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3. INTRODUCTION

In the past decades, the primary interest in interface electrochemistry of ionic
liquids (ILs) is due to their unique structure and properties. It includes the ad-
sorption of cations and anions, diffusion of ionic species, kinetics of the electro-
chemical processes, and electrical double layer (EDL) formation at electrode | IL
interfaces, which are the essential subject of electrochemistry in energy storage
technologies [1-4]. Variations in the crystallographic structure of the electrode
surface, the composition of IL, and the mixtures with IL salts or organic sol-
vents can make considerable differences in the interface structure, observed by
the potential dependence of capacitive and resistive behaviour. The electro-
chemical interface behaviour strongly affects the choice of ILs as electrolytes
for the electrochemical power sources.

In this work, the potential dependence of the capacitive and resistive processes
at different single crystal bismuth electrodes has been studied in various ILs by
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and in-
situ scanning tunneling microscopy (STM) methods. The specifically adsorbed
anions of ILs and IL salts are the leading cause of the anomalous capacitance
maxima in the capacitance vs. potential curves (C, E curves), such as the
specific adsorption of Br~, I, and methanesulfonate (MeSO;") anions observed
at Bi(111) electrode. In addition, the arrangements of anions from ILs at Bi(111)
and Bi(011) planes can be depicted clearly from in-situ STM images, which
depends on the electrode potentials applied. Interestingly, in the presence of small
amounts of water, significant capacitance peaks in the C, E curves are observed in
IL 1-ethyl-3-methylimidazolium trifluromethanesulfonate (EMImOTY) at Bi(hk/)
electrodes due to the specific adsorption of OTf" ions interacted with water
molecules. However, there is no capacitance peak in C, E curve for the dried
EMImOTT system. Furthermore, because of the effect of water additive, higher
capacitance values are obtained at Bi(hk/) | EMImOTT interfaces within the
electrode potential region.

Due to the specific adsorption of halide ions from ILs, it is an interesting
entry point to increase the capacitance performance of the related electro-
chemical devices, such as supercapacitors (SCs). Therefore, halide ion and
alkali ion salts are adopted in SCs to improve the capacitance performance. The
methodology is achieved by the up to 5wt% halide (EMImCIHEMImBr+
EMImI) and alkali IL mixtures (LiTFSI+NaTFSI+KTFSI) in 1-ethyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide (EMImTFSI) soaked into the
micro-mesoporous carbon electrodes (halide IL mixture for positive electrode,
alkali IL mixture for negative electrode, respectively). Compared with SCs
treated with the neat EMImTFSI, the SCs treated with the halide IL mixtures
show a remarkable improvement in capacitance performance. However, the SCs
treated with the alkali IL mixtures do not show the enhancement of capacitance.
Interestingly, the SC treated with the halide (for positive electrode) and alkali
(for negative electrode) IL mixtures shows relatively large and highly consistent
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capacitance values compared to other SC systems studied. The main reason for
improving the capacitance performance is the specific adsorption and redox
activity characteristics of both I~ and Br™ ions.

This work aims to provide a fundamental understanding of the electro-
chemical behaviour of electrode | IL interface from the CVs and C, E curves [I-
II]. Another aim of this work is to take advantage of the specifically adsorbed
halide ions, which contribute to the capacitance performance of SCs [III-IV]. It
demonstrates that a better understanding of the electrochemical interface could
give practical guidance for developing novel energy storage devices in the
future.
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4. LITERATURE OVERVIEW

4.1. lonic liquids

The ionic liquids (ILs) are liquid salts solely composed of cations and anions
below 100 °C, literally defined as room temperature ionic liquids (RTILs) [5-8].
The major attraction for ILs is the extensive possibilities in combinations of
cations and anions. That is, the cations and anions can be combined independently
in order to optimize the desirable IL types. Most used cations include alkylpyridi-
nium, alkylimidazolium, alkylphosphonium, and alkylammonium cations. The
anions are usually BF,~, PF4~, CF3S0;™, (CF3S0,),N-, and so forth. According to
large numbers of discovered analogous compounds, it is possible to compose 10°
types of ILs by using different combinations of cations and anions (examples
shown in Figure 1) [2]. From the early generation of haloaluminate based ILs to
the current non-haloaluminate based ILs, the price of ILs for commercial use
has become more and more reasonable and affordable.

cations anions - -
Froghation «Imidazoliums .Halide o e,

GoodlonicCoRductvty Y | iiume - < Borate OO e,
B *sAmmoniums «Imide Chw
R acoey - Phosphoniums - Methide SPACO I SOHMEROEY
et »Pyrrolidiniums . Sulfate Se.lnnlng e
Wik Sepesi age =Pyrazoliums .Carbonate mncro_mw i
e +Guanidiniums .Cyanate AR R amcascopy

Figure 1. Scheme demonstrating typical ILs, including the properties and electro-
chemical applications for ILs, and the methods applied to investigate IL electro-
chemistry [2].
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Although the first IL was reported in 1914, half century later, only a few works
on ILs were undertaken [9,10]. Nowadays, ILs have gained popularity in the
chemistry community due to their excellent physicochemical properties, such as
negligible vapor pressure, high electrochemical and thermal stability, and good
ionic conductivity [11]. IL applications in green chemistry have drawn much
research attention to creating a cleaner and more sustainable chemistry world.
One popular application is the electrochemical devices in energy storage and
conversion, such as battery technologies, fuel cells, and SCs [3,4,7]. Among
these typical applications in electrochemical energy storage devices, ILs are
mainly used as electrolyte components. Compared to traditional organic solvent
based and aqueous electrolytes, ILs have a unique advantage in the non-
flammability and high electrochemical stability to improve electrolyte safety
and stability. All these advantages provide more possibilities for IL applica-
tions. However, the commercial applications of IL electrolytes are still in their
development stage. One possible reason is the prohibitive expense of ILs,
especially in comparison with the conventional organic solvent based electro-
lytes [8]. Despite the recent remarkable progress in the development of ILs, the
explorations of more economical and more applicable ILs are still important.
Another obstacle is the high viscosity of ILs, which results in relatively low rate
capacity, especially for batteries at low temperatures. Thus, the mixtures of ILs
and organic solvents have become a popular strategy to decrease the viscosity of
electrolytes [12,13].

4.2. Electrochemistry of electrode |ionic liquid interfaces

The fundamental interface electrochemistry of ILs helps to choose a task-
specific IL electrolyte because many electrochemical processes involve the ad-
sorption, charge transfer, and diffusion processes of cations and anions, which
occur at the interface between electrode and electrolyte. The electrochemical
behaviour at the electrode | IL interface has been studied extensively by various
techniques, including both computer simulation [14-24] and experimental
techniques, for instance, electrochemical impedance spectroscopy (EIS) [25—
35], sum frequency generation spectroscopy (SFG) [36,37], atomic force micro-
scopy (AFM) [38—41], and scanning tunneling microscopy (STM) [42-51]. The
electrical double layer (EDL) structure is often discussed to understand the
electrochemical processes at an electrode | IL interface. The early EDL model
describes that EDL behaves like a plane dielectric capacitor, proposed by
Helmholtz in 1853 [52]. The Helmholtz model assumes that the counterions
stay at the corresponding plate of a capacitor. However, this assumption ignores
the space charge of ions behind the layer. Thus, the Helmholtz model cannot
explain the minimum value of the differential capacitance curve for diluted
solutions. In the early 20™ century, Gouy and Chapman proposed the EDL
diffusion layer (so-called Gouy-Chapman model) by considering that the co-
unterions in solution form the diffusion layer under the electrostatic force and
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thermal motion [53,54]. However, this model assumes the ions as point charges
without considering the size of ions, thus neglecting the existence of the com-
pact layer. In 1924, Stern proposed the Gouy-Chapman-Stern model (also
known as the GCS model), composed of the Helmholtz compact layer and the
Gouy-Chapman diffuse layer [55]. Since the 1940s, many extensions of the GCS
model have been given (i.e., the Graham model [56] and Bockris-Devanathan-
Miiller model [57]).

In an analogy with the classical EDL theory in diluted aqueous solutions and
high-temperature molten salts, the EDL structure in ILs should be completely
different due to the dual solute-and-solvent properties of ILs. Therefore, there
are emerging rediscoveries and modifications in the EDL models of electro-
de | IL interfaces. The theoretical equation for EDL in IL established by Kor-
nyshev [14] predicted the shape of the differential capacitance curves and the
position of the potential of zero charge (pzc) by ignoring the short-range forces
between ions and the change of ion volume under polarization. Later, Oldham
[58] and Lauw et al. [19] proposed the derivations of the GCS model and
concluded the pzc in ILs from the maximum or local minimum capacitance of
differential capacitance curves. Afterward, extensive theoretical and modeling
studies have been reported [23,24,59-61]. In experimental research, starting
from the 21% century, many feature articles on the EDL conceptions and capa-
citance values at electrode | IL interfaces were published and reviewed [26,47,
62—64]. The Ohsaka group [27,31] systematically studied the interfacial struc-
ture at different temperatures by changing the length of alky groups of ILs and
electrode types, which primarily described the arrangement of adsorbed cations
and anions within EDL obtained from differential capacitance curves. Mao
group [48] proposed the diagram-like interface model according to the arrange-
ments of ions at Au(100) | IL interface investigated by STM result.

There is no doubt that the capacitances determined by the EDL characte-
ristics are directly related to the energy storage characteristics of electro-
chemical devices. More and more data on EDL capacitance in different ILs
have been published over the last 20 years, suggesting a significant research
prospect. There are several factors that can influence the EDL capacitance in
ILs, such as the ion size [19,25,26,61,65-67], electrode material [31,35,65,68],
temperature [26—28,64], electrode polarization [26,45], and the interactions both
between different ions and between ions and the electrode [61,69,70]. The
experimental studies on EDL capacitances have shown the complexity of the
electrode | IL interface. For instance, the shapes of differential capacitance
curves of the same IL at different electrodes are different. The polarization
region of the electrode also affects the ionic structure formed at the interface.
The ion arrangements strongly depend on electrode potentials applied, especial-
ly at the higher potentials [38]. The specific adsorption of ions causes an in-
crease of EDL capacitance at the typical polarization regime of the electrode.
Besides, the capacitances calculated by various methods are somewhat diffe-
rent, suggesting that the available database for EDL capacitance in ILs needs to
be further explored.
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4.3. Energy storage characteristics in supercapacitors

Capacitance performance is vital for electrochemical devices due to the energy
stored within the EDL. Electrochemical capacitors, so-called supercapacitors
(SCs), consist of two electrodes, separated by a separator and filled with an
electrolyte containing mobile ionic species [71]. Compared with batteries, SC is
a short-term energy storage device and delivers high power by one or two
mechanisms involving the ions stored/released in EDL and surface faradaic
processes [72,73]. One of the strategies for obtaining better performance of SC
is to increase the capacity mainly in achieving the maximum of the EDL
charging. Therefore, the porosity of carbon electrode materials was optimized
[74—78]. Various ILs were tested [79—85]. The pseudocapacitance was obtained
using redox active electrolytes [86—89] and pseudocapacitive electrode mate-
rials [90-92]. Recently, many efforts have focused on the correlations between
the specific surface area and capacitance [74,93,94]. The nanoporous carbide-
derived carbon (CDC) electrode materials were optimized to best fit selectively
adsorbed ions [74,75,95,96]. Considering the limitation of operating voltages
for SCs with conventional solvent-based electrolytes, IL-based electrolytes are
promising to allow the realization of high voltage SCs. Some examples are
given in Table 1.

Table 1. ILs used as electrolytes for SCs [84].

Ionic liquid  Conductivity  Viscosity ESW [V] Comments
[mS/cm] [m Pa s]
PYR,TFSI 22 @25°C 85 @25°C 55@ Cycling @ 60°C
6.0 @ 60°C 60°C Voltage: 3-4.0V
25,000 cycles
PYR; 01y TFSI 3.8@RT 58 @ 20°C 5.0 @ Cycling @ 60°C
8.4 @ 60°C 15 @ 60°C 60°C Voltage: 3-3.8V
25,000 cycles
PYR;TFSI 14 @25°C 63 @25°C 53 @RT Cycling @ 60°C
4.1 @ 25°C Voltage: 3.5V
10% capacitance loss
after 800 cycles
PYR,FAP 22 @ 60°C 292 @RT 5.6 @ Only CVs @ 60°C
60°C
PYR,,OTf 2.0 @RT n.a. 6.0 @ Cycling @ 60°C
5.5 @ 60°C 60°C Voltage: 3.5-3.9V
35% capacitance loss
after 20,000 cycles
EMImBF, 14 @25°C 37 @ 25°C 4.0 @ Float voltage 15 days
25°C @ 3.0V
EMImTFSI 83 @25°C 28 @ 25°C 4.1 @ Float voltage 2 days
25°C @ 3.0V
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Ionic liquid Conductivity ~ Viscosity ESW [V] Comments

[mS/cm] [m Pa s]

EMImFSI 15.5 @ 25°C 17.9@ 45 @ Self-discharge rate

25°C 25°C capacity, 10,000

cycles
BMImBF, 35@25°C 18 @ 25°C 325@ CVs, 100cycles
25°C
DEMEBF, 4.8 @ RT 12 @ RT 6.0 @ RT 500 cycles rate
capability

The redox active electrolytes, by adding halide ions [97-100], redox metal ion
compounds [87,101,102], and redox molecules [95,103,104], have been
deployed to take advantage of the pseudocapacitance effect. A feature example
is that an IL mixture of EMImBF, and EMImI as an electrolyte can improve the
capacitance performance of SCs due to the specific adsorption of iodide ions
[98]. However, these redox active components may decrease the maximum cell
voltage and accelerate cell degradation of a SC device. This issue can be attri-
buted to the carbon pore blockage with iodide complexes, initiating a significant
variation in concentration gradients of electrolytes. The compromise between
taking advantage of redox active species and avoiding the pore blockage can be
achieved by the proper ratio of different halide ions (I-, Br~, CI") to form
interhalide compounds [105,106]. Such considerations can provide a possibility
for enhancing capacitance without the blockage of pores.

4.4. Electrochemical characterization techniques

4.4.1. Cyclic voltammetry

The cyclic voltammetry (CV) method is used extensively in the electroche-
mistry community. The working electrode potential (E) is repeatedly scanned
from the initial potential to a terminated potential at a specific scan rate and then
swept back to the initial potential. The current (/) response to the potential is
recorded as an /, E curve, also known as a cyclic voltammogram. CV can give
quantitative information on the surface processes.

The characteristic peaks of CVs within the applied potential range show the
charge transfer processes at the electrode surface, mainly corresponding to the
reduction or oxidation of electrochemically active species. For the reversible
electrochemical systems, the peak current, /,, is simplified by the Randles-
Sevcik equation at 298.15 K:

I, = (2.69 X 105)n*/2AcD/?v1/2, (1)

where 7 is the number of electrons transferred, 4 is the electrode area (cm?), ¢ is
the analyte concentration (mol/cm’), D is the diffusion coefficient (cm?/s), and v
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is the scan rate (V/s) [107,108]. Accordingly, the peak current is directly pro-
portional to the concentration. For the mass-transfer controlled processes, the
peak current is proportional to the square root of the scan rate.

In addition, there are two parameters derived from CVs: the peak current
ratio, 1, ./I,. (ratio of anodic peak current to cathodic peak current), and the
peak potential difference, 4E, (potential difference between the anodic peak and
the cathodic peak). For a fully reversible redox couple, 1, /1, . (= 1) strongly de-
pends on the chemical reactions coupled with the redox processes. For a rever-
sible couple, the correlation between the 4E, and # is given by equation (2):

0.059
AE, = Epq — Epe ==V )

For example, a 4E, for a fast one-electron process (n = 1) is about 59 mV
[107,108].

The peak current is controlled by both the charge transfer and mass transfer
processes for irreversible and quasi-reversible systems. The 4E), value for a one-
electron process is not equal to 59 mV. In addition, the individual peaks are
reduced in size and widely separated for an irreversible process.

There are no current peaks in the /7, £ curve for an ideally capacitive system.
Therefore, for a symmetrical SC device, the gravimetric capacitance C, for one
electrode can be calculated from the CV data according to the following
equation:

21

Cy =2, ®)
where [ is the electrode current, v is the potential scan rate, and m is the mass of
one electrode.

4.4.2. Constant current technique

The constant current technique is conducted by the current signal as the inde-
pendent variable to obtain the dependent variable (potential signal) as a function
of time. In principle, the instrumentation for the constant current measurement
is much simpler than that for constant potential measurement because there is
no requirement for feedback from the reference electrode to control the device
[107]. Thus, the constant current charge/discharge (CCCD) method is exten-
sively applied in the SCs and battery technologies to describe the performance
behaviour, i.e., the energy density and energy efficiency of a device.

For an electrical double layer capacitor (EDLC), the discharge capacitance,
Clischarge> €an be calculated from the discharge curve (cell potential (U) vs. time
(7) dependence) according to the following equation:

dt
Cdischarge = I@ . “4)
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To combine with the equation (3), for a symmetrical EDLC device, the dis-
charge capacitance of one electrode can be expressed as

2I1dt
Cdischarge = aom’ ®))

where, m is the mass of one electrode.

Additionally, the ratio of released energy to stored energy is to evaluate the
efficiency of a device, expressed as energy efficiency (1.). The energy effi-
ciency can also be calculated from the CCCD curves by the integrating area
ratio of the discharge curve to charge curve [109]:

n _ fU(t)dtdischarge
ef fU(t)dtcharge ’

(6)

4.4.3. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an effective technique for
probing the electrode processes occurring at the electrode | electrolyte interface.
The EIS method has become valuable for electrochemically characterizing the
power source cells and materials in recent years. The EIS measurements are
carried out at different ac frequencies and analyse the response (current or
voltage) by applying a small-amplitude perturbation signal (sinusoidal voltage
or current) to the electrochemical cell. Then the system response to electrical
perturbation (current or potential) is transformed into a new function of im-
pedance (Z) by mathematical calculation. In general, the analysis of the system
response gives information about electrode processes and complex interfaces.

Under the EIS measurement, a sinusoidal voltage perturbation is applied to
the electrochemical system:

E(t) = E,sinwt, (7

where E(?) is the potential at time ¢, E, is the potential amplitude, w is the
angular frequency (rad s™') with relation to frequency f (Hz): w = 2mf. The
current response /(?) to the voltage perturbation at the same frequency is given
by

I(t) = Ilysinwt + ¢, ()
where /() is the current at time ¢, /, is the current amplitude, and ¢ is the phase

shifted between voltage and current sinusoidal wave. According to Ohm’s law,
the impedance (complex resistance), Z, is expressed by

_E©
=75 9)
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Obviously, the impedance is a vector quantity. Impedance can be simply ex-
pressed by using the complex notation:

Z =Zy(cosp +ising)=2"+iZ", (10)

where the impedance Z, has the unit of resistance with a magnitude Z, = E, /I,
Z' is the real part of impedance, Z" is the imaginary part of the impedance, and
i =~+=1[107,110,111].

The ultimate purpose of EIS measurement is to determine the contribution of
the double layer, electron transfer, mass transfer processes to an electrochemical
system. The EIS technique is a transient record based on the voltage or current
response, which describes the electrode processes in electrochemical systems.
The resulting impedance spectrum, known as the Nyquist plot, contains exten-
sive information about the electrified interface and electron transfer process.
Based on a circuit concept in electrical engineering practice, an electrochemical
system is generally described by resistive, charge transfer, diffusion, and capa-
citive behaviour. In the case of a combination of resistance and capacitance, the
real part Z' and imaginary part Z” of an impedance complex plane show the
resistive and capacitive characteristics of an electrochemical system, respec-
tively. Therefore, an equivalent circuit (EC) containing simple physical ele-
ments has been applied to calculate the impedance data.

As an EC element, a pure resistor is fully resistive with Z; = R and ¢ = 0 at
any frequencies. Additionally, a pure capacitor can behave fully capacitive

(@ = —90°), and corresponding frequency-dependent capacitance C can be
1 1

calculated from Z;, = — = —.
wC 2nfC

In general, an EC consisting of both resistor and capacitor elements can
describe the processes that take place at electrochemical interfaces. However,
the EC model has many extensions for analysing the interface characteristics
between electrolyte and electrode. For example, the constant phase element
(CPE) describes the EDL capacitance to eliminate the experimentally observed
capacitance dispersion effect [26,28,31,62]. Besides, the most suitable EC
scheme should fit well with the experimental impedance data and have a valid
physical meaning for interfacial processes.

4.4.4. In-situ scanning tunneling microscopy

Over the last two decades, the scanning tunneling microscopy (STM) technique
has been widely used to analyse surface structure at the atomic resolution level,
commonly for well-defined and atomically smooth surfaces. Among the probe
microscopes family, the STM was early developed by Gerd Binnig and Hein-
rich Rohrer in 1981 [112]. The critical principle of STM is that the tunneling
current (J7) flows through a narrow potential barrier between the conducting
sample surface and a sharp metal tip when the tip approaches close to the sur-
face, i.e., less than a few nanometres. Electron tunneling occurs under the over-
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lap of wave functions between the tip and sample surface atoms. According to
the quantum mechanics theory and extensions applied, Jr can be expressed
approximately by a simple formula [113]:

Jr = Jo(V)e RVZmel Az (11)

As the equation shows, the tunneling current depends exponentially on the tip-
sample distance, 4z. The exponential dependence of tunneling current on the
distance between the tip and surface atoms provides the sensitivity of measured
current, which allows obtaining high spatial resolution of surface structure
[114,115]. In addition, other factors also influence the tunneling current, the
value J,(V), which is assumed to be independent of the tip-sample distance, the
average electron emission work function Y*, electron mass m,., and Planck
constant h (6.62607015 x 10734] - Hz™1).

Generally, there are two measurement modes to obtain the STM image. One
is the constant current mode. The tip scans over the surface at a constant current
by continuously tuning the vertical position of the tip under a feedback mecha-
nism. Another is the constant height mode. The tip moves above the surface at a
constant distance of several angstroms to record the changes in tunneling
current. It is more effective to investigate an atomically smooth surface in this
mode. This mode allows investigating the real-time changes occurring on a sur-
face by applying very high scan rates and a quick record of STM images [115].

An extension, electrochemical STM (ECSTM), also known as in-situ STM
(to observe the real-time changes occurring on the surface), combines basic
STM and classical electrochemical methods. The in-situ STM measurement can
give valuable information on the structure of electrode | electrolyte interface, the
dynamic of the surface process, and the formation of an electrochemical new
phase at a nanoscale. Although the fundamentals of in-situ STM are the same as
conventional STM, additional notes for in-situ STM are the three-electrode
electrochemical cell where the sample substrate is used as a working electrode
and the development of suitable probes to image the surface morphology under
potential control. In the bipotentiostat approach, both tip and sample electrode
potential are independently controlled by referring to a reference electrode in
liquid environments. A corresponding bipotentiostat configuration is given in
Figure 2 [115]. In this configuration, the potentiostats control the potentials of
the tip and working electrode substrate separately with regard to the reference
electrode.
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Figure 2. /n-situ STM configuration, bipotentiostat approach to control the potentials of
both tip and sample electrode [115].

In principle, for ECSTM, the current flowing through the tip includes three
components: (1) STM tunneling current, (2) capacitive current by the charge-
discharge process within the EDL regime at the tip | electrolyte interface, and
(3) faradaic current caused by the electrochemical reaction at the tip surface (if
there is a faradaic reaction) [115]. The STM measurement can be interfered by
the latter two currents, (2) and (3), even worse if these two types of currents are
higher than the STM tunneling current itself. In this case, these two electro-
chemical contributions should be suppressed to make the STM measurement
available under the tip current being considerably more prominent than the
electrochemical currents. Except for individually minimizing the electro-
chemical currents, another practical approach is the tip coated by an electric
insulator to reduce the faradaic and capacitive currents. The coating materials
for tip insulation should be chemically stable in an electrolyte solution. Com-
monly used coating materials are Apiezon'" wax, organic polymers, and glass
[116]. In addition, the STM tips are commonly prepared by the electrochemi-
cally etched tungsten wire, meanwhile keeping the tip apex uncoated.

As mentioned above, the current flowing through the tip can be very sensitive
to different stages so that in-situ STM measurements are not that easily exercis-
able. The in-situ STM result for an electrochemical interface is also related to
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the sample preparations, including the atomically flat substrate, highly clean
substrate, a well conductive substrate, and a considerably stable surface [117,
118]. Many surface treatment methods have been applied to prepare electrodes
for STM measurements, such as the electrochemical polishing [119,120] and
mechanical cleaving [45] procedures used for Bi electrodes. These stringent
requirements of the in-situ STM technique are essential in providing detailed
surface structure information at an atomic level in electrochemical interface
studies. On the other hand, surface studies by in-situ STM have witnessed signi-
ficant success in obtaining STM images of atomic scale under electrochemical
processes. One example is the potential-dependent surface structure at the
electrode | electrolyte interface [121-124].
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5. EXPERIMENTAL

5.1. Three-electrode electrochemical cell

5.1.1. Electrode preparation and cell setup

Ionic liquids, 1-ethyl-3-methylimidazolium trifluromethanesulfonate (EMImOTHT,
99.5%, Solvionic), 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide (EMImTFSI, 99.5%, Solvionic), 1-ethyl-3-methylimidazolium tetrafluoro-
borate (EMImBF,, 99%, Solvionic), 1-ethyl-3-methylimidazolium methane-
sulfonate (EMImMeSO;, 99.5%, Solvionic), 1-ethyl-3-methylimidazolium
bromide (EMImBr, 99.9%, lo-Li-Tec), and 1-propyl-3-methylimidazolium
iodide (PMIml, 99.9%, Merck), were applied as electrolytes in three-electrode
electrochemical cell systems (the components of ILs are shown in table 2). The
drying procedure for ILs was carried out in an ultrahigh vacuum at 70 °C for 72
hours. The water content of neat EMImOTT is less than 20 ppm provided by the
Karl-Fisher analysis report. A uniform diluted solution of 0.1 wt% H,O in
EMImOTT was prepared [125]. The working electrodes, Bi(111), Bi(011), and
Bi(001), were first mechanically polished with sandpaper and then electro-
chemically polished in KI and HCI aqueous solution. The counter electrode (Pt
net) and reference electrode (Pt wire) were prepared with flame annealing and
ultrapure water rinsing. The reference electrode was immersed in a Luggin
capillary filled with test IL to separate it from the working electrode. The
reference electrode potential was calibrated in EMImBF, containing a moderate
amount of ferrocene (Fc, 98%, Sigma-Aldrich). The calibration procedure was
conducted in a three-electrode electrochemical cell. The Pt wire was used as a
working electrode, Pt net as a counter electrode, and Pt wire in a Luggin
capillary filled with EMImBEF, as a reference electrode [70]. The prepared ILs
and IL mixtures, bismuth single crystal electrodes, Pt net, and Pt wire were
assembled into a three-electrode electrochemical cell inside an Ar-filled glove-
box (H,O <1 ppm, O, <1 ppm).

Table 2. The anions and cations of ILs studied in this work.

Cations Anions
=\ “+ 9 Br- —
N _N. K F4C-S-0" I
AN e o -
Na* CI" BF,
A Q@ 9 Q
/\/N‘\?rj_\ F3C_§_N__§_CF3 H3C_S_O-
O O o)
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5.1.2. Electrochemical characterizations

The assembled three-electrode cell systems were investigated and characterized
by CV, EIS (Autolab PGSTAT 320 with FRA II), and in-situ STM (Agilent
Technologies 5500 and Molecular Imaging MS300) techniques. The CV mea-
surement was done at the potential scan rate of 1-100 mV/s. The EIS measure-
ment was conducted at the frequency range from 10* to 10™' Hz with 15 mV
perturbation amplitude. The tungsten wire (diameter 0.25 mm, purity 99.9%,
Jiilich, Mateck) as the STM tip was electrochemically etched in a KOH (Sigma-
Aldrich, puriss) aqueous solution. The STM data were analysed by Gwyddion
software [126].

5.2. Supercapacitor cell

5.2.1. Electrode preparation and cell setup

The carbon electrode material with the micro-mesoporous structure was pre-
pared from SiC-CDC material synthesized from SiC powder by gas-phase
chlorination at 1100 °C and followed by CO, activation at 950 °C [82,127].
Then the SiC-CDC powders were mixed with Swt% of binder (polytetrafluoro-
ethylene, PTFE, 60% dispersion in H,O, Sigma-Aldrich), laminated, and roll-
pressed several times (Nippon Kodoshi) to prepare the carbon sheet with the
thickness of 100 + Spum. After drying under vacuum, a pure Al layer was depo-
sited on one side of the carbon sheet and then cut into a round carbon electrode
with the geometric surface area of 2 cm’® and the average mass of 17 + 3 mg
[128].

The mixtures for treating the positive electrode were prepared by mixing
EMImMTFSI with up to 5 wt% of halide salt mixtures by a certain mole ratio,
EMImCI (98%, Merck KGaA) : EMImBr (99%, IoLiTec) : EMImI (99%,
Merck KGaA) = 1:4:2. The mixtures for treating the negative electrode were
prepared by mixing EMImTFSI with up to Swt% of alkali salt mixtures by a
cert