an INOVA 400
(magnetic field strength of 9.39 T) pulse FT-NMR spectrometer (Varian Inc., USA) with a tunable
broad-band probe at room temperature. All NMR spectra were recorded at an operating frequency of
399.783 MHz, and were applied a sweep width of 16,000 kHz (40.021 ppm); the data acquisition time
was 8.192 s, and the data number during the free induction decay were collected in 262,140 points. The
Lorentzian line-broadening factor (i.e. window function) was not applied to the total free induction
decay prior to Fourier transformation. The FID scans of 32 times were recorded by applying a 0.02 s
recycle delay between 30° pulse sequences which pulse width is 3.6 us to improve the signal-to-noise
ratio and to avoid saturation. It was confirmed that further extension of the relaxation delay did not
change the intensity of 'H NMR spectra. The gain of the RF amplifier in an NMR spectrometer (i.e.,
receiver gain) was always constant. The *H NMR chemical shifts were determined against a second

order external standard of H20 in 10% DO for 4.790 ppm (tetramethylsilane as a first order standard is



0 ppm). The sample tube spinning was stopped during the measurement because the measurement
samples were gelatinous.
'H gNMR analysis was carried out using the integrated intensities of 'H NMR signals due to PC

molecules. *H gNMR is defined as following equation [33,34];

Rgref_Rgx
Nx =T><10 20 % l\lilsref % Ix (4)
S

ref X ref
where N is the concentration of the chemical species which give the NMR signal, Rg is the receiver
gain in decibel unit of an NMR spectrometer (i.e., receiver gain), Ns is the number of FID scans, and |
is the integrated intensity of the NMR signal. The subscripts “x” and “ref” indicate the sample solution
and the external reference for NMR measurements, respectively. T indicates the specific constant value
which is affected by the condition of an entire NMR observation system, e.g. NMR spectrometer, NMR
probe, NMR sample tube, etc., and it is almost 1 when a similar NMR sample tube and the same NMR
equipment are used for measurements. To assure the accuracy of the integrated intensity of NMR
signals, the NMR spectral data after the Fourier transform carefully corrected the phase and the baseline,
moreover, the integrated intensity was calculated manually by the sectional measurement method on the

Microsoft Excel.

2.3. 'H NMR relaxation time measurements

The T1 and T of all *H nuclei were determined by the inversion recovery [35] and CPMG
procedures, respectively [36], using an Acorn area (magnetic field strength of 0.3 T) as a specialized
measuring device measuring of 'H NMR relaxation (XiGo Nanotools Inc., USA). The sample was put
into 5 mm diameter glass NMR tube. All experiments were performed at 25 = 0.5 °C. The theoretical

spin-lattice and spin-spin NMR relaxations of a nucleus are expressed as following equations;



Mo = Mox1 — exp( — = )} ©)
T4

T
M= Mio)*exp( ——) (6)
T2
where M, is z-magnetization after pulse delay z of the inversion recovery or CPMG procedure. The
averaged T1 and T2 values of all *H nuclei of PC molecules in a sample solution were obtained in this

work.

2.4. Zeta potential and FT-IR spectroscopy measurement

The measurements of zeta potential on the surfaces of FS, FA, and FT nanoparticles were recorded
using an ELS-Z2000 (Otsuka Electronics Co.,Ltd., Japan) by an electrophoretic light scattering method
(i.e., laser Doppler method) at 25 + 0.5 °C. The solid-liquid coexisting model samples (solid phase: FS,
FA, or FT, liquid phase: 0.01 mol L LiClO4 PC solution) were prepared in Ar glovebox. The ¢ values
of the zeta potential measurement samples was prepared high as 99.9 vol% to retain the flowability.
After preparation, thus measurement samples were transferred to a quartz glass flow cell and stabilized
at 25 + 0.5 °C. The fumed oxide nanoparticles were uniformly dispersed in a liquid phase inside while
the zeta potential measuring. The determined zeta potential values are average values of three times
measurements to minimize data errors. FT-IR spectra were measured using Fourier transform-infrared
spectrometer (FT-IR; FT/IR-615R JASCO Corp., Japan) with a HgCdTe detector by the resolution of 4

cm-1. The measurement was carried out by diffuse reflection method (DR-400, JASCO Corp., Japan).

3. Results and discussion
Dependence of the *H NMR of PC molecules (without the fumed oxides) on the LiClO4
concentration is shown in Fig. 1. As the LiClO4 concentration increased, the signal peaks gradually
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shifted toward low magnetic field because of the decrease in the electron density around the hydrogen
nucleus of the PC molecule; this occurred when the Li* ions were solvated by PC through the carbon
atom of the carbonyl group in PC. The 'H NMR signals show significant broadening when the LiClO4
concentration is greater than 3 mol L1, Approximately 11.8 mol of PC molecules exist in 1 L of PC,
and the coordination number of PC molecules to the Li* ion is 4 [37-39]. Therefore, the number of free
PC molecules (which are not involved in the solvation of Li* ions) decreases drastically when the
LiClO4 concentration is more than 3 mol L-X. When the electrolyte concentration increases above 3 mol
L1, the viscosity of the PC solution increases rapidly upon formation of the solvation structure and
hydrogen-bonded network, and all the *'H NMR signals undergo broadening.

The dependence of the *H NMR spectra of PC molecules (with fumed oxides) on the ¢ value is
shown in Fig. 2. In the FA/PC and FS/PC systems, the 'H NMR signal shifts toward high magnetic
field when the ¢ value decreases, while the signal gradually shifts toward low magnetic field in the
FT/PC system. Thus, the electron density around the *H nuclei in PC molecules increases in the
presence of FA or FS and decreases in the presence of FT. Furthermore, regardless of the choice of
fumed oxide, the magnitude of the chemical shift appears to be proportional to the decrease in the ¢
value. To understand the above-mentioned result more quantitatively, the dependence of the change in
the *H NMR chemical shift of PC molecules (with fumed oxides) on the ¢ value of PC was studied

(Fig. 3). Thus, the proportional relationship between the increase of the solid phase fraction, ¢ (¢s =1 —

A) (the increase of the total solid surface area), and the change in the electron density around the 'H
nuclei of the solvent molecule (i.e., changes in *H NMR chemical shift of solvent molecules) is
established. The zeta potentials of all the fumed oxides in 0.01 mol L! LiClIO4 PC solution at 25 *
0.5 °C are shown in Table 1. When the solid phase was FA or FS, the 'H NMR signals shifted toward
higher magnetic fields with increasing ¢s. It is considered that the solid phase surface of FA with a

large positive zeta potential attracts the PC molecule more strongly by the interaction with the local



negative electric field (caused by polarization) in the PC molecule. As a result, the *H NMR signals due
to the solvent PC molecules shift to high magnetic field owing to the strong magnetic shielding effect
by the electrons in the solid phase. In the case of FT, which has a larger positive zeta potential than FA,
a large shift toward high magnetic field can be expected owing to similar factors. However, in reality, a
shift toward low magnetic field was observed with increasing ¢s value. This result may be related to the
special property of TiO2, namely, the Honda—Fujishima effect [40,41]. The surface of TiO. acquires
electron-holes in the valence band upon light irradiation. These electron-holes strongly attract electrons
from other substances, and therefore, the charge density near the *H nuclei of PC molecules, which are
attracted to the FT surface, decreases. As a result, the *H NMR signals due to the PC molecules shift
significantly toward low magnetic field. Since these interactions occur between the solid phase surface
and solvent molecules, the change in chemical shift of the PC molecule is proportional to the ¢s value.
The changes in the *H NMR spectra of the PC molecule owing to the increase in the ¢s value are
not limited to NMR chemical shifts. As shown in Fig. 2, all the 'H NMR signals due to the PC
molecules are remarkably broadened by the introduction of only 1-2 vol% of any of the fumed oxides.
The line width of the NMR signals corresponds to the spin—spin relaxation time (T2) of the observed
nucleus. Accordingly, variation of T, of the 'H NMR in electrolyte solutions upon changing the ¢
value is shown in Fig. 4. Here, in order to discuss dynamics of solvent molecules in restricted area
between dispersed nano solid-particles, we proposed the hexagonal close packing model as shown in
Scheme S2 which liquid layer is on solid surface and the solid particles are monodispersed [42]. In this
model, it is assumed that the interaction between the solid particles which has the liquid layer can be
ignored and they are closely packed. Therefore, the apparent average liquid phase thickness, “t.”, can
introduced to quantitatively interpret the relationship between the liquid phase thickness on the solid
phase surface and the mobility of the solvent molecules. The t_ value can be derived from the

hexagonal close packing model as shown in Scheme S2:
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where r is the average diameter of the primary particle in the solid phase. Upon comparison with the PC
solution system, it is obvious that the decrease of T, with the increase of ¢ is significant for the
aqueous solution system. The T, values of water molecule are significantly lower in the presence of
only 0.5-1 vol% of the solid phase. At this time, t. is 15-40 nm, which corresponds to the length of
40-100 water molecules.

The NMR relaxation times, T1 and T2, because of the dipole—dipole relaxation mechanism of a
dipolar nucleus (e.g., 'H) can be theoretically expressed in the region of extreme narrowing (i.e., the

region in which T is almost equal to the spin—lattice relaxation time, T1) as follows [30,43]:

d®
T.=7,= ——— (8)
' 2 0aprr

where a = 3u0?h%/320%?, wo is the permeability of vacuum, d is the distance between the nuclei, y is
their gyromagnetic ratio, and = is the rotational correlation time of a spherical molecule rotating in a
liquid. The mobility of water molecules in the vicinity of the solid-phase surface lowers (namely, the =
of water molecule increases) because of hydrogen bonding to the surface; as a consequence, the T of
the water molecule is expected to decrease. In contrast, in case of the FS—PC solution coexisting system,
the decrease of T> accompanying the increase in the solid phase fraction is not as pronounced as seen in
the aqueous solution system (Fig. 4(b)). This suggests that the interaction between the PC molecule and
the solid phase surface is relatively weak and the mobility of PC molecules is less limited by the
presence of solid phase than that of water molecules. The zeta potentials of all the fumed oxides in 0.01

mol L LiClO4 PC solution at 25 + 0.5 °C are shown in Table 1. FS, which has the smallest absolute
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value of zeta potential, is expected to have the least electrostatic interactions with solvent PC molecules.
In fact, the decrease of T» upon increase of ¢ is the lowest when the solid phase is FS. Thus, the T»
values due to the PC molecule depend on the solid phase fraction in the order FA > FT > FS. However,
there is no good correlation between this order and the surface zeta potential of these solid phases. This
may be attributed to the fact that the specific surface area of FT (90 + 20 m?g?) is lesser than that of FS
(200 + 25 m?g 1) and FA (130 + 20 m?g1). Furthermore, as another reason, owing to the counter anion
condensation to the solid surface of FA and FT and the electric double layer, the magnitude of the
effective electric field which electrostatically affects solvent molecules may be different from the order
of the zeta potential. In the case of the FA-PC solution coexisting system, as with water molecules, the
T> values due to the PC molecules decreased because of the presence of only 0.5-1 vol% of the solid
phase (i.e., the t_ is 15-40 nm). Furthermore, the concentration dependence of LiClO4 as the electrolyte
is more pronounced in the PC solution system than in the aqueous system, and this is as attributed to
the influence of the viscosity of the liquid phase. Namely, in a 1 mol L LiClO4 aqueous solution,
about 53 mol of water molecules exist per 1 mol of Li* ions in 1 L of the solution; hence, only a small
fraction of the water molecules are involved in the hydration of the Li* ions. Therefore, even if the Li*
ion concentration increases, the hydrogen bond network in the solvent is stable and the increase in
viscosity is relatively small. In contrast, in a 1 mol L LiClIO4 PC solution, there are only 11 mol of PC
molecules per 1 mol of Li* ions in 1 L of the solution; thus, the proportion of PC molecules, which are
involved in solvation is higher than that in the aqueous solution. Consequently, when the electrolyte
concentration increases in the PC solution, the viscosity of the solution increases significantly owing to
the rapid development of the solvation structure and hydrogen bonding network. As a result, in the PC
solution system, the T. decreases with the increase of electrolyte concentration regardless of the ¢
value for all the solid phases (FS, FA, and FT). The solid phase surface is considered to have little

influence on the solvation structure and hydrogen bond network.
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Comparing T1and T2 can yield information concerning the mobility of the observed chemical
species. For two identical dipolar nuclei existing in the same molecule, the intramolecular dipole—

dipole relaxation times are given by the following equations [30-32,43]:

- a® ©
=
28}/1( 7. 47,

+
1+a0?72  1+40?7?

T, = @ (10)

5t 27,
a3+ —+ =
ASK 1+w?r2  1+40°72 )

where  is the angular velocity of Larmor precession motion of the nucleus in the external magnetic
field, that is, the angular frequency of the radio wave used for NMR observation. When wz < 1, this is
known as the “extreme narrowing region,” and T1and T are almost equal [30,32,43]. However, if the
mobility of the molecule decreases and w = becomes greater than unity because of the increase of z,
then T1 > To. The correlation between T1 and T2 of *H NMR due to H20O or PC molecules in the FS + C
mol L LiClO4 aqueous or PC solution systems (C = 0-3) is shown in Fig. 5 (The dependence of T1 of
'H NMR (H20 or PC molecule) on ¢_ in the solutions is shown in Fig. S1). In the aqueous solution
system, the difference between T1 and T is relatively small although T: > T> when the 4 value is
sufficiently high (i.e., 99.5 vol% or more, closed symbols in Fig. 5) and water molecules move almost
freely. However, if the ¢ value decreases below 99.5 vol% (i.e., open symbols in Fig. 5), the water
molecules in the vicinity of the solid phase surface are strongly hydrogen bonded to it, so that the
mobility of water molecules decreases and T1 >> T, is observed. Moreover, significant electrolyte
concentration dependence is not observed, and these results support the discussion of Fig. 4. Hence, the

following results can be confirmed for the PC solution system:
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1. As the electrolyte concentration increases, T: and T decrease significantly. With increasing
electrolyte concentration, the viscosity of the PC solution increases remarkably owing to the rapid

development of the solvation structure and growth of the hydrogen bond network.

2. Regardless of the increase in electrolyte concentration, the difference between Ty and T2 is relatively
small when the ¢_value is sufficiently high (i.e., 99.5 vol% or greater). The increase in the solution
viscosity accompanying an increase in the electrolyte concentration does not significantly lower the

mobility of the molecules.

3. In the case of an increase in the ¢s value rather than an increase in the electrolyte concentration, T1
becomes much larger than T». The existence of a solid phase reduces the mobility of the molecule and
the interaction between the solid phase surface and the solvent PC molecules greatly affects their

mobility.

The above discussion shows that, in order to realize an electrolyte solution with high ionic
conductivity, high electrolyte (i.e., ion carrier) concentration is important along with the choice of a
solvent that shows weak interactions with the solid phase surface.

Fig. 6 shows the dependence of the 'H NMR detection ratios (of H.O or PC molecules) on
the @ value. The dotted lines in Fig. 6 show the case which all solvent molecules present in the samples
were detected by 'H NMR. If the mobility of solvent molecules in the sample is lowered drastically
because of ion solvation or interaction with a solid phase surface, T will be significantly reduced (i.e.,
the NMR signal will broaden) and T: will increase markedly. In this case, the detection of solvent
molecules becomes practically impossible in solution NMR. In the aqueous solution system (Fig. 6(a)),
the decrease in the 'H NMR detection ratio due to the solvent water molecules is caused by two factors:

(1) increase in the electrolyte concentration, and (2) increase in the ¢svalue. In particular, the influence
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of the increase in the electrolyte concentration was remarkable and the *H NMR detection ratio of the
water molecule was greatly reduced by the increase in electrolyte concentration, even in the absence of
the solid phase (4. = 100 vol%). In the case of structure-forming ions such as Li*, the water molecules
are strongly attracted to the ions and form an orderly structure; these water molecules are extremely
hard to move compared to bulk water molecules. In contrast, the decrease in the 'H NMR detection
ratio of water molecules because of the increase of the ¢ value is small. Although the 'H NMR
detection ratio of water molecules decreases slightly because of an increase in the solid phase of about
0.5-1 vol%, it is obvious that 1 vol% or more of the solid phase has little influence on the mobility of
the water molecules. Furthermore, the decrease in the *H NMR detection ratio of PC molecules is
mainly caused by the increase in the ¢s value. When the solid phase is FS, which has the smallest
absolute value of the surface zeta potential, the decrease in the *H NMR detection ratio because of the
increase in the ¢ value is the least, and the electrostatic interaction with solvent PC molecules is
considered to be the smallest. This is consistent with the result of the smallest ¢s value dependence of
T2 when the solid phase is FS (Fig. 4). The order of dependence of the 'H NMR detection ratio of PC
solvent on the ¢ value is FA > FT > FS. This order is consistent with the solid phase fraction
dependence of T», as shown in Fig. 4, and the strength of the interaction between the solid phase surface
and the PC molecule also follows this trend. In the case of an aqueous solution system, the pH
dependence of the zeta potential and the point of zero charge (i.e., PZC) of carbon black powder which
is applied as a conductive material in composite electrodes for secondary batteries are similar to those
of a-Al>Oz3. [44,45] Therefore, it is expected that the influence on the physical properties of a solvent
by the mixture of carbon black powder to an electrolyte solution is similar to that if a-Al>Oz is added to
the electrolyte solution .

The FT—IR spectra due to the C=0 stretching vibration of the PC molecule at low #_values (i.e.,

@< 75 vol%) are shown in Fig. 7. The interaction between the PC molecules and the solid phase
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surface affects the wave number of the C=0 stretching vibration. When intermolecular interactions
occur, the wave number shifts; as a result, the absorption band generally widens and can exhibit a split
peak. If the solid phase is not included (fL = 100 vol%), the C=0 stretching vibration is observed (Fig.
7) as a single peak at 1780 cm™ [46], and in the case of the solid—liquid coexisting system, the peak
splits into two peaks, namely the peaks in lower and higher wavenumber regions. From the general
empirical rule, the peak in lower wavenumber is the C=0 stretching vibration of the PC molecules
which contain the interactions between the C=0O groups and the solid phase. In addition, it can be
consider that the peak in higher wavenumber is that of the PC molecules which contain the interactions
between the hydrocarbon groups and the solid phase. Focusing on the peak in the lower wavenumber, it
can be seen that the PC molecule peak in FS occurs at 1770 cm1, while it appears in the vicinity of
1730 cm~t in FA and FT. Hence, it can be confirmed that the interaction between the PC molecule and
the solid phase surface is weakest in FS. This is in agreement with the results of the 'H NMR chemical
shift change and relaxation time studies. This peak splitting is most noticeable at ¢ = 75 vol% and
obscures at ¢ = 50 vol%. When ¢_> 75 vol%, one PC molecule interacts with the surface of one
particle because of the small ¢svalue. However, at ¢ < 50 vol%, each PC molecule interacts intricately
with the surface of multiple particles increasing the diversity of the C=0 stretching vibration, making
the peak split obscure. In this case, it is presumed that the mobility of the PC molecule is severely
limited. On the other hand, in the case of the peak in the higher wavenumber, the electron-withdrawing
property of the oxygen atom adjacent to the C=0 group increases due to the solid phase electron which
brought a higher magnetic field shift of the *H NMR signal (Fig. 3) of the hydrocarbon group in PC
molecule, and as a result the IR signals of the C=0 groups shift towards the high wavenumber region. It

can be estimated that this tendency is remarkable if the solid phase is FS and FA.

4. Conclusions

15



The non-aqueous LiClO4 solutions kneaded with FS, FA, and FT were employed as model
systems of lithium ion batteries. The proportional relationship between the ¢ values and *H NMR
chemical shift changes in'H NMR chemical shift of solvent molecules, namely, in the electron density
around the *H nuclei of the solvent molecule was established. The solid phase surface of fumed oxides
attracted strongly the PC molecule by the interaction with local negative electric field which caused by
polarization in PC molecule. These interactions occured between the solid phase surface and solvent
molecules, the chemical shift change amount of the PC molecule was proportional to the solid phase
fraction. The decrease of T» according to the increase of the solid phase fraction was remarkable for the
FS-aqueous solution coexisting system. The T values of water molecule were significantly lower in the
presence of the solid phase when t_ is 15 to 40 nm (i.e.,the length of 40 to 100 water molecules)
because of the decrease of mobility by the strong hydrogen bonding to solid surface. The decrease of T»
accompanying the increase in the solid phase fraction was not as pronounced as seen in the aqueous
solution system for the FS—PC solution coexisting system because the interaction between the PC
molecule and the solid phase surface is relatively weak. In the case of PC solution, the viscosity of the
solution remarkably increased owing to the rapid development of the solvation structure and hydrogen
bonding network according to the increasing of the electrolyte concentration. Therefore the
concentration dependency of LiClOa as the electrolyte was more pronounced in the PC solution system
and the solid phase surface had little influence on the developed solvation structure and hydrogen bond
network. The following results could be confirmed for the PC solution system by the comparing Ty and
To: (i) the viscosity of the PC solution increases remarkably owing to the rapid development of the
solvation structure and growth of the hydrogen bond network with the increasing electrolyte
concentration, (ii) the increase in the solution viscosity accompanying an increase in the electrolyte
concentration did not significantly lower the mobility of the molecule, and (iii) the existence of a solid
phase reduced the mobility of the molecule and the interaction between the solid phase surface and the

solvent PC molecules greatly affected their mobility. The decrease in the *H NMR detection ratio of PC
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molecules was mainly caused by the increase in the solid phase fraction, and order of dependence of the
'H NMR detection ratio of PC solvent on the ¢svalue is FA > FT > FS. This order was consistent with
the ¢s dependence of T, and the strength of the interaction between the solid phase surface and the PC

molecule also follows this trend.
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Table

Table 1. Zeta potentials of all fumed oxides in 0.01 mol L LiCIO4 PC solution at 25 + 0.5 °C. All
values were determined by an electrophoretic light scattering method (i.e., laser Doppler method), and

they are average values of three times measurements to minimize data errors.

Fumed silica (FS) ~ Fumed alumina (FA) Fumed titania (FT)

AEROSIL® AEROXIDE® AEROXIDE®
200CF Alu 130 TiO2 P 90
Zeta potential (mV) -1.7 +22.2 +38.7
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Figure captions

Fig. 1. LICIO4 concentration dependences of 'H NMR spectra of PC molecules without fumed oxides.

All peak height is not normalized.

Fig. 2. ¢ dependences of 'H NMR spectra of PC molecules with fumed oxides. Solid phase: (a) FS
(fumed silica), (b) FA (fumed alumina), (c) FT (fumed titania). All measurement samples does not

contain any electrolyte. All peak height is not normalized.

Fig. 3. Dependences of the *H NMR chemical shift changes of PC molecules on the ¢ value of PC with
fumed oxides. NMR chemical shift changes due to the *H nuclei which are circled in the structural

formula of PC molecule are shown. The measurement samples does not contain any electrolyte.

Fig. 4. ¢ dependences of the spin-spin relaxation time, T2, of *H NMR due to H2O or PC molecule in
electrolyte solutions. (a) FS + C mol/L LiClO4 aqueous systems (C = 0-3), (b) FS + C mol/L LiClO4
PC solution systems (C = 0-3), (c¢) FA + C mol/L LiClO4 PC solution systems (C = 0-3), (d) FT + C

mol/L LiClO4 PC solution systems (C = 0-3).

Fig. 5. Correlation between the spin-spin relaxation time, T», and the spin-lattice relaxation time, Ty, of
'H NMR due to H20 or PC molecule in the FS + C mol/L LiClO4 aqueous or PC solution systems (C =
0-3). Solid straight line shows the relationship of " T> = T1". (a) Aqueous solution, (b) PC solution.
Open symbols; the data for ¢ < 99.5 vol% samples, closed symbols; the data for ¢ > 99.5 vol%

samples.
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Fig. 6. & dependences of the 'H NMR detection ratios of H2O or PC molecule. The *H NMR detection
ratios were determined by the ratio of the overall signal integral intensity due to H.O or PC molecule in
the measurement samples without solid phase (1) and that with solid phase (liquid). (a) FS + C mol/L
LiClO4 aqueous systems (C = 0-3), (b) FS + C mol/L LiClO4 PC solution systems (C = 0-3), (c) FA +
C mol/L LiClO4 PC solution systems (C = 0-3), (d) FT + C mol/L LiClO4 PC solution systems (C = 0—
3). The dotted lines show the case which all solvent molecules present in the samples were detected by

'H NMR.

Fig. 7. FT-IR spectra due to C=0 stretching vibration of PC molecule in low #_ value (4. < 75 vol%).

PC molecules with fumed oxides- Solid phase: (a) FS, (b) FA, (c) FT. All measurement samples does

not contain any electrolyte.
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Table S1. Physical properties of fumed oxides as solid phases which are officially announced value

from Evonik Industries AG as manufacturer.

Fumed silica (FS)  Fumed alumina (FA) Fumed titania (FT)

AEROSIL® AEROXIDE® AEROXIDE®
200CF Alu 130 TiO2 P 90
Average primar

sep Y 12 10 15

particle diameter (nm)

Specific surface area

200+ 25 130 £ 20 90 £ 20
(m? g )

Density (g cm™) 2.2 3.3 4.1
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D,0 for field-frequency locking

Measurement sample

Inner tube
(516-1-5, Wilmad-LabGlass)

QOutside diameter: 3.97 mm
Inside diameter: 2.97 mm

Outer tube

/ (516-CC-5, Wilmad-LabGlass)

Outside diameter: 5.00 mm
Inside diameter: 3.97 mm

Scheme S1. Coaxial NMR tube system to avoid the contamination of D>O for field-frequency

locking into the measurement samples.
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® Hexagonal closest packing model

Apparent average liquid phase thickness: 1,
Average primary particle diameter of solid phase : r
Volume of primary particle as solid phase : 4/3xnr?

Length of one side of unitcell : a =22 (r+t)

Total volume of unit cell - V= a® = 162 (r+t)?

Volume fraction of solid or liquid phase : ‘?53, d

Solid particle number per unit cell : 4

b= 1— g = 4 x 4/3nr° e
167V2(r+t)®  3V2(r+t,)3

Ch [{3«12(11rE — 4 )}”3' 1] !

Average thickness of
liquid phase: T,

\

~\

LS
\
\

Seao

tL ,,f_.jquid ‘phase

Liquid phase
Solid phase

Solid phase

Scheme S2. Derivation of the apparent average liquid phase thickness, 71, by the hexagonal closest

packing model.
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Fig. S1. ¢ dependence of the spin-lattice relaxation time, 71, of "H NMR due to PC molecule in the
FS + Cmol/L LiClO4 aqueous or PC solution systems (x = 0-3). (a) Aqueous solution, (b) PC solution.
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