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Abstract

:

Ionic liquids have become of significant relevance in chemistry, as they can serve as environmentally-friendly solvents, electrolytes, and lubricants with bespoke properties. In particular for electrochemical applications, an understanding of the interface structure between the ionic liquid and an electrified interface is needed to model and optimize the reactions taking place on the solid surface. As with ionic liquids, the interplay between electrostatic forces and steric effects leads to an intrinsic heterogeneity, as the structure of the ionic liquid above an electrified interface cannot be described by the classical electrical double layer model. Instead, a layered solvation layer is present with a structure that depends on the material combination of the ionic liquid and substrate. In order to experimentally monitor this structure, atomic force spectroscopy (AFS) has become the method of choice. By measuring the force acting on a sharp microfabricated tip while approaching the surface in an ionic liquid, it has become possible to map the solvation layers with sub-nanometer resolution. In this review, we provide an overview of the AFS studies on ionic liquids published in recent years that illustrate how the interface is formed and how it can be modified by applying electrical potential or by adding impurities and solvents.
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1. Introduction


In general, ionic liquids are defined as liquids that are composed entirely of ions [1]. This definition includes melts of crystalline ionic materials, which are commonly referred to as “molten salts”, as well as mixtures of any type of ions in the liquid state. In a narrower sense, “room-temperature ionic liquids (RTIL)” are understood as salts, which often contain organic ions, with melting points below room temperature [2,3]. Starting from their first discovery in 1914, they have become of central interest in fundamental and applied chemistry in recent decades, mainly because they are considered as promising alternative environmentally-beneficent solvents [4]. As their properties can be as systematically tailored as both their constituents, anion and cation, can be varied, they have been labelled “designer solvents” [5]. In general, ionic liquids provide a variety of desirable characteristics for chemical engineering, such as a high chemical and thermal stability, a high ionic conductivity, a negligible vapor pressure, and low flammability [6]. Potential fields of application comprise not only all techniques of chemical synthesis and processing where conventional molecular solvents are employed, but also mechanical engineering where ionic liquids may serve as lubricants and coatings [7]. Moreover, they have attracted enormous attention in electrochemistry, as they can be used as stable electrolytes for sustainable energy storage and conversion by supercapacitors, batteries, dye-sensitized solar cells, or polymer electrolyte membrane fuel cells (PEMFCs) [8]. As an illustration of the composition of ionic liquids, selected cations and anions are presented in Figure 1.



The analysis and description of ionic liquids opens a new field of science, not only because of the tremendous number of potential ionic liquids (up to 106 binary and 1018 ternary ionic liquids have been predicted [9]), but rather because ionic liquids behave fundamentally differently than conventional molecular solvents. Classically, liquids are understood as matter without inner structure and long-range ordering [10]. As experiments have shown that this does not hold true for ionic liquids, a paradigm shift in the understanding of their structure has occurred. As Hayes et al. [11] put it, molecular solvents can be described as “homogeneous, coherent, and essentially irregular”, but ionic liquids must be regarded as “nanoheterogeneous, coherent, and essentially regular”.



This regular ordering not only involves the bulk of ionic liquids but also surfaces and interfaces, which is of particular importance when using ionic liquids in electrochemical applications. In molecular solvents, the interface between a solid electrode and a liquid solvent can be described as the formation of a double-layer, as elaborated by Helmholtz, Gouy, Chapman, and Stern [12], but in ionic liquids, the internal ordering also influences the electrochemical processes at the interface [13]. Hence, a multitude of experimental approaches have been applied in order to elucidate the structure of ionic liquids at electrified interfaces. Among them, at first, electrochemical impedance spectroscopy (EIS) must be mentioned as a well-established method for estimating the average double layer thickness and the potential of zero charge (PZC) [14]. This method has been complemented by optical methods of interface analysis such as sum frequency generation vibrational spectroscopy (SFG), or infrared (IR) and Raman spectroscopy [15,16]. High-energy reflection and scattering using X-rays and neutrons have also been employed, revealing that ionic liquids form regular layers at the interface [17,18]. Direct mechanical access to the interface structure has been provided by using a surface force apparatus (SFA) to measure the thickness of anion and cation layers at the interface with utmost precision down to the Angstrom scale but averaging over a large contact area in the square micrometer range [19]. Hence, in recent years, atomic force microscopy (AFM) has become the method of choice for the direct investigation of ionic liquid interfaces, as it probes the layered structure locally by using a microfabricated tip with a radius of curvature of a few tens of nanometers [20]. Typically, force spectroscopy mode has been used, wherein the force between the tip operating in the liquid and the solid interface is recorded during approaching and retracting, which will thus be the focus of this review.



In the following, we will give a brief overview of the present knowledge on the bulk structure of ionic liquids and the formation of the interface layer to electrified surfaces before describing the measurement principle of atomic force spectroscopy. In the main part of this review, selected examples of AFM measurements in different modes are made, and the insights in the electrical double layer formed by ionic liquids and solid surfaces provided by this technique are discussed.




2. Bulk Structure of Ionic Liquids


As ionic liquids are composed of ions, the main interaction in the liquid phase is the electrostatic force between the oppositely-charged molecules. In contrast to a classical molten salt however, these molecules, in particular the cations, show a significant molecular asymmetry that countervails the coulombic interaction. This effect is the main cause of the characteristic low melting temperature [21,22]. Extensive theoretical and experimental research has been performed, especially on imidazolium-based ionic liquids, and it was found that they order in a self-assembled network, mediated by hydrogen bonding between the molecules in the solid as well as the liquid and even in the gas phase [23,24]. Hence, they can be effectively described as a heterogeneous polymeric “supramolecular fluid” consisting of polar and nonpolar domains at the nanoscale [25]. In order to illustrate the bulk structure of ionic liquids, simulations related to molecular dynamics, together with experimental high-energy scattering methods, are frequently employed [26].



When simulating the forces between the molecules, particular care must be taken into account for steric effects, since the electronic landscape around the ions in the liquid reveals a distinct anisotropy [27]. These effects can be exemplified with the imidazolium cations 1-ethyl-3-methylimidazolium [EMIm]+ and 1-butyl-3-methylimidazolium [BMIm]+ (see Figure 1). They both consist of a methyl group and an imidazole ring, while the length of their alkyl side chain differs. As the positive charge of the cation is located in the methyl head group, the tail group can be regarded as being nonpolar. By performing molecular dynamics simulations of ionic liquids consisting of imidazolium cations and NO3− anions, Wang et al. [28] could show that the nonpolar tail groups of the cations mainly aggregate due to van-der-Waals forces. In this way, they form domains beside a network consisting of the head groups of the cations and anions, which is kept together by electrostatic forces. In this way, a heterogeneous nanostructure of the ionic liquid is established.



Figure 2 depicts a snapshot of such a simulation, making the aggregation phenomenon in the bulk visible. Comparing cations with different tail groups, Wang et al. [28] concluded that the tendency for building heterogeneous bulk structures increases with the length of the alkyl chains, which can explain many macroscopic properties such as diffusivity and viscosity. Not only does this hold true for the cations, but it was also found that asymmetric anions with extended alkyl chains can be the cause of nanostructurization and domain formation. This opens up the opportunity to tailor ionic liquids with specific macroscopic properties by changing the configuration of their base ions [29,30]. Depending on the specific geometry of the ions, a variety of complex bulk structures can be adopted, e.g., for the protic ionic liquid ethylammonium nitrate (EtNH3NO3), a defined structure composed of cationic layers with the anions distributed in between the layers as well as being intermixed with the cationic layers was proposed [31].



With the addition of further atomic species, the complexity increases. One example is triphilic ionic liquids, consisting of fluorinated, polar, and apolar constituents [32]. In these liquids, the cations typically contain the tails of alkyl chains while the anions have fluorous tails [33]. It was found that these fluorous tails agglomerate via self-assembly on the mesoscopic scale. Hence, three distinguishable types of domains are present, namely the charged polar domain, the fluorophilic domain and the lipophilic hydrocarbon domain [33]. They establish a filamentary network throughout the bulk phase of the liquid, thus introducing complex order phenomena [34]. As the building blocks of the network, which have fundamentally different local properties, coexist on the nanoscale, triphilic ionic liquids promise the possibility of the precise local control of chemical reactions and transport properties and thus have become an emerging research topic [33].



A further step towards more structural complexity is the admixture of additives or cosolvents, e.g., by mixing different ionic liquids [35]. When two or more ionic liquids are mixed, the resulting properties cannot be simply understood as conventional “double salt mixtures” but as all constituting ions interacting with each other, thus forming an individual nanostructure that determines the properties of the new liquid [36]. In pure ionic liquids, mixture effects related to impurities must also be considered. Water in particular is a common impurity, as it can be easily absorbed from a humid atmosphere or purposely added to the ionic liquid to alter the mechanical or electrochemical properties [37,38,39,40]. The uptake of water was found to depend specifically on the hydrophilicity of the anions, thus pointing to a close interaction between water and the ionic liquid nanostructure [41,42,43].



In general, the addition of water to an ionic liquid can be divided into different steps, as elaborated by Ma et al. [44]. This scheme is illustrated in Figure 3. With small water contents, an embedment of water in the ionic liquid nanostructure can be established without clustering effects and thus this stage can be described as the solvent mixture (step II). With increasing water content, the ordered structure of the ionic liquid gets distorted and the dissociation and hydration occurs such that individual ion pairs can evolve (step III). Finally, at high water concentrations, a complete or partial dissociation and hydration takes place (step IV) and thus the mixture can be treated as a classical electrolyte. Depending on the individual properties of the ions, the solution of the ions in the water can also be related to the formation of micelles [45]. This has been studied in detail with ionic liquids containing the 1-alkyl-3-methylimidazolium family of cations and it has been found that the micelles formation can accelerate specific chemical reactions, thus showing potential for the practical application of ionic liquid-water mixtures in catalysis [46].



Considering the mechanisms of the formation of a heterogeneous nanostructure in the bulk of ionic liquids described so far, it must be expected that they will also influence the formation of the interface structure. As the presence of an interface breaks the symmetry of the system, a different nanostructure than that in the bulk evolves [47]. This can be readily seen in the simulation shown in Figure 2 where, at the surface of the liquid modelled as the interface to the vacuum, a preferential agglomeration of cationic tail groups occurs. When the ionic liquid is in contact with a solid, the interface structure is also affected by the topography, atomic arrangement, reactivity, local charge, and polarizability of the solid surface [11]. This interface structure becomes additionally distorted when electrical potential is applied to the solid, as is the case in electrochemical cells such as PEMFCs that employ ionic liquids as an electrolyte [48]. In consequence, a complex layered structure is formed in the ionic liquid that determines the kinetics of ion transport and reactions at the interface.




3. The Electric Double Layer at Solid-Liquid Interfaces


Investigations of the electric double layer formed in a liquid electrolyte close to an electrified interface range back to the early days of electrochemistry. In 1853, Helmholtz described the electric double layer as a simple capacitor formed by ions of the electrolyte being attracted by the oppositely-charged surface [49]. Later, Gouy and Chapman improved this conception by taking into account the fact that entropic effects lead to a smearing of the region that screens the surface charge and described the double layer as a diffuse space charge zone [50,51]. This model has been found to work well in describing electrolytes with low ion concentrations at moderate voltages. Stern further improved understanding of the interface by re-introducing a “Helmholtz-like” layer directly at the surface, thus removing the deficiencies that the Gouy-Chapman model revealed at high voltages, as it does not account for the finite size of the ions [52]. In this Gouy–Chapman–Stern model, a linear potential drop in the inner compact layer occurs before a quasi-exponential decrease in the outer layer does. An illustration of the discussed models of the electrical double layer is shown in Figure 4. These models are so-called “primitive models”, as they treat the ions as charged spheres, the solvent as a dielectric continuum, and the electrode as an ideal metal. When trying to understand the interface between an electrified solid surface and an ionic liquid, the above-mentioned models could not be successfully applied, mainly because they were developed for diluted electrolytes where the ion distribution can be described by Poisson–Boltzmann statistics [13]. To obtain a more comprehensive insight into the mechanism of the double layer, so-called “non-primitive models” were developed to take into account the properties of the metal electrode and the discrete nature of the solvent [53]. For instance, the ion-dipole-jellium model treats the solvent and solute as an ensemble of hard spheres interacting with the electron gas of the electrode [54,55]. In this way, it became possible to describe the processes at the interface with particular consideration of the charge transfer from a quantum mechanical perspective. However, for modelling ionic liquids, further parameters must be considered, as the electrolyte forms a kind of “ionic plasma” [56]. It was found that their electric double layer shows similarities to conventional molten salts, where overscreening or crowding effects become relevant [57]. Describing such a complex interface structure is challenging, and approaches using mean-field theory, Landau–Ginzburg theory, and molecular dynamics have been considered [13,57,58,59].



As ionic liquids are entirely composed of ions, one can assume in a simplified approximation that ions with a charge opposite to the electrified electrode will be attracted to the interface. As illustrated in Figure 5 for a positive electrode, the first layer would be formed by anions, followed by a cation layer. Depending on the strength of the coulomb interaction, this layering will be repeated towards the bulk several times. With increasing distance from the interface, the disorder will decrease until, finally, the bulk structure is adopted. In ionic liquids composed of asymmetric ions, the orientation of the molecules also becomes relevant, and the interaction between charged head groups and uncharged tail groups can result in complex field-induced charge arrangement processes [60].



In order to verify or improve on these theories, direct experimental insight into the double layer structure is essential. In particular, the mechanical methods, AFM and SPA, have contributed significantly to elucidating the interface structure in recent years. While the AFM investigations will be discussed in detail below, we present as a first example SFA measurements performed on [C4MIm][NTf2] (also referred to as [BMIm][TFSI]) by Gebbie et al. [61], illustratively revealing the shape of the extended double layer. As is shown in Figure 6, the force between a positive Au and a negative mica surface was measured to reveal an attraction starting at a distance of more than 25 nm before a repulsive force prevailed in the last nanometers in front of the surface. The data were modeled by the interplay of double layer attraction, van der Waals attraction, and steric repulsion. These results indicate that a long-range double layer, as well as a dense short-range nanostructure, which will be in the scope of the following discussion, exists simultaneously.




4. Principles of Atomic Force Spectroscopy


Shortly after the epoch-making invention of the scanning tunneling microscope (STM), Binnig et al. developed the atomic force microscope (AFM) in the 1980s [62]. It utilizes a sharp tip attached to a microcantilever scanning the surface. In the standard contact mode, the deflection of the cantilever is measured via optical lever amplification when approaching the surface, thus serving as a force sensor based on Hooke’s law:


F=−kδc,



(1)




where F is the force, k the spring constant, and δc the cantilever deflection [63]. Using a feedback loop, the force can be kept constant and thus the topography of solid samples can be mapped by moving the sample via piezo elements. With this relatively simple measurement technique, impressive results on the micro- and nanoscale, even up to atomic resolution, have been obtained [64]. As further measurement modes, the non-contact and intermittent or tapping mode have been developed based on the fact that the resonance frequency of the cantilever changes when the tip comes in the vicinity of a surface [65]. They are dynamic measurement modes, where the cantilever is oscillated and the frequency or amplitude of the oscillation is used as an input signal of the feedback loop. These techniques have the advantage that the direct interaction between the tip and sample is minimized, and thus more reliable measurements at higher scan speeds are possible. Dynamic measurements are not only possible using the optical lever technique but also with piezoelectric sensors such as the qPlus tuning fork, allowing for measurements with utmost signal-to-noise ratio [66,67].



AFM measurements can be performed in various environments without complex sample preparation and do not rely on the presence of vacuum conditions, which are required for other high-resolution microscopy techniques such as electron microscopy. Hence, the AFM has also become a versatile tool for the investigations of liquid samples in chemistry and life science [68]. It has been extensively employed for investigating the morphology changes of metallic surfaces during electrochemical polarization in various electrolytes, including ionic liquids [69,70,71,72,73].



Here, we focus on the investigation of the spatial extension of the electric double layer at a solid/liquid interface, where information about the structure out-of-plane, normal to the surface in particular, is needed. Therefore, the tip is approached and subsequently retracted from the surface and the force between the tip and sample is recorded as a function of their separation [74]. This mode is called atomic force spectroscopy (AFS), as the force-separation relationship depends on the material properties, thus allowing for mapping of the material contrast [63]. In recent years, AFS has become the method of choice for the investigation of interfaces in liquid and is in particular applied in nanobiology for investigating, e.g., cells, proteins, or antigen-antibody interactions [75]. During these investigations, where the samples are typically immersed in an ionic buffer, effects of interface modifications at charged surfaces have already become obvious [76].



Theoretically, the interaction between the tip and a solid surface can be approximated by the Lennard–Jones potential ULJ (see Figure 7a), which was calculated by a two-atom approach. It includes an attractive van der Waals interaction and a repulsive interaction related to Coulomb forces and the Pauli Exclusion Principle:


ULJ=−4ε(σ6s6−σ12s12)



(2)







Here, ε is the minimum of the potential well, s is the separation between the two atoms, and σ describes the separation of zero force [74]. On a real surface in contact with an ionic liquid, the situation can be more complex, as is illustrated by the schematic force curve shown in Figure 7b. At first, one must consider that in conventional AFMs, the force is recorded as a function of the position of the piezo scanner, z. This is, however, not the real distance between the tip and surface. As the cantilever is also moved by the piezo scanner when in contact with the surface, one must subtract the cantilever deflection δc, which has been measured by the optical lever method, from the scanner movement z in order to obtain the true distance, called separation s, between the tip and sample [77].


s=z−δc



(3)







Secondly, one must consider that during approach and retraction, instabilities in cantilever motion can develop, leading to jumps [78]. When the gradient of the force between the tip and surface during the approach becomes larger than the spring constant of the cantilever, a jump-to-contact (JTC) occurs. Similarly, a jump-off-contact (JOC) occurs when the spring constant of the cantilever becomes larger than the gradient of adhesive forces between the tip and sample [79]. These two instabilities, related to the maximum adhesive forces called pull-on force and pull-off force, mark a hysteresis between the approach and the retraction curve, containing information about the material properties of the sample [78].



When approaching solid surfaces in a liquid, the tip is not necessarily in direct contact with the surface after the jump-to-contact occurs, as solvation layers constitute an additional barrier that the tip must puncture before reaching the solid surface. Thanks to the high sensitivity of an AFM in the z direction, this effect can be used to resolve the internal structure of the interface layer. In the case of ionic liquids, dense alternating anion and cation layers are present at the interface that cause additional characteristic jumps in the force curve, preferentially during the approach, as illustrated in Figure 7b [80]. At each layer, the force increases at constant separation until it is high enough that the tip can puncture the layer and jump to the next layer. These jumps are strongly dependent on the charging of the system. In the case that the tip or surface is not charged, the measured thicknesses of the layers correspond to the dimension of the anion or cation, respectively, but when a charged surface is investigated with a charged tip, the observed jumps correlate with the dimension of an ion pair [81]. In this manner, detailed information about mechanical properties and the thicknesses of the interface layers of ionic liquids can be collected with sub-nN and sub-nm resolution.



In order to achieve such a high resolution, the condition of the tip is the key parameter. While extremely sharp Si tips can be prepared via microfabrication, their morphology is significantly altered by impurities. When handling the tips in ambient conditions, organic adsorbates can be adsorbed on the tip, impairing its performance. Hence, tip preparation methods involving plasma treatment, sputtering, or UV irradiation have been found to significantly increase the quality of AFM measurements in liquids [82]. A further source of tip contamination can be solid state impurities such as elements from the backside coating of the cantilever that have diffused to the tip apex [83]. Similar contaminations can also evolve in the course of the measurement if material from the solid surface or particles already present in the liquid get attracted to the tip and thus changing its geometry [84]. Besides these unwanted effects, controlled tip modification by adsorbates can also be used to increase the sensitivity and selectivity of the tip as shown below [85].



A further parameter that can influence the measured forces is the velocity of the tip during approach and retraction. This has become obvious in particular when performing measurements in liquid for biological applications such as protein unfolding where the measured forces are related to the retraction speed [86,87]. Depending on the molecular structure of the interface, such dynamic processes also cannot be excluded when investigating ionic liquids by AFS and thus should be kept in mind.




5. Structure of the Interface Layer of Ionic Liquids Revealed by AFS


5.1. The Electrified Interface


The history of investigating the ionic liquid/solid interface layer by means of AFS goes back to the year 2006 when Atkin and Warr performed the first measurements on the atomically flat model substrates mica, silica, and graphite [88]. They investigated the three different ionic liquids 1-ethyl-3-methylimidazolium acetate (C2MImAc), propylammonium nitrate (PAN), and ethylammonium nitrate (EAN). As is exemplarily shown in Figure 8, the force–separation curves exhibit oscillations with frequencies corresponding to the dimension of the ion pairs of the respective ionic liquids. A strong correlation between the surface charge, surface roughness, and molecular arrangement with the observed layered structure was found. In particular, in the case of graphene, a pronounced layering was identified with up to seven layers for C2MImAc. Hence, it was concluded that steric effects such as the local interaction of the alkyl chains of the ionic liquid molecules with the carbon atoms of the substrate are decisive for the formation of the interfacial structure. Comparing the ionic liquids under investigation, it has been determined that an increased internal flexibility (e.g., PAN compared to EAN) results in a weakening of the layer structure and an increase in the compressibility.



As the mechanical measurement of layered interfaces is prone to fluctuations, it is useful to not measure only one but a set of several tens of force curves (as drawback information about dynamic effects, which are often investigated in biological AFS, gets lost). Subsequently, their average can be calculated and presented using 2D histograms, as is shown for the [EMIm][TFSI]/mica interface in Figure 9. Four series of measurements obtained using different set points of maximum force are presented, illustrating a major challenge when performing AFS in liquids. Due to the calculation of the separation via the cantilever deflection (Equation (3)) and the increasing hardness of layers when approaching the surface, it is demanding to determine the point of zero separation, which denotes the point when the tip is in direct contact with the surface [20]. In all measurements, the layered interface structure of the ionic liquid can be clearly observed, but when choosing too low of a set point, the real surface cannot be reached. This also constitutes a requirement on the cantilever selection. Using a soft cantilever with a low spring constant has the advantage of high sensitivity at the expense of a limit on the maximum force. Furthermore, the large deflection of soft cantilevers can result in a distortion of the force curves due to the nonlinearities of the photodetector [20]. Hence, one should select a cantilever that can provide sufficient force to reach the surface. In the example of Figure 9, a set point of 14 nN was needed to puncture all liquid interface layers. This was concluded by the fact that a further increase of the force set point to 18 nN did not reveal further layers. An additional indication for hitting the surface can be derived by regarding the retraction curves, often showing a distinct change in adhesion after direct tip-surface contact [20].



Using a tip attached to a cantilever as a mechanical probe, one should also keep in mind that the probe itself can have an impact on the measurement. The radius of commercial AFM tips is typically in the range of a few nanometers, which is much larger than the distance between ionic liquid interface layers that are supposed to be measured. Additionally, the presence of the tip leads to the formation of a second solid-liquid interface where, depending on the material and charge of the tip, a layered interface structure can also evolve. Hence, one interface structure is probed with another. Black et al. [20] performed tests employing two different tips on the same [EMIm][TFSI]/mica interface. They compared a SiN tip with a Au-coated SiN tip. As is shown in Figure 10, the layered interface structure can be seen in both measurements. The forces needed to puncture the layers are significantly different and mainly relate to the tip radius, which was up to three times higher for the Au-coated tip than for the uncoated one. Despite this, the measured thicknesses of the layers are the same for both tips, as becomes obvious from the separation histogram on the right of Figure 10.



In order to gain information on the electric double layer as a function of the electrical polarization of the solid surface, miniaturized electrochemical cells have been constructed and introduced in AFM setups. Hayes et al. [89] investigated the Au(111) surface in contact with the ionic liquids 1-ethyl-3-methylimidazolium tris(pentafluoroethyl) trifluorophosphate ([EMIm][FAP]) and 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl) trifluorophosphate ([Py1,4][FAP]) under different electrical polarizations. Figure 11 shows the resulting force–separation curves for the [Py1,4][FAP]/Au(111) interface at open circuit potential (OCP) and positive and negative voltage. The oscillatory behavior, which was already present at OCP, became modified upon polarization, leading to an increase in the force necessary to punctuate the innermost layers and an increase in the number of detected layers (Hoth et al. [90] even measured up to 12 ion pair layers at −2 V). It has been observed that this effect is more pronounced at negative potentials, suggesting that the [Py1,4]+ cations absorbed on the surface are a more effective template for establishing an ordered interface structure.



These findings by Hayes et al. [89] finally provided direct experimental evidence that the electric double layer in ionic liquids cannot be traditionally described using a Gouy–Chapman–Stern approach, and an oscillatory capacitive double layer is present, as is illustrated in Figure 5. Hence, in recent years, AFS investigations under applied potential have been extended to a variety of different combinations of ionic liquids and conducting surfaces relevant for electrochemical applications [91,92]. For example, Zhang et al. [93] performed detailed measurements on the Au(111) surface in contact with 1-n-butyl-3-methylimidazolium hexafluorophosphate ([BMIm][PF6]). They were able to resolve three to four layers using AFS at the interface. By recording force–separation curves at potentials between −0.9 V and +0.5 V, they concluded that the electric double layer is confined to a few charged interior layers, but that additionally neutral exterior layers are also present.



The complexity of the interface structure under electrical polarization has been further elucidated by combining AFS investigations with STM mapping. For both investigated ionic liquids [Py1,4][FAP] and [EMIm][FAP], the innermost ions interact strongly with the electrode surface depending on the potential [94]. However, significant differences between the two liquids are present, considering surface reconstruction. While the [Py1,4][FAP]/Au interface undergoes herringbone reconstruction in the cathodic regime [95], no reconstruction has been observed for [EMIm][FAP]/Au [94]. Similar effects have been observed comparing 1-ethyl-3-methylimidazolium bis[(trifluoromethyl)-sulfonyl]amide ([EMIm][TFSA]) and 1-butyl-1-methylpyrrolidinium bis[(trifluoromethyl)-sulfonyl]amide ([Py1,4][TFSA]). Unlike the [EMIm]+ cations, the [Py1,4]+ cations were found to be strongly bound to the surface, leading to the evolution of a wormlike reconstruction pattern under cathodic polarization [96]. This illustrates that even small changes in the molecular configuration of the cations can drastically change the electrochemical properties of the ionic liquid. Moreover, the configuration of the anions can also have an impact on the interfacial structure as was addressed, e.g., by Liu et al. [97]. In their work, ionic liquids having the same [EMIm]+ cation but four different anions bis(trifluoromethylsulfonyl)imide [TFSI]−, trifluoromethylsulfonate [TfO]−, methylsulfonate [Oms]−, and acetate [OAc]− were investigated in contact with the Au (111) surface. AFS measurements under cathodic polarization revealed that the number of layers and force necessary for their punctuation increases systematically with anion size, and it was concluded that this is also the cause for differences in macroscopic electrowetting behavior [97].



In order to extract further information from the force–separation curves, approaches to controlled tip modification have been developed. One method to enlarge and accurately define the size of the contact area is to use colloidal probes instead of conventional pyramidal AFM tips [98]. Using a spherical silica probe with a diameter of 5 µm, Li et al. [99] were able to elucidate the interface structure between Au and imidazolium-based ionic liquids with cations having different alkyl chain lengths, such as [EMIm]+, [BMIm]+, and [HMIm]+. They found that under cathodic polarization, [BMIm]+ was relatively weakly bound to the surface, while [EMIm]+ as well as [HMIm]+ showed stronger interactions. For [EMIm]+, this was attributed to the stronger interaction of the imidazolium ring with the surface. For [HMIm]+, steric effects related to the increased length of the alkyl chain, leading to a stronger solvophobic force, have been made responsible. A second approach of tip modification was followed by Zhong et al. [85]. They attached alkylthiols with different end groups, such as –NH3+, –COO−, and –CH3 to the tip, thus creating charge-sensitive probes, as illustrated in Figure 12a. They investigated the interface between 1-octyl-3-methylimidazolium hexafluorophosphate ([OMIm][PF6]) and Au (111). Regarding the force–distance curves in Figure 12a measured under anodic and cathodic substrate polarization, distinct differences between the neutral, positive, and negative tips can be seen. Positively charged tips are more sensitive for layer detection at positive substrate potential and vice versa. This becomes obvious with regard to the force, which is necessary to punctuate the third sublayer as a function of the potential (Figure 12b). A “camel-shaped” dependency can be observed for all tips, indicating that the structural organization of the electric double layer increases with the potential at both polarities, but at positive potential, the positively-modified tips show the highest force, while at negative potential, the force for the negatively modified tips is the highest. Based on these findings, Zhong et al. [85] elaborated a molecular model of the interface, as shown in Figure 12c. At negative substrate potential, the cations are modeled to be directly attached to the surface via their imidazolium ring where the positive charge is located. At positive bias, the smaller anions form the first interface layer with the cationic imidazolium ring attached to it while the cationic tail groups are pointed away from the surface. In the intermediate state, at zero charge, a checkerboard-like arrangement of the ions was assumed instead.



Aside from the aforementioned investigations of the electrified Au surface, studies of the interface between ionic liquids and graphite have been conducted, as the understanding of carbon-based electrodes is of high significance for building fuel cells or electrochemical supercapacitors [100]. Black et al. [101] focused on the interface structure between 1-ethyl-3-methyl-imidazolium bis(trifluoromethanesulfonyl)imide ([EMIm][TFSI]) and highly oriented pyrolytic graphite (HOPG). The measured 2D force–separation histograms are presented in Figure 13 for the unbiased and positively and negatively polarized surface. In all cases, an ordered structure with up to four layers has been revealed. In order to gain a deeper insight into the ionic arrangement of the double layer, the measured curves were correlated with molecular dynamics simulations. The densities of anions and cations as a function of the separation from the surface were calculated from simulations performed at different surface potentials, as shown in Figure 13 for +1 V and −1 V. In contrast to the uncharged surface, where different ion orientations are present, the electrostatic force induced by the application of the potential leads to a predetermined ion orientation in the first ion layer and a charge screening confined to approximately 1 nm. Further from the surface, a layered interface structure with absent preferential ion orientation was predicted. The conclusions derived from the simulation closely match the experimental results, showing the versatility of AFS for investigating the electric double layer in ionic liquids. Jurado et al. [102] extended the investigations of carbon-based materials to the graphene surface. They investigated the interface formed with [EMIm][TFSI] at zero charge as well as under applied potential, concluding that the strong interaction of the imidazolium ring with the graphene surface via π–π bonding results in a preferential orientation of the ions and to an overscreening, even on the uncharged surface. When a potential was applied, the behavior of the double layer changed from overscreening towards crowding, leading to a decrease in the force within the layered structure.



While the investigation of model systems of atomically flat surfaces provides valuable insights into the fundamental nature of the double layer formation of ionic liquids, one must question if these results can be directly transferred to real applications where rough electrodes are present. In order to scrutinize this issue, Sheehan et al. [103] conducted a study employing silica nanoparticles deposited on silica wafers. Additionally, they employed sharp tips as well as different silica colloids as AFM probes to modulate the roughness of the system confining the ionic liquid. Comparing the force curves measured in [HMIm][TFSI] shows that the roughness has a distinct influence on the layered structure. The presence of only a low density of nanoparticles modifies the measured double layer across the entire surface. Furthermore, the use of a rough probe contact was found to be related to a localized arrangement and agglomeration of the ionic liquid at “multi-asperity” contacts [103]. These results show that the presence of rough surfaces introduces further complexity to the system, affecting the static structure of the ionic liquids as well as their dynamics.



It should also be noted that although an ordered double layer structure at solid/liquid interfaces has been observed by AFS as well as by complementary methods on a large variety of ionic liquids, there seems to be no universal behavior. As a counterexample, Radiom et al. [104] reported on the interface between trihexyl(tetradecyl)phosphonium bis(mandelato)borate ([P6,6,6,14][BMB]) and different atomically flat surfaces, such as Au, mica, or silica. By investigating force–separation curves, no hints of the presence of a multilayer structure, but only a diffuse repulsion, were found. A possible explanation for this striking difference to conventional ionic liquids was suggested with regard to the molecular structure of [P6,6,6,14][BMB] having a large and flexible anion with delocalized charge and a compact and inflexible cation [104]. This combination could exclude a regular arrangement of the molecules at the interface. Furthermore, Cheng et al. [105] reported that even on popular imidazolium-based ionic liquids such as [EMIm][TFSI], no structured interface to mica is present if no water is present, as is discussed in detail below. This shows that the properties of ionic liquid/solid interfaces are individual and must be investigated for every class of liquids, as well as for the specific boundary conditions, separately.




5.2. Influence of Water


When hydrophilic ionic liquids are employed for applications under environmental conditions, water is the major impurity that significantly influences the nanoscale structure of the double layer [106,107]. In particular, in ionic liquids used as electrolytes in fuel cells, water is generated as the product of the reaction between hydrogen and oxygen and can thus alter the reactions at the electrode surfaces [41]. Even small amounts of water can modify the interface structure of an ionic liquid under applied electric potential [108]. On the interface between butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl) amide ([BMP][TFSA], also referred to as [Py1,4][TFSI]) and Au(111), Zhong et al. [109], using AFS, observed that upon a water increase from 30 ppm to 90 ppm, the stiffness of the first interface layers decreased significantly while the thickness of the layers increased. This indicates that at this low concentration, water absorbs on the surface and distorts the defined orientation of ions in the layer. A comparable result was obtained by Wang et al. [110] on different 1-alkyl-3-methylimidazolium bis(trifluoromethanesulfonyl) imide ([CnMim][TFSI]) ionic liquids. Water was found to distort the interfacial structure formed with mica, which also impacts the wetting behavior of the liquid [111]. The dissolution of the structured interface layer upon water uptake is also a challenge when using ionic liquids as lubricants due to higher friction [112].



In contrast to many reports showing that even small amounts of water lead to a distortion of the structured interface layer, Cheng et al. [105] note that the presence of water is necessary for the evolution of a layered structure at the interface. They also investigated [RMIm][TFSI] ionic liquids in contact with mica and found that the force-separation curves were not indicative for a layered interface structure when using carefully dried ionic liquids, as is shown in Figure 14a,b. The force curve was found to be continuous with a repulsive force detected from approximately 12 Å away from the surface, which reveals that only an unstructured interface layer exists. Only after exposing the ionic liquid to humid ambient conditions could the characteristic instabilities in the force curve related to layering be observed (see Figure 14c,d). It was concluded that water or other small molecules are necessary for a charging of the mica surface via the dissolution of K+ ions, inducing a structuring of the ionic liquid at the interface. In additionally wetted ionic liquids, layering was also present, but the jumps between the innermost layer and surface were larger, suggesting that water forms an adsorption layer on the mica surface, altering the interface structure [105].



The effect of higher amounts of water on the interface structure was examined by Cui et al. [114] using 1-ethyl-3-methylimidazolium trifluoromethylsulfonate ([EMIm][TfO]) in contact with Au (111). They found that the number of layers detected by the force–separation curves decreased with increasing water content. For the pure ionic liquid, five layers were seen, whereas after the addition of 50 vol% of water, only one layer was resolved under cathodic polarization. Assisted by complementary experiments using vibrational spectroscopy, Cui et al. [114] concluded that a “water in IL” to “IL in water” transition takes place at 20–30 vol%. As a result, the water molecules weaken the interaction between the ions and the multilayer structure at the interface is diluted to a classical Helmholtz-like double layer. Depending on the molecular configuration of the ionic liquids, this transition can also be related to the formation of micelles. Reverting the roles of ionic liquid and water, Cheng et al. [113] investigated the formation of the mica/liquid interface when an ionic liquid, here [C8MIm][Cl], was subsequently added to water. As is shown in Figure 15, force–separation histograms were constructed for different concentrations of the ionic liquid in the mixture. While at a concentration of 1 mM, no dense interface structure was present, the jumps in the force curves setting in at 50 mM indicate the formation of a dense hydrophobic molecular surface layer. At higher concentrations, the amount and position of the jumps was found to be modified, revealing that at first the formation and adsorption of micellar structures occurs and, finally, a dense multilayer interface evolves. This also impacts the compression of the layer calculated as force/distance slopes. At low concentrations of the ionic liquid, a value of 3.2 nN/Å is obtained, which corresponds to a dense surface layer of single molecules. This compression is weakened at an intermediate concentration, indicating a mixture of separated molecules and micelles, while at a high concentration, the compression was found to be the highest at 4.4 nN/Å, reflecting the dense micellar layering.




5.3. Addition of Metallic Solvates


As ionic liquids are promising electrolytes for applications containing metallic components such as batteries or electrodeposition, many AFS studies have been performed that focus on the formation of the interface structure in the presence of the dissolved metals. Endres et al. [115] performed a study of [Py1,4][FAP] on the Au(111) surface, revealing that the addition of LiCl changes the interface drastically. While the AFM tip experienced a repulsive force when approaching the surface as a pure ionic liquid, an attractive force was present in the Li-containing mixture. The addition of Li only influenced the innermost layer of the interface structure, leaving layers further away from the interface unchanged. Using N-butyl-N-methylpyrrolidinium bis(fluorosulfonyl)imid ([Py1,4][FSI]), which intrinsically shows a stronger interaction with the Au(111) surface than [Py1,4][FAP], comparable experiments, with the addition of Na, were performed. Carstens et al. [116] reported that the interfacial multilayer structure is not significantly affected after adding small amounts of Na. However, when adding more than 0.25 M of Na, the innermost layers changed, indicating the local formation of [Na(FSI)3]2−. The impact of a layered electric double layer on the electrochemical performance has also been illustrated by Begić et al. [117], addressing the mechanisms in rechargeable zinc batteries. Zinc dicyanamide salt (Zn(dca)2) has been admixed to two ionic liquids, N-butyl-N-methylpyrrolidinium dicyanamide ([C4mpyr][dca]) and 1-ethyl-3-methyl-imidazolium dicyanamide ([C2mim][dca]), while force–separation curves were recorded as a function of the water content and applied potential. Layering at the interface was readily present in the pure ionic liquids in contact with the HOPG. The admixture of the zinc salts did not lead to a significant dissolution of the multilayer structure; it even increased the number of layers for [C4mpyr][dca]. These results demonstrate that interface ordering can be challenging when an effective mass transport to the surface is needed and that for chemically similar ionic liquids, electrochemical performance can significantly differ.



The subtle interplay between metallic precursors and ionic liquids was elucidated by Borisenko et al. [118], looking at the electrodeposition of Ta and Ga from halides in [Py1,4][TFSA], as well as [Py1,4][FAP] on the Au(111) surface. Using AFS, they concluded that in mixtures of [Py1,4][TFSA] and TaF5, the electric double layer becomes enriched in Ta-containing molecules, thus allowing for their further reduction to Ta in metallic form directly at the interface. When they tried to reproduce this experiment using [Py1,4][FAP], it was not possible to induce the electrodeposition process, as the Ta species was pushed away from the interface. By changing the precursor to GaCl3, however, the electrodeposition of Ga could be successfully started in both ionic liquids.



In order to simulate the interaction between solutes and ionic liquids, Hoffmann et al. [119] developed a mathematical semi-continuum model based on AFS investigations of the interface between Au(111) and in [Py1,4][TFSA] with varying admixtures of Ag salt. As presented in Figure 16, a clear correlation between Ag concentration and the detected layers at the interface was observable. With increasing Ag concentrations, the widths of the layers at first increase, suggesting the presence of larger AgTFSA complexes within the double layer. Eventually, at concentrations above 500 µM AgTFSA, the ordered structure collapses into a simple double layer. The developed thermodynamic continuum model, which treats the ionic liquid as being composed of hard spheres, could be successfully applied to describe the interfacial structure under the influence of Ag additives and to simulate the force–separation curves [119]. To summarize the investigations of metal additives in different ionic liquids, it can be concluded that, in general, the structured interface layer becomes distorted at high metal concentrations; however, at low and intermediate concentrations, a complex interplay with the metallic species and ionic liquid takes place such that each specific combination of additives and liquids must be considered independently.





6. Towards Three-Dimensional Mapping of the Interface Layer


As the electric double layer not only exhibits a characteristic layered structure in the out-of-plane direction, as illustrated by the AFS examples above, but may also feature in-plane inhomogeneities, three-dimensional mapping is necessary in order to obtain a complete picture of electrochemical interface reactions. Using AFM-based techniques, two approaches to 3D mapping can be distinguished. Either force–separation curves can be recorded at different lateral positions using AFS, or classical AFM scans can be obtained at different separations between tip and surface, thus revealing slices through the liquid. These experiments have been primarily performed using the dynamic AFM modes, employing amplitude modulation (AM) or frequency modulation (FM), which are well-established techniques for mapping surfaces in liquids with atomic resolution [120]. Dynamic AFM has also been successfully applied to monitor the electric double layer in conventional electrolytes [121]. In order to map a solid–liquid interface by AFM, one must ensure a careful sample and tip preparation, an extremely low vibration and noise level, and sufficient thermal stability. Due to these experimental challenges, the number of publications showing 3D data of the interface layer obtained by AFM is small compared to those presenting single point AFS curves.



Using contact-mode AFM, Black et al. [122] performed investigations of defects in the double layer structure between HOPG and [EMIm][TFSI], as shown in Figure 17. They measured 20 force–separation curves at positions separated by 25 nm from each other along a defined line across the HOPG surface (see Figure 17a). The resulting curves were compiled into a map providing a cross-section through the interface layer (see Figure 17b). The layered interface structure can be clearly identified here. It can also be seen that distortions of the structure are present in the liquid above the step edges of the HOPG substrate. In a small region, the ionic layers bend to compensate for the disturbance induced by the topographic defect. This becomes obvious with regard to the force–separation histograms obtained above the basal plane, which show up to five layers (Figure 17c) and above a step edge showing only one layer clearly (Figure 17d). To illustrate the interplay between the topography of the solid surface and the ordering of the ionic liquid, a second region of the HOPG surface was investigated by Black et al. [122], which contained no single step edges but few larger steps, as shown in the topography line scan in Figure 17e. The map of the force–separation curve measured along the line scan shown in Figure 17e reveals the presence of edge dislocations in the ionic liquid interface structure. Those dislocations are present above the basal plane of the substrate and are related to a distortion of the layered structure spreading over 50 nm to 80 nm. This behavior is in correspondence with observations of conventional liquid crystals [123] that also show topological effects, which can have an impact on the electrochemical performance when using ionic liquids.



To map the solvation layers in ionic liquids, Negami et al. [124] employed frequency modulation (FM)-AFM force mapping, using a quartz tuning fork as a qPlus sensor, which has a higher Q factor than standard cantilevers used for the optical lever technique and thus can also provide high resolution in viscous liquids. On the [Py1,4][FAP]/Au(111) interface, they were able to measure force spectroscopy series by recording frequency shift–separation curves at different positions of the surface. By applying bias to the substrate, they could monitor the changes to the electrical polarization. They found a characteristic ordered solvation structure detected as oscillations in the frequency shift signal, corresponding to the length of an ion pair.



The same FM-AFM technique was applied to the [Py1,4][FAP]/KCl(100) interface by Ichii et al. [125]. In this study, an alkali-halide substrate was employed, as it forms a neutral surface, having the same quantity of anions and cations in the uppermost surface layer. Hence, a different interface layer structure than that on electrified metal electrodes will form. In Figure 18a, a series of frequency shift–distance curves measured along a line of 4 nm is shown as a 2D map. A distinct oscillation in the frequency shift signal with up to five stripes can be identified. This is illustrated by the cross sections displayed in Figure 18b–e, extracted from the 2D map at four different positions. The distance between the stripes is smaller than the ion pair size of [Py1,4][FAP] and rather corresponds to the lattice constant of KCl. The frequency shift–distance curves exhibit a sawtooth-like pattern with distinct jumps, which is a completely different behavior than that observed by FM-AFM on electrified surfaces and showing sinusoidal curves. Hence, Ichii et al. [125] concluded that those jumps are not related to the existence of solvation layers but are caused by a tip-induced dissolution of the KCl surface in the ionic liquid. This example shows that care must be taken when interpreting force-separation curves and that not all observed step-like features are indicative of the existence of interface layers.



A further approach to image the interface structure was followed using AM-AFM. This technique has been successfully applied to image the HOPG/PAN or HOPG/[EMIm][TFSI] interface [126,127]. Two-dimensional maps of the in-plane structure of the interface have been obtained with a high resolution comparable to STM, and a laterally heterogeneous interface layer has been identified. Ebeling et al. [128] extended the AM-AFM investigations on HOPG/PAN to the third dimension by also performing dynamic force spectroscopy. The phase and amplitude were measured as a function of the separation, revealing a layered interface structure. Elbourne et al. [47] applied the combination of AM-AFM mapping and spectroscopy of the five different ionic liquids, ethylammonium nitrate (EAN), propylammonium nitrate (PAN), ethanolammonium nitrate (EtAN), ethylammonium formate (EAF), and N,N-dimethylethylammonium formate (DMEAF). Phase– and amplitude–separation curves were measured on the mica surface. Complementary AM-AFM maps of the innermost and near-surface layers have been obtained using cantilevers of different stiffness, thus providing spatially-resolved information in three dimensions. The results, shown in Figure 19 provide evidence for a strong influence of molecular configuration of the cation on the interface structure.



It can be seen that cations with short alkyl lengths form a superstructure related to the ionic ordering of the mica surface, providing a template for structuring the innermost layer of the ionic liquid (see center column). For DMEAF, having an additional methyl group in the cation the map of the innermost layer shows a higher irregularity, indicating that steric effects prevent regular ordering. The near-surface layer shows larger and more disordered features than the innermost layer for all investigated liquids (see right column in Figure 19). The formation of domains with dimensions larger than a single ion pair can be observed as differences in the measured topography. Here, a high topography value corresponds to a high local stiffness of the liquid, while dark areas correspond to regions where the molecules are mobile, such that the damping of the oscillation of the tip-cantilever system is smaller. Comparing the maps obtained in the different ionic liquids, distinct differences in the nanostructure can be identified, confirming that the specific configuration of both the anion and cation determines the morphology of the interface layer.




7. Conclusions


Ordered interfacial nanostructures are a common phenomenon between an electrified surface and an ionic liquid. While they were first predicted from indirect experimental evidence and simulations many years ago, the use of atomic force microscopy in spectroscopy mode provides a direct image of the details of the structuring during electrochemical operation. The AFS results available from the literature so far demonstrate that most of the investigated ionic liquids form a layered structure at the interface, thus forming an electric double layer beyond the classical Gouy–Chapman–Stern theory. The specific arrangement at the interface can be quite complex, which relates to the interplay between the Coulomb forces and steric effects caused by the molecular structure of the ions. Impurities and additives, such as water or metallic ions, also have a share in the formation of the nanostructure. At low concentrations of additives, a strengthening of the nanostructure has often been observed, while at higher concentrations, transition to a conventional solute/solvent mixture occurs. However, the details of the interface formation depend significantly on the specific ionic liquid in use, which on the one hand is a challenge when aiming to derive a general picture of the solid/ionic liquid interface, but on the other allows adjustment of the desired interface properties by designing customized ionic liquids.
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Figure 1. Ball-and-stick models of selected popular ionic liquid cations and anions. Note: A variety of abbreviations for the very same ions are used in the literature. 
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Figure 2. Molecular dynamics simulation of an ionic liquid consisting of imidazolium-based cations and NO3− sandwiched between two vacuum interfaces. The white spheres represent the nonpolar cationic tail groups, the gold spheres the charged cationic head groups, the red spheres the anions, and the blue lines the cathodic side chains connecting the head and tail groups. Adapted from Wang et al. [28]. 
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Figure 3. Schematic illustration of the mechanism of the intermixing between water and an ionic liquid. The ionic liquid is displayed in yellow (cations) and blue (anions) and the water in red (oxygen) and white (hydrogen). Adapted from Ma et al. [44]. 
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Figure 4. Models of the formation of the electrical double layer in an electrolyte in contact with a positively charged solid electrode. 
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Figure 5. Simplified model of the interface between a positively-charged interface and an ionic liquid. 
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Figure 6. (a) SFA measurement of [C4MIm] [NTf2] sandwiched between Au and mica; (b) resulting model of the electric double layer. Adapted from Gebbie et al. [61]. 
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Figure 7. (a) Lennard–Jones potential describing the force between the tip and a solid surface related to attractive and repulsive interaction; (b) schematic illustration of a typical static-mode force curve obtained during approach and retraction of a solid surface in an ionic liquid. 
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Figure 8. Force–separation curves measured on the silica surface (left) and the graphite surface (right) using three different ionic liquids, EAN (A), PAN (B) and C2MImAc (C). Adapted with permission from Atkin and Warr [88]. Copyright 2007, American Chemical Society. 
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Figure 9. Force–separation curves measured during approach of the [EMIm][TFSI]/mica interface using different force set points. The 2D histograms were calculated using 50 curves. Adapted from Black et al. [20]. 
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Figure 10. Force–separation curves and separation histogram measured during approach of the [EMIm][TFSI]/mica interface using comparing a SiN and a Au-coated SiN tip. Adapted from Black et al. [20]. 
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Figure 11. Force–distance measurements on the [Py1,4] FAP/Au(111) interface at different surface potentials. Adapted with permission from Hayes et al. [89]. Copyright 2011, American Chemical Society. 
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Figure 12. Measurement of the [OMIm][PF6]/Au(111) interface using a modified tip. (a) Force–distance curves measured at a potential (E) above and below the potential of zero charge (PZC) with molecules having neutral, negative, and positive end groups attached to the tip (the inset tables display the force necessary to rupture the first, second, and third layer); (b) force necessary to rupture the third sublayer measured at different potentials applied to the surface; (c) model of arrangement of the ionic liquid at the interface depending on the potential. Adapted from Zhong et al. [85]. 
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Figure 13. Atomic force spectroscopy (AFS) measurement of the [EMIm][TFSI]/HOPG interface (a) with unbiased surface, (b) at +1V, and (c) at −1V sample polarization; (b,c) additionally show the ion density of anions and cations derived by molecular dynamics at the interface, depending on the potential. Adapted with permission from Black et al. [101]. Copyright 2013, the American Chemical Society. 






Figure 13. Atomic force spectroscopy (AFS) measurement of the [EMIm][TFSI]/HOPG interface (a) with unbiased surface, (b) at +1V, and (c) at −1V sample polarization; (b,c) additionally show the ion density of anions and cations derived by molecular dynamics at the interface, depending on the potential. Adapted with permission from Black et al. [101]. Copyright 2013, the American Chemical Society.
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Figure 14. Investigation of the interface between mica and [C2MIm][TFSI] (a,c,e) and [C8Mim][TFSI] (b,d,f) using force-separation histograms at different water contents. Adapted from Cheng et al. [105]. 
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Figure 15. AFS investigation of the interface between mica and mixtures of water with different concentrations of [C8MIm][Cl]. The force/distance slopes (m) corresponding to the stiffness of each layer are shown as blue dotted lines and the schematic structural interpretations are depicted as insets. Adapted with permission from Cheng et al. [113]. Copyright 2018, American Chemical Society. 
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Figure 16. Force–separation curves measured in [Py1,4][TFSA] with different concentrations of Ag on the Au surface. Adapted from Hoffmann et al. [119]. 
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Figure 17. Influence of topological defects on the interface structure between highly oriented pyrolytic graphite (HOPG) and [EMIm][TFSI]. (a) Topography of HOPG; (b) force–separation curves measured at 20 points as marked in (a); (c) force–separation histograms obtained on the basal plane; and (d) from the step edge; (e) topography line profile with a length of 1 µm; (f) force–separation curves measured along the line in (e) showing different defect regions. Adapted with permission from Black et al. [122]. Copyright 2015, Elsevier. 
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Figure 18. Frequency modulation (FM)-AFM investigation of the [Py1,4][FAP]/KCl(100) interface. (a) Frequency shift–distance curves measured along a distance of 4 nm; (b–e) cross-sections obtained at the lines marked in (a). Adapted with permission from Ichii et al. [125]. Copyright 2014, the American Chemical Society. 
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Figure 19. Amplitude modulation (AM)-AFM study of the interface between mica and different ionic liquids. Left: Amplitude and phase–separation curves. Right: Topographic images of the innermost (blue) and the first near-surface layer (brown). Adapted from Elbourne et al. [47]—Published by The Royal Society of Chemistry. 
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