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Figure 19. EC–STM images of Sb(111) | 1.0% 4,4ʹ-BP + EMImBF4 interface at poten-
tials: a) E = −0.90 V, b) E = −0.85 V, c) E = −0.75 V, and d) E = −0.65 V. 
 

Figure 20. EC–STM images of Sb(111) | 1.0% 4,4ʹ-BP + EMImBF4 at E = −0.90 V with 
height profiles, showing desorption of 4,4ʹ-BP from Sb(111). 
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EC–STM results were combined with DFT calculations to further characterise 
and analyse the adsorbed structures. The identified adlayers and their unit cells 
are shown in Figure 21. Based on EC–STM images of Layer I, the adsorbed 
4,4ʹ-BP molecules form tightly ordered rows with pyridine rings visible. The unit 
cell measurements of Layer I were determined with DFT. The modelled surface 
structure with the lowest predicted energy per surface atom is shown in Figure 21b. 
Similarly to EC–STM of Layer I, the structure consists of dense 4,4ʹ-BP rows 
with molecules positioned at hollow 1 adsorption site and a calculated surface 
concentration of 2.6×10−10 mol/cm2. The N-atoms of 4,4ʹ-BP molecules are 
rotated towards the hydrogen atoms of neighbouring 4,4ʹ-BP molecules in the 
same unit cell. The Eads of a 4,4ʹ-BP molecule in the modelled structure was 
−1.37 eV, significantly lower than that of an isolated 4,4ʹ-BP molecule at hollow 1 
site (−0.66 eV). This underlines the importance of intermolecular interactions in 
the adsorbed adlayer towards the stabilisation of the adlayer. 

Figure 21. a) The model of 4,4ʹ-BP multilayer structure on Sb(111) surface. EC–STM 
images and unit cells belonging to adlayer structures of b) Layer I and c) Layer II. The 
EC–STM image of Layer I contains an inset of the calculated STM image and the surface 
structure obtained from DFT calculations. 
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Two different adsorbed 4,4ʹ-BP molecule structures were identified in Layer II, 
shown in Figure 21c. The unit cell of Pattern A is a parallelogram with 4,4ʹ-BP 
molecules at the corners. The closest distance between the molecules in the same 
row was 1.2 nm. Pattern B has a more compact structure, with the distance 
between the 4,4ʹ-BP molecules in the same layer being 0.8 nm. The surface con-
centrations of 4,4ʹ-BP in Pattern A and B were estimated to be 1.28×10−10 mol/cm2 
and 1.38×10−10 mol/cm2, respectively. The existence of multiple adsorbed struc-
tures at similar E values can be associated with the defects in Layer I beneath 
Layer II. 

The study revealed the existence of an ordered adsorbed multilayer structure 
at the Sb(111) surface. Previously, significant capacitance depressions were 
related to the formation of such structures for aqueous electrolytes, while not 
directly visualised [8]. In turn, the formation of a layered interfacial structure of 
IL ions has been demonstrated with both experimental [126,201,202] and 
computational techniques [69,80,82,203]. Moreover, depending on the length of 
the cationʹs alkyl chains, the interfacial structure has been shown to undergo 
structural transformations from alternatively charged layers to intertwined bilayer 
structure [72,204,205]. The formation of a multilayer structure of organic 
molecules can be reasoned with the strong interactions between the 4,4ʹ-BP 
molecules in the adlayer and the Sb(111) surface. Furthermore, due to strong 
electrostatic interactions between the IL ions and the notable viscosity of IL, the 
partial desorption of 4,4ʹ-BP was slow compared to desorption processes in 
aqueous electrolytes. Thus, the imaging of multilayer structure was possible. 
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6.5. Adsorbed Clusters on Cd(0001) | 4,4ʹ-BP + EMImBF4 

The Cd(0001) has stronger metallic and hydrophilic properties than Bi(111) and 
Sb(111) [114]. Moreover, Cd metal atoms are in a hexagonal close-packed struc-
ture instead of rhombohedral. These differences in substrate properties carry over 
to the CVs of Cd(0001) | EMImBF4 and Cd(0001) | 4,4ʹ-BP + EMImBF4 (shown in 
Figure 22) when compared to similar systems at Bi(111) and Sb(111) electrodes. 

Figure 22. a) CVs at 10 mV/s scan rate for Cd(0001) in EMImBF4 and in 4,4ʹ-BP + 
EMImBF4 solution with 0.1% or 0.2% 4,4ʹ-BP addition, b) CVs at different scan rates for 
Cd(0001) in 0.2% 4,4ʹ-BP + EMImBF4 solution. 
 
For Cd(0001) | EMImBF4, although there are no j peaks in the studied E range, 
the j increases/decreases significantly at the limiting cathodic and anodic E values, 
possibly due to the decomposition of IL or trace water and Cd dissolution, respec-
tively. The studied interfaces with 4,4ʹ-BP addition had smaller |j| values at 
−1.7 V < E < −0.7 V than observed for EMImBF4. This can be reasoned with the 
formation of a dense blocking 4,4ʹ-BP layer, hindering the decomposition of 
IL/water and Cd dissolution. During the E scan in the negative direction, a 
reduction peak associated with 4,4ʹ-BP reduction was visible at E = −1.9 V. Also, 
at higher v, a smaller reduction peak at E = −1.5 V appeared. The switching of a 
E scan direction led to the appearance of a significantly smaller oxidation peak at 
E = −1.8 V, visible only at higher v. 

The measured C values of Cd(0001) | EMImBF4 are consistently higher 
than for studied systems with 4,4ʹ-BP addition in the studied E range, indi-
cating the formation of 4,4ʹ-BP adlayer. In the C–E dependences, shown in 
Figure 23a, the C values of Cd(0001) | EMImBF4 are around 8–9 μF/cm2 at 
−1.9 V < E < −1.0 V, in agreement with results by Pikma et al. [92]. The increase 
of C at more negative E values is of a pseudocapacitive nature related to the 
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reduction processes visible in Figure 22. The C–E dependences of interfaces with 
4,4ʹ-BP addition for both studied concentrations of 4,4ʹ-BP have very low C 
values around 3 μF/cm2 at E > −1.7 V. The concentration increase did not signi-
ficantly impact the C plateau value due to the formation of a dense 4,4ʹ-BP adlayer 
covering the Cd(0001) surface, already at 0.1% 4,4ʹ-BP concentration. In the case 
of 0.2% 4,4ʹ-BP addition, a C peak is visible at E = −1.8 V, related to the charge 
transfer process involving 4,4ʹ-BP molecules. The same C peak is also visible for 
0.1% 4,4ʹ-BP addition at smaller ac frequencies. 

Figure 23. a) Capacitance (C) vs. potential (E) and b) Bode phase (θ) vs. frequency (f) 
dependencies of Cd(0001) | 4,4ʹ-BP + EMImBF4 with noted 4,4ʹ-BP concentrations. 
 
The θ–f dependencies in Figure 23b show notable deviation from the ideal capa-
citive behaviour for both Cd(0001) | EMImBF4 and Cd(0001) | 4,4ʹ-BP +EMImBF4. 
For Cd(0001) | EMImBF4 in the 50 Hz < f < 1000 Hz range, the interface is cha-
racterised by mixed kinetic behaviour as θ has minimum values of −71° and −65° 
at E = −1.7 V and E = −2.0 V, respectively. A nearly charge-transfer-limited 
behaviour is visible at very low f (f < 1 Hz) as θ is higher than −20°. For 
Cd(0001) | 0.2% 4,4ʹ-BP + EMImBF4, the θ values in the 50 Hz < f < 1000 Hz 
range are noticeably lower than for neat IL electrolyte. The increase of θ in the 
low ac f region (f < 10 Hz) occurred only at E < −1.1 V, while at more positive E 
values, the θ remained well below −40°. This is in contrast with the results of 
similar systems at Bi(111) and Sb(111) surfaces, where similar θ increase 
occurred at E values around the j peak related to the 4,4ʹ-BP oxidation/reduction 
process. 

The EC–STM images of Cd(0001) | 0.2% 4,4ʹ-BP + EMImBF4 at the 
beginning of an experiment (Figure 24) showed a smooth Cd surface with the steps 
between the terraces corresponding to the multiples of 2.8 Å, i.e., the distance 
between the neighbouring Cd layers in the hexagonal close-packed structure 
[113]. During the prolonged EC–STM experiment, the smooth Cd surface was 
replaced by clusters, which can be related to 4,4ʹ-BP agglomerates. The process 
is shown in Figure 25 over the course of 1 hour. First, the clusters appeared on 
the electrode surfaceʹs step edges and defect areas, where there are under-co-
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ordinated Cd atoms [206]. Followingly, the clusters also appeared on the terraces 
and led to the disappearance of well-defined step edges and smooth planes. These 
results contrast the previous 4,4ʹ-BP adsorption study of Cd(0001) conducted in 
an aqueous electrolyte, where a well-ordered adlayer of 4,4ʹ-BP with a striated 
pattern was visualised in a narrow potential range [45]. The existence of a highly 
ordered structure in the case of Cd(0001) | 0.2% 4,4ʹ-BP + EMImBF4 cannot be 
excluded entirely, as the 4,4ʹ-BP may have been adsorbed in a configuration, 
which was not visualised with the EC–STM. 
 

Figure 24. a) EC–STM image of Cd(0001) | 0.2% 4,4ʹ-BP + EMImBF4, illustrating the 
smooth Cd(0001) surface at the beginning of the experiment; b) the height profile of the 
given STM image with the heights of the visualised steps. 
 
The interplay between interactions can explain the formation of various visu-
alised 4,4ʹ-BP structures, such as ordered multilayer, monolayer, and clusters. The 
hydrophilicity of studied single crystal surfaces has been shown to increase in the 
order of Sb(111) < Bi(111) < Cd(0001) [114]. At the same time, the estimated 
4,4ʹ-BP adlayer structures at the Bi(111) and Sb(111) surfaces had similar adsorp-
tion energies (−1.32 eV and −1.37 eV, respectively). Therefore, the stronger inter-
actions of polar ions with the electrodeʹs surface can hinder the diffusion of 
adsorbed 4,4ʹ-BP molecules on the electrodeʹs surface. Simultaneously, the 
adsorption of 4,4ʹ-BP is energetically favoured due to strong short- and long-
range interactions between IL ions ″squeezing out″ the organic molecules from 
the IL to the electrodeʹs surface [207]. 
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Figure 25. EC–STM images of Cd(0001) | 0.2% 4,4ʹ-BP + EMImBF4 displaying the for-
mation of the clusters on the smooth Cd(0001) surface over time. 
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7. SUMMARY 
Given the transition to sustainable applications, a comprehensive understanding 
of processes at the molecular level in electrode–electrolyte interfaces is impera-
tive for developing more efficient technologies. This thesis focused on the charac-
terisation of adsorption processes and the electrode–ionic liquid interface struc-
ture. The properties and structures of the model single crystal electrode and ionic 
liquid interfaces were investigated with experimental cyclic voltammetry, electro-
chemical impedance spectroscopy, and electrochemical scanning tunnelling 
microscopy techniques, as well as density functional theory calculations and mole-
cular dynamics simulations. 

The simulations of Au(001) | BMImPF6 and graphene | EMImBF4 provided 
atomic-level insights into the structural changes of the interface, elucidating 
capacitance–structure and capacitance–temperature dependences. The simulations 
showed that the plateaus and peaks in the capacitance–potential dependence are 
related to the restructuring of the ionic liquid at the electrode surface within elec-
trical double layer region. The derived bilayer model provided a qualitative 
description of the capacitance–structure dependence, relating the characteristic 
points in the C–E dependence to the change of electrode charge screening (λ) and 
the reorientation of IL ions (l and δ). Moreover, the simulations showed that the 
ambient temperature (T) decreased the interfacial capacitance (dC/dT <0) around 
the potential of zero charge. As the profiles of ion distribution did not show a 
notable shifting of IL layers in the studied T range, it was concluded that the λ is 
dependent on the T, while l and δ are constant. Including grapheneʹs quantum 
capacitance (CQ) highlighted the importance of proper description of electrode 
properties as it significantly dampened the effect of T on overall interfacial C due 
to the weak T dependence of CQ. 

The studies of 4,4ʹ-bipyridine (4,4ʹ-BP) adsorption from EMImBF4 on Bi(111), 
Sb(111), and Cd(0001) showed the impact of electrode characteristics on the 
adsorption and self-assembly processes from IL. Although the formation of dense 
4,4ʹ-BP adlayers was identified with electrochemical impedance spectroscopy, 
the scanning tunnelling microscopy results displayed the differences in self-
assembled adlayer structures. The observed 4,4ʹ-BP adsorbed structures were: 
ordered multilayer structure at Sb(111), coadsorbed monolayer structure at Bi(111), 
and 4,4ʹ-BP agglomerates at Cd(0001). 

The comparison with previous 4,4ʹ-BP adsorption studies from aqueous 
solutions highlighted the impact of the electrolyte on the formed adsorbed struc-
tures and the interfacial processes. The slow formation of ordered self-assembled 
structures in ionic liquid led to various adsorbed patterns and even ordered organic 
multilayer structures. Thus, the trends and adsorption behaviour established in 
aqueous electrolytes may not be straightforwardly transferable to adsorption from 
ionic liquid electrolytes. As the alteration of electrode or electrolyte leads to very 
different adlayers – from highly-organised structures to disordered clusters – the 
suitability of a chosen interface for specific nanoelectronic applications must be 
verified. Although the adoption of ionic liquid electrolytes raises challenges, the 
systematic characterisation of their peculiar interfacial behaviour paves the way 
for their wider utilisation in practical applications. 
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9. SUMMARY IN ESTONIAN 

Adsorptsioon ja elektrilise kaksikkihi struktuur 
mudelelektrood – ioonvedelik piirpindadel 

Elektroodi ja elektrolüüdi piirpinnal toimuvate protsesside mõistmine molekulide 
tasandil on vajalik arendamaks efektiivsemaid ja jätkusuutlikumaid tehnoloogi-
lisi lahendusi. Käesolev doktoritöö keskendus elektroodi ja ioonvedeliku vahelise 
piirpinna struktuuri ja selles toimuvate adsorptsiooniprotsesside kirjeldamisele. 
Selleks, et omandada mitmekülgset arusaama piirpinnal toimuvast, kasutati eri-
nevaid mõõtetehnikaid nagu tsükliline voltamperomeetria, elektriline impedants-
spektroskoopia ja skaneeriv tunnelmikroskoopia. Samuti viidi läbi tihedus-
funktsionaali teoorial põhinevaid arvutusi ja molekulaardünaamika simulat-
sioone, et selgitada välja elektroodi pinnale adsorbeerunud molekulide/ioonide 
kihtide struktuure või nende muutusi piirpinna lähedal. 

Au(001) | BMImPF6 ja grafeen | EMImBF4 molekulaardünaamika simulat-
sioonid võimaldasid vaadelda piirpinda ioonide tasandil ning seostada mahtuvuse 
(C) väärtusi struktuuri ning temperatuuriga (T). Simulatsioonide tulemused näi-
tasid, et mahtuvuse potentsiaalist sõltuvuse platood ja maksimumid on seos-
tatavad muutustega elektroodi ja ioonvedeliku elektrilise kaksikkihi struktuuris. 
Neid muutusi saab kirjeldada ioonvedeliku kahe kihi mudeliga, mis seostas mah-
tuvuse potentsiaalist sõltuvuse karakteristlikke kohti elektroodi laengu üle-
varjestamisega (λ) ja ioonvedeliku ioonide ümberorienteerumisega (l ja δ). Tem-
peratuur mõjutas piirpinna mahtuvust eelkõige null-laengu potentsiaali lähedal, 
kus T kasv põhjustas mahtuvuse vähenemist (dC/dT < 0). Tulenevalt asjaolust, et 
T ei mõjutanud ioonide kihtide asukohti, siis järeldati, et λ sõltub temperatuurist, 
kuid l ja δ mitte. Grafeeni kvantmahtuvuse (CQ) arvestamine piirpinna mahtuvuse 
hindamisel vähendas oluliselt selle temperatuurisõltuvust ning muutis ka mahtu-
vuse potentsiaalist sõltuvuse kuju. Mahtuvuskõvera kuju muutumine tõi esile ka 
elektroodi omaduste korrektse kirjeldamise olulisuse. 

Uurimused, mis vaatlesid 4,4ʹ-bipüridiini (4,4ʹ-BP) adsorptsiooni Bi(111), 
Sb(111) ja Cd(0001) elektroodi ning EMImBF4 ioonvedeliku piirpinnal tõid esile 
elektroodi omaduste mõju adsorptsioonile ja orgaaniliste kõrgstruktureeritud 
kihtide moodustumise võimalustele. Elektrokeemilise impedantsspektroskoopia 
tulemused kinnitasid tiheda 4,4ʹ-bipüridiini kihi moodustumist kõigil uuritud 
elektroodi pindadel. Siiski näitasid skaneeriva tunnelmikroskoopia tulemused 
erinevusi 4,4ʹ-BP adsorbeerunud struktuurides: mitmekihiline struktuur Sb(111) 
pinnal, viirutatud koadsorbeerunud struktuur Bi(111) pinnal ja klastrid Cd(0001) 
pinnal. Võrdlus varasemate 4,4ʹ-BP adsorptsiooni uuringutega vesilahustes näitas 
elektrolüüdi märkimisväärset mõju nii piirpinnal toimuvatele protsessidele kui ka 
4,4ʹ-BP struktuuridele. Korrapäraste adsorbeerunud kihtide moodustumine ioon-
vedelikus oli märgatavalt aeglasem kui vesilahustes. Samuti tekkisid pinnale eri-
nevad 4,4ʹ-BP struktuurid – mitmekihilistest korrapärasest struktuurist klastriteni. 
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Seetõttu, kuna nii elektroodi kui ka elektrolüüdi valik mõjutab oluliselt orgaanika 
adsorptsiooni, tuleb veenduda valitud piirpinna sobivuses potentsiaalse rakenduse 
jaoks nanoelektroonikas või energiasalvestuses. Sellest lähtuvalt on ioonvedelike 
laiemaks kasutuselevõtuks vajalik uurida süstemaatiliselt nende piirpindade 
omadusi ja neid mõjutavaid faktoreid. 
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