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Analysis of the Electric Double Layer Structure Formed in an Ionic
Liquid Using Neutron Reflectivity
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The ionic liquid/Si electrode interface was investigated using neutron reflectivity. We precisely elucidated the structure of the
electrical double layer formed at 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide ([BMIM]TFSA)/Si(100)
electrode interface with the orientation of the [BMIM]TFSA molecule using a partially deuterated [BMIM]TFSA. The results
revealed that [BMIM]TFSA molecules form a layered structure. Cation and anion molecules are alternatingly stacked and
molecules in the first three layers are horizontally oriented to the electrode surface at E = —1.2 V, i.e., on the negatively charged
electrode surface. It was also revealed that the imidazole ring in [BMIM] cation is parallel to the electrode surface.
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An ionic liquid (IL) is a salt that is liquid at room temperature.
The salts are organic compounds that have low vapor pressure, a
wide electrochemical window, high conductivity, and so on.'
Furthermore, the physical properties of ILs can be easily tuned by
the molecular structure. As a result, ILs have gained attention as a
“third solvent” in various fields of research. One application of an IL
is as an electrolyte in electrochemical devices, such as batteries and
capacitors.2 Therefore, ILs for Li-ion batteries and fuel cells have
been extensively studied.>™ However, it becomes obvious that the
electrochemical reactions which occur in ILs differ from those that
occur in water electrolytes. Particularly, in electrodeposition reac-
tions, the deposit looks different from that obtained by water
electrolytes.®’ Furthermore, underpotential deposition does not
occur in ILs, except for in metals such as Bi and Sb.2° These
differences are thought to be owing to the differences in the structure
of the electric double layer (EDL) as well as the different solvation
state of the metal ions.'® As is well known, to control electro-
chemical reaction precisely we have to understand the electrode/
electrolyte interface including EDL structure in detail and this fact is
also applicable to ILs. Therefore, the analysis of EDL structure has
been one of the important topics in studies of electrochemical
reactions in ILs.

In ILs, the Debye—Hiickel limiting law cannot be applied owing
to the high ionic strength. Therefore, EDL may not possess a Gouy-
Chapman type structure.'' In the past decade, many studies to
determine the structure of the EDL have been performed using
quantum beam techniques,'>™"> scanning probe microscope
techniques,'®  spectroscopic  techniques,’ and theoretical
calculations.”>*' It was reported that IL molecules form a layered
structure on the charged surface,'” depending on the surface charge
(i.e., electrode potential). Furthermore, a large hysteresis was
observed on the reordering of the molecules in the layers.'® On
the other hand, the structure of EDL formed in ILs was not still fully
understood since it should be largely different from that formed in
aqueous electrolytes as described above and methods for studies of
EDL are limited, indicating that it must be studied using various
techniques and results must be discussed from many perspectives.
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We have investigated the IL/electrode interface using quantum
beam measurements. We previously studied the structure of Au(111)
electrode surface in neat 1-butyl-3-methylimidazolium bis(trifluor-
omethylsulfonyl)amide ((BMIM]TFSA) and 1-butyl-1-methylpyrro-
lidinium bis(trifluoromethylsulfonyl)amide ((BMP]TFSA) and their
ILs containing halide anions using surfacer X-ray scattering (SXS).
ILs, which consist of TFSA anion, are highly hydrophobic and it is
easy to handle; therefore, they are suitable for industrial applications
and studied from many points of view. In our studies, it was found
that IL molecules adsorb on Au(111) electrode surface and the
structure of Au(111) electrode surface is governed by adsorbed IL
molecules.?? Further, it was found that halide anions are coadsorbed
with IL molecules and increase the mobility of surface atoms;
however, the surface structure is mainly governed by adsorbed IL
molecules.* These studies proved that quantum beam measurements
are suitable for the analysis of the structure of the IL/electrode
interface since they are non-destructive techniques and measure-
ments can be carried out under electrochemically ideal conditions.
We have subsequently investigated the structure of EDL formed in
[BMIM]TFSA on Si(100) electrode surface using neutron reflec-
tivity. In our previous study, we developed a deuteration method for
imidazolium IL with a systematically controlled deuteration level.
We further studied the structure of EDL formed in fully deuterated
[BMIM]TESA using neutron reflectivity and preliminary proofed
that IL molecules form layered structure in EDL.**

Reflectivity using quantum beams (X-ray and neutron) is a
technique that can reveal the structure of thin films on the atomic
scale.”” Thickness, roughness, and composition can be obtained.
Samples can be not only single-layer films but also multi-layer films.

Both X-ray reflectivity (XR) and NR are common techniques.
The difference between the two is that an X-ray interacts with an
electron in an atom, whereas a neutron interacts with a nucleus. This
is reflected in the difference in the atomic scattering factors (ASF)
(note that it is called scattering length density (SLD) for neutrons).
The ASF value is proportional to the atomic number, therefore, it is
small for light elements. On the other hand, the SLD value is
element selective, i.e., it does not depend on the atomic number and
can result in a large SLD value even for light elements. Therefore,
the NR technique is ideally suitable for the structural analysis of soft
materials, which consist of light elements. In electrochemistry, the
NR technique is used for the analysis of the structure of solid
electrolyte interphase (SEI), which consist of Li* and decomposition
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product of electrolyte, formed on the electrode surface of Li-ion
batteries.?*?’

Additionally, the SLD value of compounds can be tuned through
isotope substitution.”® For example, H and D atoms have a negative
and positive value for scattering length, respectively. Organic
compounds generally contain H atoms; therefore, it is easy to tune
the SLD value of organic compounds by deuteration. The difference
of the SLD value between the materials is known as the contrast.
Precise structural analysis can be carried out with the optimization of
the contrast using deuteration.’’ In the same manner, if there is
enough contrast inside a molecule, it is possible to explicitly
distinguish the orientation of the IL molecule in EDL.

In this paper, we studied the EDL structure formed in an IL using
the NR technique to reveal the orientation of IL molecules adsorbed
on the negatively charged electrode surface, where many useful
depositions occur. In detail, we studied the EDL structure with the
orientation of IL molecules adsorbed on a Si(100) electrode surface
in a finely deuterated [BMIM]TFSA using the NR technique under
electrochemically ideal conditions. NR measurements revealed that
the [BMIM]TFSA molecules form a layered structure. Both cation
and anion molecules in EDL are horizontally oriented to the
electrode surface and the imidazole ring in [BMIM] cation is parallel
to the electrode surface.

Experimental

An n-Si(100) disk was used as the working electrode. The size
used for NR and electrochemical impedance spectroscopy (EIS) was
40 mm (1) x 40 mm (w) x 3 mm (t) and 10 mm (I) X 15 mm (w) X
0.5 mm (t), respectively. In this study, the native oxide was not
removed to avoid the surface composition change by the oxide
formation during electrochemical measurements.”® The reference
and counter electrodes were Pt wires and the electrolyte was
[BMIM]TFSA. For NR measurements, partially deuterated
[BMIM]TFSA (d-[BMIM]TFSA) was synthesized using Pd/Pt
catalysts.”* All hydrogen atoms in the imidazole ring and the methyl
group were fully deuterated and 48.9% of hydrogen in the butyl
group was deuterated. To reveal the orientation of the cations
adsorbed on the Si electrode surface, the SLD value of the butyl
group was altered to the SLD value of TESA. d-[BMIM]TEFSA was
dehydrated at 80 °C under vacuum for 24 h before use.

Before the measurement, the working electrode was sonicated in
acetone and ethanol, followed by rinsing with mill-Q water. After
the cleaning procedure, it was transferred to a glovebox filled with
Ar gas (dew point < —80 °C) and dried in the glove box for over
20 min. The reference and counter electrodes were annealed and
transferred to the glovebox. The electrochemical cell was built, and
the IL was introduced to the cell in the glovebox. The design of the
electrochemical cell for the NR measurement is based on the cell
proposed by Yonemura et al.®' Figure 1 shows a schematic cross-
sectional view of the NR-cell. The reference electrode (RE) and the
counter electrode (CE) were approximately 30 mm long and were
parallelly arranged at the center of the cell to cover the irradiation
area. The distance between the working and the reference (RE)/
counter (CE) electrodes was 2-3 mm to minimize solution resis-
tance. The electrode potential was controlled by a potentiostat
(IviumStat, Ivium technology).

NR measurements were conducted at BL17 (SHARAKU), the
Materials and Life Science Experimental Facility of the J-PARC.
The neutron beam was introduced from the side of the n-Si(100)
electrode as shown in Fig. 1 to avoid the absorption of a neutron by
IL and minimize the background scattering. A 25 mm beam footprint
was maintained on the sample surface by using six different kinds of
incident slits. The covered Q, range was 0.005-0.23 AL, in which
Q, = (4n/N)sin 0 (here, 0 represents the incident angle). All the
measurements were performed at room temperature. The data
reduction, normalization, and subtraction were performed using a
program installed in BL17 SHARAKU. The electrode potential was
stepped to the desired potential and was maintained for 10 min to
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\ cell body
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Figure 1. A schematic cross-sectional view of the electrochemical cell for
NR measurements.
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Figure 2. Reflectivity profiles measured in (a) air and (b) the partially
deuterated [BMIM]TFSA at E = —1.2V and (c) simulated for a bulk
structure model.
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Figure 3. Cyclic voltammogram of the native oxide covered n-Si(100)
electrode] measured in the partially deuterated [BMIM]TFSA (scan rate =
2mVs ).

reach the equilibrium interface structure.'” Then, the accumulation
of reflectivity intensity was started. In the fitting analysis of the NR
profile, SLD values of d-[BMIM]TFSA were calculated based on the
molar volume of molecule ** and SLD values of elements.*

Results and Discussion

To increase the reliability of the reflectivity profiles, a sample
must have a flat and large-area surface. Furthermore, with respect to
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Figure 4. Simulated reflectivity profiles: (a) imidazole ring down, (b) butyl
group down, and (c) edge-on structures.

electrochemistry, a non-reactive and stable surface is required to
maintain a stable EDL structure. Considering these factors, a highly
doped n-Si(100) single-crystal wafer with a native oxide layer was
chosen as the working electrode. Figure 2a shows the NR profile of
Si electrode measured in air. As the average and maximum values of
relative error of reflection intensity were 3% and 9%, respectively,
error bars are omitted in the NR profile. The NR profiles seem to
decrease monotonously according to %, indicating that both the Si/
native oxide layer interface and the oxide layer surface are atom-
ically smooth, and the native oxide layer is very thin. A fitting
analysis was carried out using MOTOFIT** (The fitting result is
shown in Fig. S1 (available online at stacks.iop.org/ECSA/1/020503/
mmedia)). The structural parameters for Si and native oxide are as
follows. The roughness of the Si surface was 4.41 A. The thickness
and roughness of native oxide are 10.93 A and 3.66 A, respectively.
The thickness was within values reported previously.*>*® These
values were used in the analysis of EDL structure.

Figure 3 shows a typical cyclic voltammogram (CV) of n-Si(100)
electrode measured in d-[BMIM]TFSA using the NR-cell. The
electrode was scanned between —1.2 and +0.4 V. Outside of this
potential range, the observed current rapidly increased; therefore, we
defined this potential range as an electrochemical window. In this
electrochemical window, even the current value is small, a small
anodic and cathodic current were observed. Most of the observed
current was owing to the (dis)charge of EDL. The observed current
at E < —1.0 V and E > 0.3 V may be owing to the residual water in
the d-[BMIM]TFSA and the electrochemical oxidation of d-[BMIM]
TFSA, respectively. In this study, we attempted to analyze the EDL
structure at E = —1.2V, which is the negative limit of the
electrochemical window. The EDL structure at negative potential
is important for electrodeposition reactions since electrodeposition
was carried out under diffusion limit conditions, i.e., at the potential,
which is far from the redox potential.

Figure 2b shows the NR profile measured at E = —1.2 V, which
is the negative limit of the electrochemical window. As the average
and maximum values of relative error of reflection intensity were 4%
and 11%, respectively, error bars are also omitted in the NR profile.
Due to the incoherent scattering by the hydrogen atoms in the ionic
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Figure 5. (a) Reflectivity profile measured at E = —1.2 'V (circle) and the
fitted result (solid line) and (b) SLD profile elucidated by parameter fitting:
cation and anion were denoted by ¢ and a, respectively.

liquid, this sample s;/stem suffers from a strong featureless back-
ground (1.3 x 107°). At E = —1.2V, a cathodic current was
observed in the CV shown in Fig. 3, however, the stationary current
during the NR measurement was smaller than 60 nA cm 2. In the
NR profile, an obvious oscillation was not observed; however, the
difference was clearly observed between NR profile measured at E =
—1.2V and simulated for a bulk structure model, suggesting that
there is a specific structure of IL molecules adsorbed onto the
electrode surface. If the IL molecules do not form any specific
structure, the reflectivity monotonously decreases with q~*.

To elucidate the exact structure that [BMIM]TFSA molecules
form in EDL, parameter fittings were carried out using MOTOFIT.
In the fitting procedures, the anion—cation pair layered model was
adopted. Concerning the number of layers in the fitting procedure,
we previously deduced the number of layers with fully deuterated
[BMIM]TFSA and reported that two anion-cation pairs were stacked
on a Si(100) electrode.** Further, Begic et al. previously reported the
dependence of the EDL structure on the surface charge using MD
simulation.>’ In their study, the EDL structure of 1-butyl-3-methy-
limidazolium dicyanamide ([BMIM]dca) was simulated and was
reported that at the surface charge of 0.02 e atom ™' two anion-cation
pairs are stacked. The viscosity of [BMIM]dca and [BMIM]TFSA is
27.34 and 51.1 mPa-s at 25 °C.**~° The melting point of [BMIM]dca
and [BMIM]TESA is —6 and —2 °C.** Both the viscosity and the
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Figure 6. (a) EDL structure obtained by parameter fitting; t is thickness. o is roughness. Fixed parameters are shown as * and (b) its schematic representation.

melting point reflect the anion-cation interaction and both the dca™
and TFSA™ have a molecular structure in common, suggesting that
the interaction of dca~ and TFSA™ with [BMIM] ™ is roughly equal.
Therefore, their simulation can be of reference to our results. We
evaluated the surface charge of [BMIM]TFSA/n-Si(100) interface at
E = —1.2 V. We carried out EIS measurements with non-deuterated
[BMIM]TFSA to elucidate the flat-band potential (Eg,) and the
capacitance of the native oxide layer. The Eg, represents the
electrode potential, that the surface charge is zero. We carried out
EIS spectra measurements every 0.1 V and analyzed them using the
interface model, which consists of a metal/insulator/semiconductor
(MIS) structure and an EDL.*'*? An equivalent circuit based on the
interface model is shown in Fig. S2. Parameter fittings were carried
out using ZView and we deduced the potential dependence of the
capacitance of the space charge layer formed in Si electrode (Fig.
S3) and the capacitance of the native oxide layer at E = —1.2 V. We
deduced the Eyg, using a Mott-Schottky plot of the capacitance of the
space charge layer; however, an Eg, was not obtained owing to the
uniquely large hysteresis, originating from the imperfect structure of
the native oxide layer.*? At this point, it was determined that the Eg,
is between E = —0.43 and 0.19 V. The capacitance of the native
oxide layer was approximately 2 pF cm ™2 The potential applied to
the Si(100) surface was E — Eg,. As previously described, the Eg,
could not be exactly obtained, therefore, the surface charge can be
finally estimated to be 2.27 + 0.31 xC cm ™2, which corresponding to
0.021 + 0.003 ¢ atom™'. As described above, the study by Begic
et al. reported that at the surface charge of 0.02 e atom ™' two anion-
cation pairs are stacked.’’ This model is the same as we experi-
mentally elucidated in our previous study. Therefore, In our
parameter fitting, we mainly focused on the two-anion-cation pair
model and to check the validity of the structure model, all the zero,
one, and three-anion-cation pair models were also carefully tested.

In each model, both cases, in which the first layer was either
d-[BMIM] or TFSA, were tested. As for the inner structure of the
d-[BMIM] cation layer, three orientations were tested, imidazole
ring down, butyl group down, and edge-on (Figs. S4 and S5). As
described in the introduction, if there is enough contrast of SLD
values inside a molecule, it is possible to distinguish the orientation

of the molecules. Figure 4 shows the simulation of NR profiles with
d-[BMIM]TFSA synthesized in this study. Cases of imidazole ring
down, butyl group down, and edge-on structures were simulated. In
this simulation, the number of anion-cation pairs was two and the
roughness of each [BMIM]TESA molecule layer was 3.66 A, which
corresponds to the roughness of the native oxide surface. In the
imidazole ring down and butyl group down structures, TFSA anions
are perpendicularly orientated to the surface. In the edge-on
structure, TFSA anions are horizontally oriented to the surface.
Figure 4 shows that three NR profiles have different features, e.g.,
the position of the peak and the amplitude of oscillation, indicating
that the orientation of [BMIM]TFSA molecules in the EDL can be
explicitly distinguished by NR profiles.

The parameter fitting results are shown in Fig. 5a as a solid line
and the SLD profile is shown in Fig. 5b. In parameter fittings,
the structural parameters of the Si surface and native oxide film were
fixed, and they are elucidated using NR as described above.
The thickness, SLD value, and roughness of each layer were fitted.
The structure model, which gave the minimum y?> and was
physically consistent, was a two anion—cation pair model starting
with a d-[BMIM] layer. The orientation of a d-[BMIM] molecule
was edge-on. The detailed parameters are shown in Fig. 6. In Fig. 5b,
the SLD value is smaller than bulk IL owing to the overlapping of
the native oxide, d-[BMIM], and TFSA layers (see Fig. S6).

To further discuss the inner structure of both [BMIM] and the
TFSA layer, we calculated the stable forms of the [BMIM] cation
and the TFSA anion using MOPAC (AM1 or PM3 Hamiltonian and
EF method were used). The most stable form of the [BMIM] cation
occurs when both the imidazole ring and the butyl group lie in the
same plane with a thickness of approximately 2.4 A (Fig. S7a). The
diameter of the imidazole ring is approximately 4.1 A. Therefore, the
fitting result suggests that in the first [BMIM] cation layer, which is
directly formed on the electrode surface, the imidazole ring parallels
to the electrode surface and the butyl group lies in the same plane.
Previous studies using the sum-frequency generation technique***
and MD calculation show a similar tendency,*® though both the
anion of IL and the electrode material are different in these studies.
Taking this orientation may maximize the interaction between the
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delocalized electron in the imidazolium ring and the surface charge.
The orientation of [BMIM] cation molecules in the second layer is
the same as the first layer and allows the packing of counter-ions at
higher densities.”’

As for TFSA anion, it was reported that the most stable
conformation is a fransoid form,*” in which the charge is mainly
localized on the O and N. The appearance of TFSA anion is
approximated to be the cylindrical form with an approximate
diameter of 6.6 A and an approximate length of 10.4 A (Fig. S7b).
The thickness of the first anion layer was 6.91 A and agrees with the
diameter of the TFSA anion, indicating that in the first TFSA anion
layer, TFSA anions are also horizontally oriented to the surface. In
the transoid form, the CF; group does not sterically hinder the
Coulomb interaction between the SO, group and the imidazolium
ring. Whereas the thickness of the second anion layer was 9.55 A.
This thickness indicates that the orientation of TFSA anion is about
20° to the surface according to a geometric calculation. It suggests
that the second TFSA anion layer has the structure between the
layered structure and the bulk structure since the screening length is
short owing to the small surface charge.

Summary

In summary, the structure of the [BMIM]TFSA/Si(100) electrode
interface at a negative potential was studied using NR. To elucidate
the EDL structure with the orientation of adsorbed molecules
precisely, we synthesized partially deuterated [BMIM]TFSA. In the
[BMIM] " molecule, the butyl group had a close SLD value to a
TFSA anion. Our NR measurements uncovered that the [BMIM]
TFSA molecules form a layered structure on the n-Si(100) surface
and the molecules in the first three layers are horizontally oriented to
increase the interaction between the cation and anion molecules. Our
results show that not only the structure of the layer adsorbed on the
surface but also that far from the surface can be analyzed using the
NR technique. Further, they also indicate that the NR technique
using ILs with precisely controlled deuteration is an effective
analysis method for the structural study of the EDL formed at the
IL/electrode interface.
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