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2. List of acronyms and notations

ab initio  —a Latin term meaning “from first principles”

ac —alternating current

cv —cyclic voltammetry

DFT —density functional theory

EDL —electrical double-layer

EIS —electrochemical impedance spectroscopy

et al. —a Latin term meaning “and others”

in situ —a Latin term meaning in the context this work
“localised at the interface”

MC —Monte-Carlo (simulation)

MD —molecular dynamic (simulation)

MSA —mean spherical approximation

PZC - potential of zero-charge

RTIL —room-temperature ionic liquid

) —phase shift

Ra —electrolyte resistance

Ca —electrical double-layer capacitance

Cu —adsorption capacitance

R —charge transfer resistance

Zw —Warburg diffusion impedance

EMIm* —1-ethyl-3-methylimidazolium cation

BMIm* —1-butyl-3-methylimidazolium cation

HMIm" —1-hexyl-3-methylimidazolium cation

Py, —1-butyl-4-methylpyrrolidinium cation

BF,~ —tetrafluoroborate anion

FAP~ —tris(pentafluoroethyl)trifluorophosphate anion

PF¢~ —hexafluorophosphate anion

TN~ —bis(trifluoromethylsulfonyl)imide anion



3. Introduction

Recently investigations of Room Temperature Ionic Liquids (RTILS) have
become one of the popular trends in modern chemical research [1]. Due to
their high stability under applied potential and their decisive role in electro-
chemical processes the RTILs at electrode interface attract considerable atten-
tion [2—4]. A detailed understanding of the S$tructure, thermodynamics and
kinetics of rTiLs at the electrode surfaces is crucial for designing modern
electrochemical devices, such as supercapacitors [5,6], actuators [7], batteries
[8,9], solar cells [10], etc. Studies of RTIL based supercapacitors [11,12] and
actuators [13,14] are performed at the University of Tartu. In our experimental
research we aimed to provide new fundamental insights to the existing know-
ledge of the temperature dependences as well as to make new observations on
adsorption kinetics at the Cd(0001) | EMImBF, and Bi(111) | EMImBF, inter-
faces [15,16]. We also initiated a series of systematic quantum chemical
studies at the Density Functional Theory (DFT) level [17—19], which eventually
led us to abetter understanding of our previous experimental studies on
iodide ion adsorption at Cd(0001) and Bi(111) electrodes from various aqueous
solutions [20]. In this thesis we provide a comparative overview of the results
for different systems, by presenting the most important conclusions as one
logical conception of a structure—property correlation.
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4. Theoretical study of the electrical double layer
at metal | aqueous solution interface

So-called electrical double layer (EDpL) at an electrical interface between
an electrode and an electrolyte is the “heart” of electrochemistry. The para-
digm of the EDL, established in the 20™ century, has recently been dramatically
changed in the light of new knowledge about the electrode | rRTIL interface
structure [21]. So far the EDL in various electrolyte solutions (besides RTILS)
has been most extensively investigated at liquid mercury and gallium elec-
trodes and solid bismuth, platinum and gold single crystal electrodes [22—25].
Even so, for metal | aqueous solution interface there are a number of unans-
wered questions and unexplained phenomena [26—28]. One of the unclear
dependencies is the EDL compact layer capacitance dependence on the elec-
tronic and crystallographic properties of different metals.

For the last twenty years the adsorption processes and $tructure of the EDL
at single crystal Bi(hkl) | electrolyte solution interfaces have been experi-
mentally studied in order to examine contemporary, non-primitive, but still
phenomenological theories and models of the EpL [29-35]. Lust et al. have
noted that these theories are oversimplified and have pointed out the necessity
of further developing of the theoretical models [33,35]. Recently Emets and
Damaskin have summarised their long-term scrupulous experimental studies
of the EpL at bismuth—gallium amalgam electrode in aqueous solutions and
enlightened some problems concerning interfacial $tructure and quantitative
properties [25,36,37]. In due course we started theoretical investigation of the
molecular $tructure and dynamics at the bismuth | aqueous solution interface
in order to estimate its microscopic properties. For this purpose, a water
molecule and a Bi(111) surface, as research objects, and density functional
theory (DFT) methods were chosen with a sensible goal to develop a better
understanding about the interaction of the H,O molecule(s) with the bismuth
electrode surface and proceed further to more complicated systems [15,18,19].

As the most abundant solvent in nature and technology, water is involved
in various physical and chemical processes related to corrosion, catalysis, elec-
trochemical deposition, etc.; moreover it also plays a major role in various
industrial processes, for example, in hydrogen production [38]. In our research
we have studied and analysed such common properties of metal-H,0 system
as adsorption sites, H,O internal geometry, H,O relative orientation and H,O
molecule adsorption energy. Afterwards, we focused on analysis of the nature
of the bismuth—H,0 bond; investigated effects of solvation and electric field;
applied a dipole lattice model in order to describe the first interfacial layer
of water at the metal surface; and described H,O clusters in contact with
the Bi(111) face. The methods have been further extended for Ga(111), Bi(100),
Bi(110), Hg(111) surfaces [18,19] in order to provide a wider comparison.
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4.1 Methods and Models

4.1.1 Computational details

The quantum chemical calculations were performed using a B3LYP/LANL2DZ
method, which implies Becke's three-parameter functional [39], Lee—Yang—
Parr correlation functional [40] and Hay—Wadt effective core potentials [41].
The hybrid B3LYP functional was applied as implemented in the Gaussian 03
and 09 program codes [42,43]. Additional polarisation functions were used for
the double-§ basis sets of metal (LaNL2DZ), hydrogen and oxygen (6-31G)
atoms [44,45].
The metal-H,O adsorption energy (AE.q) was calculated as:
AE

ad Ecluster-HZO - Ecluster - EHZO (1 )

where E denotes the total energy of a system, which depends on interfacial
geometry and orientation of the adsorbate, and on applied electric field (F).
The internal geometry of the H,O molecule was defined by O—H distance (r)
and H-O-H angle (o). The orientation of H,O was described by z, and 0,
where z, is the optimised distance calculated from the position of the first
cluster layer to the O-atom, and tilt angle (0) describes the H,O molecule
orientation relative to the surface normal (Fig. 1). The electric field was treated
via finite-field DFT method implemented in the Gaussian program suite
[42,43]. The sign of the field in a direction perpendicular to the surface was
chosen so that a positive sign induces a small negative charge on the H,O
molecule and the model cluster corresponds to a positively charged surface.
We examined the effect of the electric field on three different orientations of
the H,O molecule: parallel to the surface (H-par, 6 = 90°); H-atoms pointed
towards the surface (H-down, 6 = 180°), and O-atom pointed towards the
surface (H-up, 6 = 0°, shown in Fig. 2b). The obtained data were used for
statistical-mechanical modelling of a H,O monolayer according to the dipole
lattice model.

rotation axis

__top

molecular

axis hollow Il

bridge
— hollow II

hollow |

Figure 1. Side and top views on the different adsorption sites at the model cluster used
to describe the H,O molecule adsorption at the Bi(111) surface. The bond angle ()
characterises the internal geometry of the molecule. The rotation angles (6, & and )
characterise the orientation of the molecule relative to the surface normal labelled as
“rotation axis”.
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Figure 2. a) In the dipole lattice model each H,O molecule is represented as a dipole,
while the metal-H,O interaction of the central molecule is described at DFT level.
The empty site near the central molecule represent a defect in the dipole lattice, which
is described by parameter §. The & value of 0.6 corresponds to the ice-like Structure,
in which only two third of favourable sites are occupied.

b) top view on a single H,O molecule adsorbed at the bismuth cluster in the H-up
orientation. c) a part of the ice-like Structure at the Bi(111) surface.

4.1.2 Dipole lattice model

The dipole lattice model, developed by Schmickler [46] and Fawcett [47],
describes the behaviour of solvent molecules at a polarisable interface [48—50].
For a long time an uninvestigated aspect of the model has been the chemical
interaction between a given metal surface and the modelled H,O monolayer.
Only recently the progress in DFT methods has made it possible to account for
metal-H,O interaction in the dipole lattice model [19,51]. By using this model
we assumed that a single H,O molecule in an effective mean-field describes
the metal-H,O interface properties. The effective field (F) was expressed as:
IE<s>
- m > (2)

where I€ is the energy of electrostatic interaction of a given H,O dipole with
the dipoles of all other modelled molecules, <s> is a dimensionless parameter
depending on the effective field F and showing whether H-up or H-down
orientation is predominant, and p is the dipole moment of the H,O molecule.

The electrostatic interaction energy depends on the dipole lattice topology
and the distance between the dipoles (!):

Y (w) 3)

47‘[80 i

I:

The <s> values were calculated numerically in accordance with:

x2HH—up_HH—d0Wn
(= 2 7 7H-u H-par H-down’ (4)
x"H ™" -xH ™ -H
where H'=exp(-AE.,/k,T), x=exp(-nF/k,T), ks is the Boltzmann constant
and T is the absolute temperature. Evaluated parameters were used for further
analysis presented in section 4.3.3. More details are given in Refs. [19,52].

13



4.1.3 H,0 and metal cluster models

In order to test the influence of lateral interactions on the adsorption propert-
ies of H,O, we performed DFT calculations with a cluster consisting of 13 H,O
molecules (Fig. 2). In this model the H,O molecules form the so-called ice-like
$tructure, which is more rigid than the $tructure treated by the dipole lattice
model. The main advantage is that the local hydrogen-bonding is accounted
directly at the DrT level, however, the long-range dipole—dipole interactions
are neglected.

The binding energy of the central molecule with the metal surface was
calculated according to Eq. 1, and an average H-bond energy was estimated as:

A Ey pona= E13H20_E7H20_ EGHZO /15, (5)

where “13 H,0”, “7H,0” and “6H,O” stand for three parts of the 13 H,O cluster
containing thirteen, seven and six H,O molecules, respectively.

We investigated the dependence of the binding and hydrogen-bonding
energies on the O—O distance, relaxing the internal geometry and relative
orientation of the H,O molecules in cluster. The eight optimised parameters
were: O—H distance (r), H-O—H angle (), metal-OH, tilt angle (0 and 9 in
Fig. 1), and metal surface—O distance (z) for two different types of adsorbed
H,O molecule orientations (Figs. 2c and 3).

The calculated values of the binding energy and the H,O-H,O interaction
energy have an accuracy of +4++6 kJ mol™" at B3LYP/DFT level [53]. The range
of +4 kJ mol™ is comparable to the difference in the internal energy of liquid
water and ice [54], and such inaccuracies in theoretical calculations have only
been overcome recently with the help of different pFT functionals by introdu-
cing correction to van der Waals interactions [55,56]. Our tests for the
long-range interactions correction showed that at camM-B3LYP/DFT level [57,58]
it somewhat compensates for the computational correction of basis set super-
position error. Thus, we didn't aim to make more accurate estimations in the
present research bearing in mind that for more precise quantitative agreement
with experiment [35] the zero-point energy and the entropy difference correc-
tions should also be taken into account. On the other hand, the accuracy of
the presented data is sufficient for comparative modelling of the interfacial
H,O layers using the dipole lattice model.

The metal surfaces were modelled by clusters. In a chosen face-centred
cubic packing the nearest Ga atom—atom distance (0.29 nm) refers to a peak
position on the radial distribution function plot for gallium [59]. Similar
distance parameter for Hg equals 0.30 nm [60]. These distances are comparable
to the ones characterising common d- and sd-metals (Fig. 4) [61]. The bismuth
(hkl) surface (in rhombohedral notation) was modelled by clusters for which
the distance and the angle between neighbouring metal atoms (within the
surface layer) is equal to the Bi bulk values (0.307 nm, 95.54°, Fig. 5) [62].

14



Figure 3. Optimised geometry of the 13 H,O cluster at the modelled Bi (left) and Ga
(right) surfaces. Fifteen OH--O hydrogen bonds are marked with dotted lines.

The metal clusters are not shown for clarity.

(100) (110) (210)

Figure 4. Top view of the Me(100), Me(111), Me(110) and Me(210) faces. A water
molecule is shown for comparison. Among most studied sd- and d-metals the metallic
radii vary from the smallest value of 0.125 nm for Ni to the largest value of 0.15 nm
for Au. Metallic radii for Hg and Ga are 0.15 and 0.145 nm, respectively.

<SU» EE aoiina

(100) (110) (111)

Figure 5. At the modelled (100), (110) and (111) faces of a bismuth single crystal
in case of the H,O molecule adsorption the “hollow” site was found to be energetically
as preferable or even more than the top site. For the hollow site the calculated at
B3Lyp/LanL2MB leve adsorption energy values equal to -29, -24, -20 k) mol™ for the
Bi(111), Bi(110) and Bi(100) faces, respectively. For the top site the adsorption energy
values are equal to -14, -25, =18 k) mol™' for the same sequence of planes modelled by
Biss, Bis, and Biss-ss clusters, respectively.

L4

Figure 6. AE..,0-dependence for the 8-
top (e) and hollow (v) sites at the 10
Bi(111) surface. A reorientation barrier 12 m
. . 124 32 | 42kdmol
less than 2ksT is seen for the top site. 4] e
Much higher reorientation energy is = 6]
characteristic for the hollow site as 2 18]
well as, in general, for the favourable 2 201
sites at Bi(111), Ga and Hg surfaces ;]
. W -224
studied [18]. <
- 7.6 kdimol
-26-
284 Y
-30

20 0 20 40 60 80 100 120 140 160 180 200
tilte angle 6 [°]
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4.2 Metal-H,O bonding

4.2.1 Literature overview

The majority of computational investigations have been devoted to the
description of H,O behaviour at Pt(hkl) [63—74], Pd(hkl) [75—80] and Cu(hkl)
[81-91] faces. Smooth (100, 111) [64,68,75,81,86,92—99] and stepwise (111, 210,
etc.) [65,67,82,85,100,101] compact faces have mainly been studied. This much
attention has been devoted to d- and sd-metals due to a persistent need for
cheaper catalysts and higher efficiencies in industrial chemical syntheses. Less
attention has been devoted to catalytically inactive sd- and p-metals [99,102—
104]. We have investigated H,O adsorption characteristics at Bi(111) [19], Ga
and Hg [18] surfaces. The comparison with the previous studies for Ga and Hg
surfaces [51,52,105,106] is given in Ref. [18]. The results of all other studies are
summarised in several reviews (for example, Refs. [38,107,108]) and in a large
number of comparative studies [66,99,109—115]. Main features characterising
the adsorption of H,O at metal surfaces are summarised as:

1. At positive and close to zero surface charge values a single H,O
molecule adsorbs through the oxygen atom to the surface, while
at negative — through the hydrogen atom(s). The preferable position
and orientation depends on the distribution of the electron charge
density near the metal surface. In terms of soft-hard acids and bases
conception a soft H,O molecule can be readily polarised and
accordingly occupies “soft” surface regions. The bond angle and bond
lengths for the adsorbed H,O molecule are only slightly perturbed
from the corresponding values obtained in “vacuum”;

2. 'The adsorption energy of H,O varies in a narrow interval from -10 to
-50 kJ/mol, comparable to the hydrogen-bonding energy (-28 kJ/mol)
calculated at the same level of theory. In terms of frontier molecular
orbital approach, the bonding is formed by the interaction of the metal
orbitals with the 15, molecular orbital of H,O [47,52,56,57]. In more
general terms of electron charge density, the donation and back-dona-
tion resulting in a redistribution of the electron charge density is char-
acteristic for the H,O adsorption at metal electrodes.

4.2.2 H;0 adsorption energy, adsorption site and orientation

On the (111) plane of a bismuth single crystal the “hollow” site was calculated
to be energetically preferable for the H,O adsorption (-31 kJ mol™, z, =
0.23 nm). For the Ga and Hg surfaces the top site was confirmed to be ener-
getically the most favourable adsorption site: AE.(H-up) and z, values are
equal to —25 kJ mol™'; 0.27 nm and -36 kJ mol™'; 0.30 nm, respectively. Thus,
due to specific atomic corrugation, the distance between favourable sites

16



increase in a sequence: Bisurface (0.26 nm) < Ga surface (0.29 nm) < Hg
surface (0.30 nm). However, in contrast with the H,O adsorption on mercury
and bismuth, at the Ga surface the bridge, hollow and ontop sites are almost
equally energetically favourable according to the calculated adsorption energy
values. This can be seen from averaged adsorption energies, given in Table 1.
The reorientation energies (Fig. 6) describe the ability of the H,O molecule
to change its orientations under applied electric field. The energy of H,O reori-
entation at Hg is noticeably higher (17 kJ mol™) compared to those calculated
for the favourable positions at the surfaces of Ga (10 kJ mol™) and Bi(111)
(14 kJ mol™). The dependence of the metal-H.O interaction energy on the tilt
angle (0) at the surfaces of Bi(111) and Hg indicates that the H,O molecule is
bound preferentially through the O-atom in an orientation perpendicular to
the surface plane (H-up) [18]. Herewith, the energy difference for tilting by 60°
is comparable with the thermal fluctuation energy at room temperature (ksT =
2.4 kJ mol™) [18]. For the Ga surface a tilted orientation (60°) is most prefer-
able. Herewith, over a range of +60°, the energy difference for tilting is
comparable to ksT. The calculated adsorption energy dependences on the
surface charge density were used in further analysis using the dipole lattice
model. Looking ahead (in section 4.3.3) we conclude, that lower reorientation
energy significantly influences the capacitive properties of the interface
between metal surface and electrolyte solution.
Table 1. Averaged adsorption energies (k) mol™) of H,O in H-up orientation at optim-
ised z distances, and estimated reorientation energies (AAE,q, in kJ mol™) for different
adsorption sites. AAE.q(H-up/down) = AE,«(H-down) — AE,¢(H-up). Data for Bi electrode
was calculated using the B3Lvp/iani2pz method [19], while for Ga and Hg the

B3LYP/LANL2DZ was employed [18]. The difference in results for two methods is small in
case of bismuth [18].

clusters | site 7o, nm | —AE,y(H-up) | AAE,4(H-up/down)
Bito—24 top 0.35 16

Biss_ss hollow 0.23 27 14

Biio_s hollow Il | 0.22 22

Ga;-n top 0.26 23 10

Gasi_u bridge 0.28 22
Gasi_u hollow 0.30 22
Hg;n top 0.30 34 17
Hgsi34 bridge 0.30 27
Hgs1-34 hollow 0.31 27

4.2.3 Metal-H,O binding

According to one of the generally accepted explanations, the metal-H,0
bonding originates due to a charge donation from the oxygen lone pair to
the unoccupied orbitals of the metal and back donation from the filled orbitals
of the metal to the unoccupied orbital of H,O [116]. For the top site of most
metals the overlap of the lone-pair orbital with metal p- and d-orbitals is
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the largest. Thus, the localised metal-H,0 bond is stronger. For H,O molecules
the adsorption properties of the energetically preferable hollow site at the
Bi(111) surface significantly differ from those at other close-packed metal
surfaces. At close-packed d-metals, a single H,O molecule lies almost parallel
to the surface, but at the Au(210) [101], Hg [18,52] and Bi(111) [18,19] surfaces
it tends to adsorb perpendicular to the surface.

In the framework of the DFT it is mostly justified to address these findings
to the electron charge density distribution of a systems. Two-dimensional
maps of the electron charge density display a clear difference between
the adsorption sites at the Bi(111) and Hg surfaces (Fig. 7). We calculated the
volume integral of electron charge density over a sphere with a diameter of
0.3 nm and at z, height above a given surface site in order to amplify the
difference. The electronic population inside of such a sphere may be consid-
ered as a criterion for the donor—acceptor properties of the surface site. As can
be seen from Table 2, higher electronic population corresponds to the prefera-
ble adsorption sites —hollow for the Bi(111) surface and top for Ga, Hg and In.
As a consequence of the electron charge density inhomogeneity these sites
appear to be softer centres, at which the electron charge density can be easily
removed or added most easily [66].

Table 2. Volume integrals (in relative units) of electronic density over sphere with
a diameter of 0.3 nm at optimised distance z coaxial with a given surface site.

top bridge hollow | hollow Il
Bi 0.3 0.79 1 0.39
Ga 1 0.09 0.16
Hg 1 0.67 0.93
In 1 0.18 0.23

One of the fundamental chemical principles states that either hard—hard or
soft—soft interactions are preferred when two reactants interact with each
other. Thus, a soft H,O molecule prefers distinct regions of “softness” for
binding to the surface. The electron charge density redistribution is elucidated
(Fig. 8) by the charge density difference Ap:

A p zpcluster-Hz O—pHZO_ pcluster’ (6)

where p denotes the total charge density of a system.

The depletion of charge density in the region between a given metal
surface and the H,O molecule adsorbed ontop becomes stronger in the row of
metals: Bi < Ga < Hg < Pt. In agreement, larger changes are observable for
H,O adsorption at the preferable hollow site on the Bi(111) surface, than
at the top site. The absolute value of the adsorption energy increases in the
same order. The general picture of the metal-H,O bonding in terms of charge
redistribution (i.e. polarisation) is simple: the contact region is depleted while
the inner regions of the H,O molecule and metal cluster gain the electron
charge density, resulting in a lower system energy. The depletion is explained
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by Pauli repulsion, which simply means that two overlapping filled orbitals
cannot form new stable orbitals (Pauli exclusion principle). Furthermore,
if an orbital concept is used, the depletion and gain can be divided into
a charge donation from the oxygen lone pair to the unoccupied orbitals of
the metal (that is depletion in the lone pair location) and back donation from
the filled orbitals of the metal (the depletion above the adsorption site) to the
unoccupied orbital of H,O (gain in the H,O molecule inner region, shown
in blue colour in Fig. 8).

)], \“
/ '/b\\\

\\—-— hollow |

hollow |
(0.002)

Figure 7. Contour maps of the electron charge density in the direction of Bi(111)
surface normal (left), perpendicular to the Bi(111) surface normal (centre), and
perpendicular to the Hg surface normal (right). The planes were chosen to cross
the metal nuclei of Bi (left and centre) and Hg (right) surfaces as shown. The density
(in atomic units) increases in value from the outermost 0.001 contour inwards in steps
of 2:10", 4-10", and 8-10" with n starting at -3.

Figure 8. 0.002 a.u. isosurfaces of the electron charge density difference for H,O
at the Bi(111) hollow, Bi(111) top, Ga top, Hg top and Pt top surface sites, respectively
from left to right. Charge depletion is shown in red and charge gain - in blue. A very
strong Ap at the Pt cluster is probably caused by so-called cluster size effect. Only part
of the Biy, Gas and Hgs, and Pty clusters is shown for clarity.

4.3 Electrical double layer

4.3.1 Potential drop in the EDL

Electrified interfaces represent the principal object of electrochemistry.
Various aspects of this area are described in details in reviews and textbooks
[22,26,117]. Let's start from a basic relationship of a possible potential drops
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at the metal/solution interface [23,118]: A} U=Ad-x. +X., where Ad is
the surface potential at the metal—solution interface, x;,. is the potential drop
in the metal surface layer in contact with the solvent molecules, and ; is
the potential drop in the solvent surface layer. The presence of the solvent
molecules changes the distribution of the electrons at the surface, and
the interaction of the solvent molecules with the metal surface can lead to
a small net reorientation of the molecules dipoles. Denoting these changes in
the surface potentials by 3y}, and dx., we have: A} ¥ =3x,,-0x.. It is con-
venient to consider the potential drop at the potential of zero charge (pzc,
E,), and to use mercury electrode as a reference electrode [23,25]:

AVEE = EU+{AVES X3y~ AVESXL o ™
Here and further below the potential drop in the diffuse layer [118] is
neglected. A{¥y is equal to the difference of work functions of the metals.
3 appears due to extending of the electron charge density outside from the
ionic skeleton of the metal (the so-called “electronic tail”) and its interaction
with solvent molecules. The metal surface charge density distribution is analo-
gous to common electrified interfaces representing two oppositely charged
spatial regions with zero overall charge. The absolute potential drop dx;,.
across this regions (influenced by the interfacial layer of water) was estimated
accordingly:

(0x: )q:oz(ehndgmo_gxg;o)/lz’ )

where e, and ey are energies of the highest occupied molecular orbital
(HOMO) for the metal cluster and the adsorption complex, respectively; and
F is the Faraday constant.

A significant 3y, potential drop is created by the formation of a dipole
layer along with the generation of a charged surface—counter-ion bilayer. This
potential drop can be divided into components §y, and dY;, representing the
interfacial dipole layer and the ionic capacitor, respectively. The latter
accounts for the interaction of ions with their image charges in the metal
surface layer. Describing the dy; changes, we assumed that the image plane
position is effectively defined by the metallic electron charge density located
at a half of the metal interlayer distance from the surface plane [48,119].
Potential drop in the surface layer of water molecules was estimated in accor-
dance with:

p<sH
6Xs:ps<|”ll>:_ EO H (9)

where p_ is the surface density of the H,O molecules and <p, > is the averaged
dipole moment normal projection in the H,O monolayer.
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4.3.2 Theoretical model

The analysis for calculation of relative potentials drops was presented
in a recent paper [18]. Below we discuss the dependence of capacitance on
the surface charge density obtained in combination of DFT calculations and the
dipole lattice model.
Under certain assumption, the differential capacitance of the EDL compact
layer (so called Helmholtz capacitance, Cy) is expressed as follows:
1 98xy 90y, @y, dyxy 1 1 1

C_H do do  Odo do ZE___—' (10)

As was mentioned above and shown in Fig. 9 there are three regions of
charge density segregation, i.e. the surface region can be effectively divided
into three capacitors. The metal capacitance ( C;,.) is defined as:

Ci= _a‘: ~-F (34? . (1)
9 e 9€HoMmo

The solvent layer capacitance (C;) is expressed as:

_ €
C- do %o do (12)

The capacitances are given in pC cm™ and defined to have positive values
according to Eq. 10.

The ionic capacitor (G;) refers to the capacity was treated as an idealised
parallel-plate capacitor:

c=2 =" (13)

where ¢, is the permittivity of vacuum, d is the distance from the image plane
to the counter-ions. This distance was approximated as a sum of a weighted
average z., value for H,O near a given surface in H-down, H-par and H-up
orientations and a distance of closest approach of the counter-ion. The popula-
tion of the H,O orientations was taken into account to estimate z.,,. Calculat-
ions using the 13 H,O cluster model and a single hydrated ion indicate that
the distance of closest approach of the ion is approximately 0.5 nm from
the surface plane (Fig. 10). Herewith, the second layer of the H,O molecules
in the 13 H,O bilayer at the Bi(111) face is situated at 0.35 nm above the
surface, while the first layer —at a smaller distance of 0.25 nm (Figs. 3 and 10).
All molecules in the 13 H,O cluster are situated at the same distance (0.35 nm)
above the Ga and Hg surfaces (Fig. 3). Thus we might anticipate that from
geometrical point of view the counter-ion has a possibility to somehow move
closer towards the Bi(111) surface, while it is compelled to locate at a slightly
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larger distance from the Hg and Ga surfaces. The distance values obtained
by Molecular Dynamic simulations [120—123] are systematically lower (from
0.3 to 0.4 nm) than the ones estimated for the 13 H,O cluster model. The agree-
ment between different approximations is seen in an observation that the
counter-ion is situated above the first interfacial water layer.

To sum up, we used Me,—H,O cluster models to estimate the C;Ae values
at DFT level; combined the DFT results with the dipole lattice model in order to
obtain the C, values; and used empirical d values in order to calculate C.
We applied the electric field (section 4.1.1) and derived Cy dependence on
charge density from -4.55 to 4.55 pC/cm* for Ga, Bi(111) and Hg electrodes.
The experimentally obtained compact layer differential capacitance values are
shown in Fig. 11a. Going from negative to positive potentials the capacitance
values increase more rapidly for gallium, than for Bi and Hg [23]. Much higher
capacitance of the EDL at gallium in aqueous solutions [25,124] was previostly
explained, for instance, by the chemisorption of H,O at the Ga electrode [125],
or by the higher electronic charge density at gallium metal [26].

4.3.3 Modelling results and discussions

It is interesting to point out that based on our very first computational results
the increase of the modelled capacitance was reproduced [17]. However,
it appeared to take place at positive surface charge densities, where water
molecules react with the gallium electrode. During more systematic search
among combinations of LANL2DZ, 6-31G™", 6-311G**, aug-cc-pVDZ functionals
for H and O with LANL2DZ, LANL2MB, ECP6OMWB, AUG-CC-PVDZ, 6-31G"* and
6-311G** for metal atoms the more reliable DFT results were obtained.

Yet, the modelling based on more reliable DFT results seemed to somehow
wrongly describe the capacitance behaviour modelled in the range from -4.55
to 4.55 pC/cm’, until the computational results were extrapolated to the condi-
tions of higher absolute values of the surface charge density. The obtained
Cu,0-dependences, shown in Fig. 11b, were plotted using the following values:
0.135 nm (Bi) or 0.15 nm (Ga, Hg) for counter-ion position in addition to the
calculated z.., value. The effective distance of closest approach of counter ions
to the Bi(111) surface (0.42 nm) is lower than could be predicted for the 13 H,O
cluster model, suggesting that the counter-ion might come closer to the
Bi(111) surface and coordinate with (i.e. become hydrated by) the interfacial
layer of the H,O molecules.

The capacitance peaks in Cy,0-dependence lies far above experimentally
measurable surface charge densities, except for mercury (Fig. 11). An impor-
tant feature is striking: a hump at Cy,0-dependence for Ga | solution interfaces
is observed at negative ¢ values. The position of the hump depends only on
the calculated adsorption energies, while the absolute values of the capacit-
ance depend on empirical distance parameter used. We address the origin of
the hump to the reorientation of the adsorbed H,O molecules. In this conclu-
sion the population dependence (Fig. 12) on the surface charge density for
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the H-down, H-par and H-up H,O orientations is considered. The H-par
orientation population (in the framework of the dipole lattice model) is
indirectly related to the averaged normal projection of the dipole moment in
the dipole layer (<p, >, Eq. 9). The greater the change in the H-par orientation
population, the higher is the change of <p,>. In accordance with Egs. 10 and
12, if the solvent capacitance values are smaller, the total compact layer capa-
citance is higher.

It is interesting to discuss different explanations. The chemisorption of H,O
at the Ga surface was believed to result from a smaller distance of the solvent
dipoles closest approach to the metal surface, in such way initiating the rise of
the Gy capacitance [25]. In another explanation, the denser electronic tail has
been shown to cause stronger repulsion of molecules attached to the Ga
surface (under some restrictions of the model) [26] and to provoke the capa-
citance increase. It should be noted that both claimed effects were partially
found to be true in our research. As it has been shown in section 4.2.3, the H,0O
adsorption at the Ga and Pt(hkl) surfaces has more characteristic attributes of
chemisorption, than at the surfaces of Bi(111) and Hg. We also showed
in Ref. [18] that among the metals studied, only in the case of gallium, the
metal capacitance (Eq. 11) is strongly influenced by adsorption of the H,O
molecules. Nevertheless, the presented results and analysis enlighten the
dominant role of the interfacial solvent layer on the total interfacial properties
of metal | electrolyte solution interface.

It must be admitted that our approach is not truly self-consistent, as we use
semi-empirical distance parameter for the distance of closest approach of the
counter-ion. Fawcett and Ryan have recently driven attention to the difference
in the ionic radii and its impact on the potential drop [126]. The authors have
shown that contact adsorption of perchlorate anion does not need to be
invoked to explain the capacitance values observed at mercury. Interestingly,
small changes in the distance parameter in our model may result in higher
capacitance value, which are usually explained by contact adsorption.
However, the changed distance parameter still corresponds to the position of
the counter-ion outside the first interfacial layer of the H,O molecules.
This conspicuous feature is shown in section 6.
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Figure 9. Division of the metal | electrolyte solution interface into charge density
segregation regions, which are characterised by metal, solvent and ionic capacitances.
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Figure 10. Bi,—(H,0):;—F (H,0); model (left), Bix—(H,0);;—Na*(H,O); model (right).
The second layer of the H,O molecules in the 13 H,O bilayer at the Bi(111) face is
situated at 0.35 nm, while the first layer — at 0.25 nm above the surface.
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Figure 11. a) Experimental Cy,0-dependence for Ga, Bi and Hg [25,26,35]. b) Theoret-
ical Cy,0-dependence for Ga, Bi and Hg.
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Figure 12. The dependence of H,O population on the surface charge density for a given
H.,O orientation at a) Bi(111), b) Ga, c¢) Hg surfaces.
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4.4 Conclusive remarks

The objective of this theoretical research [18,19] was to develop a simple
model that would: 1) account for interactions of the H,O molecule with the
metal surfaces, through H-bonds wit neighbouring molecules and with solvent
dipoles at a long-range; 2) predict reliable potential drop values across the
interface; and 3) describe the EDL compact layer capacitance at the metal | elec-
trolyte interfaces modelled. The theoretical representation of the EDL §tructure,
potential drop component values and corresponding artificially separated
capacitors enabled us to model the differential capacitance behaviour at dif-
ferent metal | electrolyte solutions interfaces. According to the dipole lattice
model the properties of H,O in the first interfacial layer mainly determine the
compact layer capacitance values. This observation is also confirmed by the 13
H,O cluster model calculations published in Ref. [18]. The results established
lead us to an important conclusion that it is not the accumulation of counter-
ions forming parallel-plate capacitor, which solely governs the total differ-
ential capacitance of the compact layer, but the sum of different smaller
capacitors appearing due to polarisation of the interface and influenced by
lateral interactions. This conclusion is probably transferable onto more
sophisticated systems, such as the EDL at electrode | room temperature ionic
liquid interface, which is discussed in section 6.

25



5. Adsorption of ions at Cd(0001) electrode from
ionic liquid and aqueous solutions

In electrochemistry, adsorption is an increase in the concentration of ions at
an interface of an electrode and an electrolyte (solution) due to the operation
of surface forces [127]. This phenomenon occurs in every single stage of
a heterogeneous electrochemical reaction and its role in electrochemical reac-
tions changes upon any variation of electrode potential and temperature.
Examination of the temperature effects, in addition to the electrode potential
influence, is thence of crucial importance for practical purposes, primarily for
the development of batteries and fuel cells and also for the development of
modern electrosynthesis methods, corrosion protection, etc. [128]. During
the 20™ century electrochemical reactions were mainly carried out in the
aqueous solutions. Nowadays, a new class of non-aqueous RTILS serve as
a perspective electrolyte for the electrochemistry of the future [2,3]. In the
light of new prospects, however, we must admit that the kinetics of adsorption
even in aqueous solutions is still not fully understood. Just a decade ago the
kinetics of specific adsorption of ions at single-crystal electrodes was a hot
trend in electrochemical research. Some studies were devoted to the phenom-
ena of “capacitance dispersion” revealing a complexity of the adsorption.
During this research experimental studies of iodide adsorption at Cd(0001) and
Bi(111) from aqueous solutions have been performed [20]. Later, similar
studies were performed in RTILs [15,129,130]. For the aqueous electrolytes
it was shown that the adsorption step with partial charge transfer from the
iodide ion to the electrode surface is the slowest rate determining step [20].
The remarkable similarity in kinetics of the ions adsorbing from aqueous
solutions and RTILs at the Cd(0001) and Bi(111) electrodes has been demon-
strated, which was also emphasised in the most recent works of Kolb et al
using Au(hkl) electrodes [131,132]. All the more interesting, our studies reveal
a clear difference in the differential capacitance (Cs) dependence on temper-
ature for metal | aqueous electrolyte solutions and metal | RTIL electrodes.
For a simple comparison the Electrochemical Impedance Spectroscopy (EIS)
method has been applied in order to characterise the Ci,T-dependence at the
Cd(0001) | 1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF,) and
Cd(0001) | 0.1x M KI + %x0.1(1 — x) M Na,SO, interfaces.

5.1 Literature overview

5.1.1 Properties of RTILs

RTILs are defined as liquid below 100°C salts composed entirely of organic
cations and organic or inorganic anions [4]. A tendency to crystallise at low
temperatures results from the flexibility of anions and asymmetry of
cations [3]. The most common RTILs are based on pyridinium, imidazolium,
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phosphonium, or ammonium cations, combined with anions such as BF,, PFs>
NO;", CF;SO;", etc. [4]. As RTILs are composed of interchangeable ions, they
may undergo almost unlimited structural variability [3].

Physical properties of an RTIL strongly depend on the chemical structure of
ions. For instance, viscosity is determined by electrostatic interactions, van der
Waals forces and hydrogen bonding between the ions. Precisely as may be
anticipated, RTILs with lower viscosity have higher conductivity.

Consideration of the structural aspects of RTILs, especially their Structure
near the electrode surface, is crucial for the rationalisation of electrochemical
processes in RTILS. Such processes at the RTILs | electrode interface include:
diffusion (mass transport), adsorption at the interface (change in surface
excess), and charge transfer process across the interface. Experimentally they
can be characterised by impedance spectra analysis and modelling in terms of
an equivalent circuit consisting of Warburg element, capacitor and resistor,
respectively [133,134]. One of these processes dominates under a certain
alternating current (ac) frequency, temperature and electrode potential, and
determines the performance of an electrochemical system. The electrochemical
processes in RTILS, in turn, strongly depend on the charge, size, polarisability
and interactions of RTILs ions at the electrode surface at different potentials
and temperatures [135]. Thus, a deeper understanding of the chemical struc-
ture—interface property dependence should benefit the performance enhance-
ment of known electrochemical systems and reveal novel research directions
[3,4]. Obviously, it is of practical and theoretical interest to study the potential
and temperature dependences of processes at an electrode immersed in dif-
ferent RTILS.

5.1.2 Electrical double-layer in RTILs

In the instance of electrochemistry, RTILs present a challenge, as these elec-
trolytes have high volumetric charge density unlike common dilute aqueous
electrolyte solutions. This circumstance is especially important regarding
the EDL at the metal | RTIL interface as has been emphasised in an influential
article titled “Double-layer in ionic liquids: paradigm change?” in 2007 [21].
The conclusions of this article have strongly influenced the research direction
of rTILS in electrochemistry. Firstly, it was shown that there was no deep
understanding of the structure and properties of the EDL at the metal | RTIL
interface. The EDL in RTILs cannot be described by the mean-field theory as it
is possible in case of aqueous electrolytes [21]. Secondly, the absence of theor-
etical models prevented more sensible applications of the metal | RTIL inter-
faces in energy storage and conversion devices. In general, these conclusions
are still valid.

Let's consider the differential capacitance of the EDL — one of the most
important macroscopic properties of all electrochemical systems. Many
theories have been developed during the 20™ century that successfully
describe the dependence of capacitance on potential of an electrode emerged
into a dilute electrolyte solution [135]. However, the current understanding of
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the capacitive behaviour at metal | RTIL interfaces, characterised by a high
concentration of charge carriers, is limited [135]. Most recently such interfaces
have attracted much attention due to their high technological potential
in various fields of chemistry and physics, and it has become evident that their
application at electrified interfaces in energy-storage systems, electrocatalysis,
deposition, synthesis, etc. cannot proceed without a deeper understanding of
the §tructure and properties of the EpL. Some aspects and details related to
the electrified metal | RTIL interface were addressed by the modified Poisson—
Boltzmann theory [21,136—138], density functional theory (prT) [130—133],
mean spherical approximation (Msa) theory [143], and Landau—Ginzburg-type
continuum theory [144] as well as molecular dynamic (MD) and Monte-Carlo
(mc) simulations [145—153]. Experimental studies at well-defined single crystal
electrodes [15,130—132,154—158] and at polycrystalline electrodes [159—166]
are inevitable for the verification of the theoretical models including those
based on quantum chemical DFT calculations [15,167—170].

In order to describe correctly the experimentally measured differential
capacitance dependence on electrode potential and temperature, the compact
layer has to be accurately accounted. It must be stressed that in the case of
most theories there is an empirical parameter, which describes the closest
approach of the adsorbed ions to the electrode surface, i.e. the effective thick-
ness of the compact part of the EpL [21,143,144]. However, the ratio and
contributions of the capacitances of the compact (Ci) and the diffuse part in
the differential capacitance for rRTiLs are still unclear. While in the compact
layer the ions are adsorbed at the surface, in the diffuse layer the ions move
more freely under the influence of thermal motion. By the matter of fact, since
the times of Helmholtz, who proposed the first primitive model, and until
today, the compact layer has been treated as a parallel plate capacitor
neglecting the effects of strong metal-adsorbate and adsorbate—adsorbate
interactions as well as their dependence on electrode potential and on temper-
ature. Thus, interpretation of experimental results is incomplete due to the
limitations of the theoretical models involved. For instance, Baldelli's inter-
pretation postulating that the EDL is one-layer thick is obviously oversim-
plified [171]. It only means that the role of the compact layer might be height-
ened. Alternative statement introduced by Kornyshev [21], that the EDL is
more than one-layer thick, is based on the assumption that the differential
capacitance might be determined by the diffuse layer capacitance. To sum up,
there is a need for new insight explaining and analysing the EDL $tructure and
properties in order to clarify the roles of compact and diffuse layer onto the
differential capacitance dependence on electrode potential.

5.1.3 Temperature effect studies by EIS

One of the ways to obtain additional information about the properties of the
EDL at the electrode | RTIL interface is by studying the dependence of complex
impedance on temperatures. Nowadays, more and more attention is paid to
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the CiT-dependence in RriLs at different metal and graphite electrodes
[131,155,156,159,160,164,165].

Lockett et al. [160,165] investigated the EDL properties of glassy carbon
electrode in alkylimidazolium-based rtiLs: EMImCl, BMImCl, HMImCI. E1s
and cyclic voltammetry (cv) were used over wide range of electrode potential
and temperature (from 80 to 140°C). It was found that the capacitance, meas-
ured at 1000 Hz, increases with temperature. Costa et al. [164] measured the
effect of temperature on the interface between Hg and alkylimidazolium-based
RTILs: EMImTE,N, BMImTE,N, HMImTE,N. The experiment was performed at
a temperature range from 30 to 60°C. It was found that the capacitance, meas-
ured at 200 Hz, increases with temperature in the whole potential range for all
RTILs studied. Previously similar CyT-dependence was observed by Silva,
Costa et al. [159] for the interfaces formed at solid metal (Pt), liquid metal (Hg)
and semi-metal glassy carbon (GC) in contact with BMImPF, within a temper-
ature range from 20 to 75°C.

Most recently Driischler et al. presented their results for the influence of
temperature on the differential capacitance for the Py, ,FAP | Au(111) interface
for a temperature region from 0 to 90°C [155]. Differently from other works,
it was claimed that the differential capacitance of the electrode | RTIL interface,
obtained by the impedance spectra modelling, decreases with increasing tem-
perature. The authors showed that careful analysis of broadband impedance
spectra results in a very weak temperature dependence of the high-frequency
differential capacitance values. They suggested that capacitance data recorded
at a single frequency (as in Ref. [159,160,164,165]) may indicate an apparent
strong temperature dependence. The seeming increase of the differential capa-
citance with increasing temperature, found for single-frequency measure-
ments, is related to the existence of two capacitive processes with different
temperature-dependent relaxation times [154,155].

The existence of two or more capacitive processes was described previously
in the works of Kolb et al [131,132] and also of Siinor et al. [15,130]. For the
BMImPF; | Au(100) [131] and EMImBF, | Bi(111) [130] interfaces the impedance
spectra were carefully modelled using the non-linear least-square method.
The high-frequency differential capacitance as well as modelled capacitances
were found to increase with increasing temperature. Yet, in the single-fre-
quency measurements much more complex behaviour was found for a Au(111)
electrode immersed into EMImBF,, BMImBF, or HMImBF, [156]. To sum up,
rather different temperature dependences may be found for different rTILS in
contact with chemically and crystallographically different electrodes. There is
no universal and widely accepted conception-explanation to the dependence
of differential capacitance on temperature and electrode potential in a wide
temperature region studied.
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5.2 Experimental

5.2.1 Experimental procedures

EIS was applied to measure the differential capacitance dependence on the
electrode potential (E) and the dependence of complex impedance on the
alternating current (ac) frequency (f) at constant electrode potential.
The impedance spectra were recorded with Autolab PGSTAT 30 system
controlled by the FrRa 11 software. The measuring cells were washed with
concentrated sulphuric acid with addition of a small amount of H,O, and
heated up to 70°C. C vs. E curves were measured at several fixed values of
ac frequency from 1000 to 30 Hz. Impedance spectra were measured within
the ac frequency range from 0.1 to 10000 Hz at different fixed electrode
potentials. Measurements were performed by moving from negative potentials
towards positive potentials and from lower temperatures to higher tempera-
tures. The temperature values within the cell were calibrated and established
with an accuracy of £1°C.

A three-electrode setup was used with a high-surface area Pt mesh counter
electrode, a straight Ag wire coated with AgCl (Ag | AgCl) as a reference elec-
trode, and a Cd single crystal established by Mateck and acting as a working
electrode. The crystallographic orientation of the Cd(0001) single crystal was
determined and controlled by x-ray diffraction method. The final preparation
of the electrode was accomplished by electrochemical polishing in an aqueous
solution of H;PO,, performed before each experiment.

The adsorption kinetics of iodide ions at electrochemically polished
Cd(0001) single crystal electrode from aqueous solutions with constant ionic
strength 0.1x M KI+%0.1(1 - x) M K,SO, were studied by E1s (x is the mole frac-
tion of KI in a solution). Measurements were carried out at temperatures of
2,13, 20, 27, 34°C in the solutions with constant ionic strength to minimise
the influence of the changes in the total solution concentration on the diffu-
sion and adsorption steps. Solutions were prepared from KI and Na,SO,
(Aldrich Chemical Company, 99.998%) and Milli Q+ water (ultra purified water
using the Milli Q+ purification system, resistance > 18.2 MQ cm).

EMImBF, was purchased from Fluka (water content < 200 ppm, electro-
chemical purity, 99.0%, additionally saturated using argon 99.9999%).
All experiments, including handling of the rRTIL, were performed inside a glove
box in argon (99.999% purity) atmosphere. It is important to note that some
impurities often observed in commercial RTILS can strongly alter the surface
processes leading to misinterpretations [172]. To avoid the influence of these
impurities we have investigated a narrow potential window from -0.5 to
-1.0 V, for which cyclic voltammetry does not reveal any noticeable faradaic
reactions. All impedance measurements were performed inside glove box
(Labmaster sp, LMBraun; O, and H,O concentrations < 1 ppm) at temperature
values of 30, 40, 50, 60, 70°C.
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5.2.2 Differential, electrical double-layer and absorption capacitances

Differential capacitance (Cy) is a quantity that characterises capacitive proper-
ties of an electrode | electrolyte interface:

c,=29, (14)
JoE

where o is the surface charge density and E is the electrode potential.
The capacitance is defined per visible surface area unit. Thus, the differential
capacitance of the EDL is an experimentally measurable quantity, which elec-
trode potential dependence is widely used for the EDL $tructure characterisat-
ion. Usually the frequency dependent differential capacitance is measured at
a fixed single frequency value. The Eis data modelling allows dividing the dif-
ferential capacitance into different frequency independent components. For an
ideally polarisable system, at frequency f— 0, the differential capacitance is
a sum of Cq and C,q, where Cy is the high-frequency, i.e. true electrical double-
layer capacitance, which occurs at a constant surface excess (I'). The absorp-
tion capacitance (C.a) appears due to the fact that the surface excess of ions

depends on the electrode potential:
)
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where low-frequency differential capacitance () is defined as:

c=[29) + ary (16)
dE|, r e\0E/,

The EDL capacitance (Ca) is determined as:

d
Cdl:(a_g)p,r. (17)
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Fitting of the impedance spectra with the equivalent circuit (Fig. 13) was
performed for both interfaces under study: Cd(0001) | EMImBF, and Cd(0001) |
0.1x M KI + %x0.1(1 - x) M Na,SO,. The expression for the modelled capaci-
tance in terms of Cy and C,q is:

1 Cad
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JoR, 1+jwZyCy

C(jw)=Cy+ (18)
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Figure 13. Modified Frumkin-Melic-Gaikazyan equivalent circuit, where: Ry — electro-
lyte resistance, Cq — electrical double-layer capacitance, C.q — adsorption capacitance,
R. — partial charge transfer resistance, Z, - Warburg diffusion impedance.
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5.3 Experimental results

5.3.1 Cyclic voltammetry

cv method was used to verify the electrode potential region free form faradaic
reactions, purity of the ionic liquid and reproducibility of the system. In Fig. 14
three cyclic voltammograms for Cd(0001) electrode in contact with EMImBEF,,
measured within different potential cycling regions, are shown. Significant
cathodic and anodic faradaic currents rise beyond -1.2 V and -0.4 V (cv1 and
cv2), respectively. At anodic potentials dissolution of Cd(0001) electrode takes
place, which is visually observable. At more cathodic potentials (E < —-1.1 V)
a reaction of residual water and O, occurs. Therefore, we limited our EIS meas-
urements to a narrow potential region from -1.0 V to -0.5 V (cv3), to avoid
influence of these parasitic faradaic processes onto impedance spectra.

5.3.2 Nyaquist (Z",Z') and Bode (&, f) plots

Figure 15a shows (Z", Z') Nyquist dependencies measured at fixed
temperature (T = 30°C) and different electrode potentials. The impedance
spectra are significantly influenced by occurrence of parasitic faradaic
processes, which we modelled by parallel charge transfer process with a resist-
ance (R.) in the equivalent circuit (Fig. 13). The value of R. depends on the
preparation procedure of experiment and is most probably sensitive to the
concentration of residual water and other electrochemically active contami-
nants in the RTIL. In spite of deflection of all experimental results from each
other at low frequencies ( f < 20 Hz), it is seen that the curves for all experi-
ments coincide at f> 20 Hz (Fig. 15a). Consequently the fast capacitive process
of EpL formation (Cy) is reproduced with a very good accuracy from experi-
ment to experiment. Figure 15b shows complex admittance plots at different
temperatures and at fixed potential (E = —0.8 V), where Y" is the imaginary
and Y' is the real parts of admittance, respectively [133]. The deviation of the
measured admittance from the ideal semicircle (dotted lines) is seen, which
indicates the significant effect of mass transfer process. The latter process was
modelled by Warburg impedance (Fig. 13).

The proportion of limiting stages determining the speed of the total process
can be assessed by the phase angle (8) dependence on the ac frequency ( f)
(Figs. 16 and 17). At high ac frequencies, the fast EDL charging occurs. Here-
with, this process is hindered by the electrolyte resistance. At low ac frequen-
cies, on the other hand, the adsorption is hindered by mass transfer (diffusion)
and charge transfer processes. Figures 16 and 17 show that at very low ac
frequencies the charge transfer is the dominating process as § — 0°.
In low-frequency areas, the §,f-curves demonstrate the dependence of & on
temperature within the whole potential range. The higher the temperature,
the more the speed is determined by charge transfer process rate. Such disper-
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sion is clearly seen in the instance of more negative potentials (Figs. 17a and
17b). At potentials E = —0.5 V and E = -0.6 V, the dependence of § on temper-
ature is within the experimental error. At 10—100 Hz, for all systems nearly
ideal adsorptive behaviour is observed (5 < -80°), herewith the lower the
temperature, the higher the absolute values of 6 (Figs. 17a and 17b).

5.3.3 Capacitance

The adsorption capacitance and the EDL capacitance values (Fig. 18) were
obtained by fitting the measured impedance spectra using the equivalent
circuit (Fig. 13) and applying non-linear least-square fitting method. Details
are provided in Ref. [16]. The EDL capacitance for Cd(0001) | EMImBF, inter-
face has a maximum near E = —0.8 V, where the pzc is most likely located
(Fig. 18b). In contrast, C4 has a very wide minima at this potential (Fig. 18a).
This finding supplement the statement of Driischler et al. [155] that single-
frequency experiments may lead to artefacts not only in the temperature,
but also in the potential dependence of the differential capacitance. The fitting
results for C, values do not correspond to the measured C; values at low
frequencies due to disturbance of impedance spectra by mass and charge
transfer processes. To obtain the frequency independent capacitance values,
fitting methods of impedance spectra must be applied. For this reason,
the very interesting results gained by Alam et al. [156] for Au(111) | EMImBF,
using single-frequency measurements have to be taken with a great caution.

Much better agreement between Cyq and Cy values is seen in the results for
Cd(0001) | 0.1xM KI+ %x0.1(1-x) M Na,SO, (Fig. 18d and 18e). Although
the same reference electrode is used in the RTIL and aqueous solutions,
the measured electrode potential scales are different due to different solubility
of AgCl in these media. The pzc in surface inactive electrolyte solution is
located at E = -0.95 V [35]. Hence, I anion already adsorbs at negative surface
charge densities. We may speculate that specific adsorption, i.e. accomplished
by the formation of covalent binding to the surface, begins at E > -1.0 V,
where the adsorption capacitance dependence on temperature appears. In the
range of electrode potentials from -1.4 V to -1.0 V the iodide ion enters into
the EDL compact layer, as may be judged comparing the results to the Cg
measured for Cd(0001) | %x0.1 M Na,SO, (Fig. 18e) [20].

The most remarkable difference of the results for different electrolytes is
that the EDL capacitance is decreasing in aqueous solutions with the rise of
temperature, while it is increasing in RTILs. Herewith the adsorption capacit-
ance increases for both electrolytes with increasing temperature (Fig. 18).
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Figure 14. Cyclic voltammograms for Cd(0001) in EMImBF, at scan rate of
v =20 mVs™. First scan starting from -1.0 V in cathodic direction is shown for three
different potential cycling regions (indicated in the figure).
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6. Discussions

Simple explanation for the Ca,T-dependence for aqueous solutions can be
given on the basis of the model presented in section 4.3.2. Without additional
DFT calculations, i.e. for a very rough qualitative demonstration, we adjusted
two parameters of the model to mimic the experimental results. At first,
to obtained the Cu,c-dependence, shown in Fig. 19, we used the value of
0.08 nm for I" position (near the Bi surface) in addition to the calculated z.,
value (section 4.3.3). This effective value indicates an approach of the anions
and their penetration to the interfacial H,O layer. Secondly, we used Gibbs
adsorption values for I" adsorption at the Bi(111) surface from Ref. [33] to
introduce iodide—image-charge dipole formation energy into the dipole lattice
model. Such a choice is justified by a similarity of the iodide adsorption at
Bi(111) and Cd(0001) electrodes described in our previous work [20]. We used
a value of the dipole moment, created by the adsorbed anion and its image
charge in the metal, comparable to the value of effective dipole moment
estimated by our colleges in thermodynamic studies of Bi(111) and Bi(001) |
aqueous electrolyte interfaces [29,31,33]. As a first approximation, the
obtained theoretical Gy,0-dependence is consistent with the experiment. Thus,
we may state, that the origin of the EDL capacitance dependence on
temperature (Fig. 18) in aqueous solution is lying in the EDL compact layer.
Thermal distortion affects the dipole lattice of H,O and adsorbed I" distance
causing the decrease in the EDL capacitance with increasing temperature.
This effect facilitates the specific adsorption of I", giving rise to the adsorption
capacitance increases with increasing temperature.

The effect of increasing temperature is expressed differently for the
EMImBF,| Cd(0001) interface: Cy and Cy increase with increasing temperature
in the whole potential range (Figs. 18a and 18b). Similar temperature depend-
ence of C; has also been observed by Silva et al. [159], Lockett et al. and Costa
et al. [164]. Small modelled Cy increase was also observed by Gnahm et al.
[131] and Siinor et al. [129]. Such Ca,T-dependence (Fig. 18b) can be explained
by modern phenomenological models and by applying recent theoretical

descriptions of the EDL.
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Figure 19. Modelled Cy,T-dependence. Lower values correspond to an inactive

electrolyte solution. Higher values refer to the modelled iodide adsorption. Blue, green
and red lines correspond to 2, 20 and 34°C, respectively.
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6.1.1 Models of the EDL structure at electrode | RTIL interface

Since 2007 a number of in situ scanning tunneling microscopy (sT™m) studies
have revealed the existence of ordered S$tructures at charged electrodes
[131,173—176]. Some years later it was demonstrated using in situ atomic force
microscopy (AFM) that the RTIL structure represents a well-ordered region near
the electrode surface [176—179]. An exaggerated representation of the inter-
face between metal and rTIL is shown in Figure 20.

third layer

first bilayer

surface

cation ( anion
|

Figure 20. Model of the rTIL §tructure near the the electrode surface.

The first bilayer adjacent to the solid surface is considerably denser than
the others [180,181]. It consists of cations and anions forming two layers:
one layer of counter-ions with charge opposite by sign to the charge of elec-
trodes and another of co-ions. Counter-ions charge density overscreens the
co-ions charge density, consequently co-ion repulsion from the charged sur-
face is less pronounced than it might be expected. Second layer and conse-
quent bilayers have similar divisions in counter and co-ion layers, however,
with less expressed structural ordering. Also the magnitude of the charge
densities of counter-ions and co-ions (relative to the charge densities of
cations and anions in the bulk) decreases at a distance from the electrode.
Specific structure of the RTIL provides excellent electrostatic screening at
a distance of 1-2 nm [182], i.e. at distances smaller than in common aqueous
electrolyte solutions (taking into account the diffuse layer thickness).
The depth of the interfacial structure propagation into the bulk depends on the
chemical structure of the rTIL, electrode potential, temperature and probably
on the concentration of residual impurities [176]. The relative magnitude of
an ion-layer charge density at the rTIL | electrode interface decreases with
increasing temperature as it was shown in recent MD simulations
[147,151,152]. MD studies confirm that the electrode | RTIL interface $tructure
represents a well-ordered region, in which cations and anions form alternating
layers. Dou et al. [152] found in their MD experiment for graphite | BMImPF
interface that the peaks related to the well-ordered surface $tructure become
weaker and the third and fourth layers even disappeared with the temperature
rise from 400 to 800 K [152] The same interface was studied by Kislenko et al.
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[147] in a lower temperature range from 300 K to 400 K. In general Mp, AFM
and E1s studies supplement each other hinting to a glass-like structure of the
EDL compac layer at low temperatures and high voltages revealing the
slowness of the mass transfer and adsorption of ions near the electrode
surface. These processes become faster or even comparable to the dynamics of
the bulk with increasing temperature.

6.1.2 Theories of EDL at electrode | RTIL interface

Division of the EDL at metal | RTIL interface into Helmholtz and diffuse layer is
unjustified due to the multilayer interface $tructure. The innermost layer,
mentioned and discussed above, obviously gives highest impact to the capacit-
ance of the EDL:

P (19)

where, at zeroth approximation, d, is the distance of closest approach of ions
to the surface, i.e. the distance from the electrode surface to the centre of
counter-ions layer; ¢ is relative dielectric constant. In this form the Helmholtz
layer capacitance approximation appears in several modern theories [21,144]
and is constantly recalled to explain the experimental results obtained for the
electrode | RTIL interface [160,162,163,171]. Notice that Eq. 19 resembles Eq. 10,
where effective parameter ¢ is described in terms of interplay of metal and
solvent layer capacitances (section 4.3.2). In MD simulations the distance
changes only slightly upon temperature changes [147,152]. Thus, the dielectric
constant should increase with increasing temperature, as thermally distorted
ions have more degrees of freedom, until it reaches the value characteristic for
the bulk dielectric constant of RTiL. On the other hand, according to
Kirkwood’s formula [183], the bulk dielectric constant decreases with increas-
ing temperature. For this reason the capacitance can increase with increase of
temperature until some critical temperature, at which the value of the compact
layer dielectric constant would reach the bulk value.

Differently from Eq. 19, in MsA theory [143] the differential capacitance is
expressed as:

€€
Cc=—1y, (20)
27

where y is a renormalised screening constant:

d,V1+1x-2
IS 21
Y 2d, K (21)

Here « is the Debye screening parameter. The mMsa theory predicts a decrease
of the capacitance as k ~ T ""? (this result comes from Taylor series expansion
of Eq. 21) [184]. However, when an association of ions in the EDL compact
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layer is taken into account via mass-action law (MAL), the capacitance increase
can take place at relatively low temperatures. In the combined msa-mAL theory
the rTIL is considered to be a mixture of free ions and complex ionic aggreg-
ates. This leads to the corrected renormalised screening constant:

avy 1+1<«_/ o—2
y=———— " xa 22)
2a

At high temperatures, « — 1, and for this reason a classical behaviour of
capacitance on temperature is expected for electrode | RTIL interface [184].
At lower temperatures, a — 0, which implies a change in the temperature
dependence. Qualitatively this theory predicts behaviour observed in this
research (Fig. 18b), if the main assumption of the ionic association is clearly
justified. To constitute the need for accounting the ion-pair formation, firstly,
we have to keep in mind that p, is related to the surface excess of ions.
Secondly, from a structural point of view, the directionality of the ion-pair by
the H-bond formation is known to result in fast and slow dynamics in RTIL
bulk [185]. Due to a correlation of ions, at least in imidazolium based RTILs,
at a given moment most ions can be grouped in pairs, although, the hydrogen
bonds are too weak to hold these pairs together for a long time [186]. The cor-
relation is distorted by high temperature giving more degrees of freedom to
the interfacial structure and releasing free ions.

Two different interpretations presented provide similar qualitative descrip-
tion. The first approximation mainly considers the influence and change of the
relative permittivity, the second assumes only behaviour of the effective dis-
tance in terms of renormalised screening constant.

A generalised approach was recently proposed by Feng et al [187] in
a framework of “counter-charge layer in generalised solvents” model. Within
this approach, the effective quantity € /d is expressed as:

€

0 0

= . i
do Z (_1) YzAi
i=1

C= , (23)

d

where y;A; values are calculated numerically based on data obtained from MD
simulation and have the meaning of screening constant multiplied by the
average distance between the counter-ion and co-ion of the i-th layer. y;A;
decreases with increase of layer index i.

The dielectric screening inside EDL is mainly controlled by a few innermost
EDL layers [187]. If there were only one layer, the capacitance would be equal
to &/ dy, as for the classical Helmholtz model (Eq. 19) with € = 1. An addition of
a second layer would decrease the distance d and thence increase the capacit-
ance to the value calculated as: eo/(dy - Y1 A1). However, an addition of a third
layer would decrease the value: eo/(dy— y1 Ay + y2As). In a reverse order, under
thermal distortion, the disappearance of the third layer would result in capa-
citance increase until only two layers remain, and then disappearance of the
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second layer would lead to the capacitance decrease.

Three explanations, applicable for electrode | RTIL interface, are based on:
1) phenomenological theory, 2) Msa-MAL approximation and 3) MD simula-
tions, respectively. They are in qualitative agreement with a vast number of
experimental, theoretical and computational studies, as well as with Eis data
collected during this study (Figs. 16, 17 and 18). Therefore, it can be concluded
that the increase in the observed capacitance values is related to the changes
in the interfacial $tructure and properties (d, €) of electrode | rRTIL interface
caused by an increase of temperature. This phenomenon results from a distor-
tion of the electrostatic interactions between the ions by thermal excitation,
and may be described as possible gradual dissolution of the £pL layered $truc-
ture. The described possibility of the EDL capacitance decrease was confirmed
in the works of Driischler et al. [155] and Siinor et al. [129], as well as in high-
temperature MD simulations [188].
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7. Conclusions

Electrochemical Impedance spectroscopy and cyclic voltammetry methods
have been applied for characterising the processes at the interface between
single crystal Cd(0001) electrode and 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMImFB,) as well as adsorption of I" anion on an electro-
chemically polished Cd(0001) electrode from aqueous electrolyte solutions.

In both cases the impedance spectra were fitted using the modified
Frumkin—Melik-Gaikazyan model, which gives better fitting results compared
to alternative equivalent circuits. This indicates that the adsorption process(es)
in aqueous solution and room temperature ionic liquid follow similar patterns.

However, the modelled high-frequency differential capacitances show
different dependence on temperature. In the case of I" anion the decrease of
the differential capacitance with increasing temperature can be qualitatively
explained with the help of the dipole lattice model. Coupled results of Density
Functional Theory (DFT) based calculations and statistical approach indicate
that the repulsion between iodide—image charge dipoles weakens with the rise
of temperature, leading to a decrease of the high-frequency capacitance and
also to an increase in the adsorption capacitance. Thus, the EDL compact layer
properties determine the differential capacitance behaviour.

In contrast, the high-frequency capacitance for Cd(0001) | EMImBF,
increases with increasing temperature. The presented theoretical explanations
lead to the conclusion that the differential capacitance is determined by the
multilayered $tructure of the Epr, which gradually “dissolves” with increasing
temperature.

Current experimental research allows us to compare the results collected
at Cd(0001) electrode to those measured at Au(111) [156], Bi(111) [15,189] and
glassy carbon [190] electrodes immersed in EMImBF,. The capacitance values
for these three metals are almost equal and higher than for glassy carbon elec-
trode. The differential capacitance dependence on the electrode potential
differs for Bi(111) | EMImBF, and Cd(0001) | EMImBF, interfaces. For this
reason both systems are interesting objects for further DFT based studies.
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9. Summary in Estonian

Elektrilise kaksikkihi ehitus ja ioonide adsorptsioonikineetika metallelektroodidel
toatemperatuuril vedelatest sooladest

Jodiidiooni adsorptsioonikineetika ja 1-etiiiil-3-metiitilimidasoolium tetra-
fluoroboraadi (EMImBF,) elektrokeemilise kaitumise seadusparasusi Cd(0001)
elektroodil uuriti tstiklilise voltamperomeetria ja elektrokeemilise impedants-
spektroskoopia meetoditega.

Mbolema uuritava stisteemi korral andis eksperimentaalsete andmete model-
leerimisel parimaid tulemusi modifitseeritud Frumkin—-Melik-Gaikazyan ekvi-
valentskeem. Seega vdib Gelda, et nii vesilahuses kui ka ioonses vedelikus
toimub adsorptsiooniprotsess sarnaseid seaduspidrasusi jargides, kuigi korg-
sagedusliku mahtuvuse (modelleeritud) vaartused on kahe uuritud siisteemi
puhul erinevad. Jodiidioone sisaldava vesilahuse korral temperatuuri toustes
mahtuvuse véirtused vahenevad, mida saab kvalitatiivselt kirjeldada dipoolse
vore mudeli abil. Nii tiheduse funktsionaali teooria (DFT) abil saadud arvutus-
tulemused kui ka statistilise-mehaanika meetod viitavad sellele, et tempera-
tuuri kasvades jodiidiooni ja vastava pinnalaengu vaheline vastastikmdju
vdheneb, mille tulemusel korgsageduslik mahtuvus viheneb ning adsorp-
tsiooniline mahtuvus kasvab. Seega elektrilise kaksikkihi tiheda kihi
omadused madravad kogu elektrilise kaksikkihi mahtuvusliku kaitumise.
Vastupidiselt jodiidiooni mahtuvusele EMImBF, puhul temperatuuri kasvades
suureneb ka korgsageduslik mahtuvus. Kaasaegsete teoreetiliste mudelite
pohjal voib jareldada, et mahtuvuse vairtuse méadrab elektrilise kaksikkihi
mitmekihiline struktuur metall | ioonne vedelik piirpinnal. Tdnu temperatuuri
kasvule hakkab ioonide arvatav kihiline struktuur jark-jargult lagunema ning
mahtuvus kasvama.

1-ettitil-3-metiitilimidasoolium  tetrafluoroboraadis teistel elektroodidel
(Au(111), Bi(111), klaassiisinik) mdddetud eksperimentaalsete andmete vordle-
misel Cd(0001) elektroodil modddetud andmetega selgub, et mahtuvuse
vaartused metallelektroodide puhul on ligilahedased, klaassiisinikul mdddetud
mahtuvuse véirtused on aga madalamad. Cd(0001) ja Bi(111) mahtuvuse
koverad EMImBF,-s s6ltuvad potentsiaalist erinevalt, seega on need huvitavad
siisteemid edaspidisteks DFT arvutusteks.
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