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Association between cations and anions plays an important role in the interfacial structure of room-temperature ionic liquids (ILs) and their electrochemical performance. Whereas great efforts have been devoted to investigating the association effect on the equilibrium properties of ILs, a molecular-level understanding of the charging dynamics is yet to be established. Here, we propose a theoretical procedure combining reaction kinetics and the modified Poisson-Nernst-Planck (MPNP) equations to study the influences of ionic association on the dynamics of electrical double layer (EDL) in response to an applied voltage. The ionic association introduces a new decay length λS and relaxation time scale [image: image], where L is the system size and D is ion diffusivity, that are distinctively different those corresponding to non-associative systems. Analytical expressions have been obtained to reveal the quantitative relations between the dynamic timescales and the association strength.
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INTRODUCTION
Room-temperature ionic liquids (ILs) have been broadly explored as promising electrolytes in various fields of electrochemistry (Xiao and Johnson, 2003; Sato et al., 2004; Wang, 2020) including both batteries (Lee et al., 2006; Rupp et al., 2008) and supercapacitors (Ue et al., 2003; Zhou et al., 2004; Arunachalam et al., 2020; Tao et al., 2020). Understanding their charging dynamics, i.e., the polarization of ionic distributions in response to a biased electrical potential, is desirable for many electrochemical applications (Zhang et al., 2020; Tao et al., 2021; Tao et al., 2022). Although the structure and thermodynamic properties of ILs in the electric double layer (EDL) have been widely studied (Chen et al., 2021a; Chen et al., 2021b; Gan et al., 2021; Wang et al., 2021), the dynamic behavior remains poorly understood in particular on how association between cations and anions influences charge relaxation and ion transport under confinement.
In comparison to that of an aqueous electrolyte solution, the relative permittivity of ILs is extremely small (∼2), implying the prevalence of ion pairing due to the strong electrostatic attraction between cations and anions (Wang and Voth, 2005; Canongia Lopes and Pádua, 2006; Fraser et al., 2007; Niedermeyer et al., 2012). From a thermodynamic perspective, the ionic association may be described in terms of a chemical reaction (Figure 1A):
[image: image]
where the association constant is related to the kinetic parameters for the forward and backward reactions, [image: image]. Intuitively, the association constant K provides a direct measure of the strength of binding energy: A large association constant means strong binding thus a large number of neutral species formed by the reaction, giving rise to more deviations from a conventional electrolyte of monomeric ionic species in terms of the electrical conductivity, capacitance, charge distribution and other characteristics of an ionic system. A good understanding of the effects of ionic association is thus imperative for the design and optimization of IL-based electrochemical systems.
[image: Figure 1]FIGURE 1 | (A) Formation of a neutral particle by cation-anion association. (B) A cartoon sketch for the distribution of ionic species between two parallel electrodes. (C) An instantaneous increase of the electrical potential on the electrode surface located at position L.
In previous work (Jiang et al., 2014; Lian et al., 2016; Ma et al., 2022), we studied the dynamic behavior of room-temperature ionic liquids using a time-dependent density functional theory (TDDFT) that accounts for the ionic excluded volume effects, electrostatic correlations, and short-range attractions. We found that the electrokinetic behavior of ionic liquids is distinctively different from that predicted by the conventional equivalent-circuit (EC) models or theoretical methods based on the Poisson-Nernst-Planck (PNP) equations. While the EC model predicts a monotonic increase of the surface charge density upon the application of a biased voltage, TDDFT calculations indicate that there exist three types of charging behavior depending on the degree of confinement and the magnitude of the biased potential. A monotonic increase of the surface charge density occurs only when its equilibrium value has a sign the same as that of the applied voltage; kinetic charging inversion takes place when the equilibrium charge is below or opposite of the asymptotic charge density. The non-monotonic charging behavior was also reported for the response of a monomeric layer of ionic liquids in slit pores (Kondrat and Kornyshev, 2013). In addition to theoretical studies, the dynamics of EDL charging has been examined by a number of theoretical studies based on molecular dynamics (MD) simulations (Mceldrew et al., 2020; Mceldrew et al., 2021a; Mceldrew et al., 2021b). To our knowledge, the effects of ionic association have not been explicitly examined in spite of its apparent importance in determining the properties of ILs.
In this work, we proposed a set of reaction-coupled modified PNP (RC-MPNP) equations to describe the charging behavior of ILs near electrodes. Similar to TDDFT, RC-MPNP employs a local electrochemical potential as the driving force for the evolution of the density profiles of ionic species in response to an applied voltage. In comparison to alternative methods, its main advantage is that the dynamic equations for electric migration, diffusion, and chemical reaction can be solved self-consistently at time and length scales beyond those that could be achieved with TDDFT or MD simulation. Importantly, RC-MPNP allows us to study the ionic pairing effects on the dynamic structure and local physicochemical properties of ILs under an electrical field, including the density distributions of all ionic species (cations, anions and ion pairs), charge relaxation, as well as the relationship between various characteristic timescales, decay length and association strength. The theoretical results also reveal how ionic association affects the capacitance and resistance of ILs during the charging process.
MOLECULAR MODEL AND THEORY
Model Description
As shown schematically in Figure 1A, association between cations and anions can be written in terms of a reversible reaction, i.e., one anion reacts with one cation to form a neutral particle labeled as m. At equilibrium, the fraction of neutral particles is determined by association constant K through the law of mass action. In the presence of an electric field, the equilibrium distribution of ionic species depends on the local electrical potential, various forms of non-electrostatic interactions as well as the equilibrium constant.
Figure 1B sketches a cartoon representation of the ionic system considered in this work. For simplicity, we assume that all ionic species, including the neutral ion pairs, can be represented by hard spheres of equal size. While ILs confined between two parallel plates of opposite charge do not reflect the configuration of any specific electrochemical device, the symmetric one-dimensional setup allows us to capture the essential features of charging dynamics for electrolytes near an electrode surface, in particular in terms of the evolutions of the local charge density and ionic density profiles in response to an applied voltage. The relaxation process is coupled with an evolving electric field, particle transport, and association between cations and anions. A realistic model for IL charging should capture all such effects in addition to thermodynamic non-ideality arising from other forms of inter-particle interactions.
Governing Equations and Chemical Potential
Our reaction-coupled modified PNP (RC-MPNP) equations are similar to those proposed by Suzuki who studied charge transport in weak electrolytes (Suzuki and Seki, 2018). The model ionic liquid consists of three kinds of ionic species: cations, anions, and neutral particles generated by cation-anion association. For simplicity, all these ionic species are represented by spherical particles of the same size. To describe the charging dynamics, we start with the continuity and diffusion-reaction equations
[image: image]
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where [image: image] stands for the local number density of specie i, Ji is the mass flux, μi is the local electrochemical potential, kB is the Boltzmann constant, T is the absolute temperature, Di is the diffusion constant of specie i. The source term, Ri arises from ionic association
[image: image]
and
[image: image]
Equations 4, 5 follow the kinetics of ion association, i.e., the change in the local ion concentration reflects a balance of the forward and backward reactions. As mentioned above, the equilibrium constant is related to the rate coefficients
[image: image]
We assume that the intrinsic chemical potential can be obtained by minimizing the grand potential (Detail derivations are given in Supplementary Material). Accordingly, the electrochemical potentials of the ionic species are
[image: image]
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where e is the unit charge, a is the diameter of hard spheres, and [image: image] is the local electrical potential. The latter is solved from the Poisson equation:
[image: image]
where [image: image] the relative permittivity, ε0 = 8.854 × 10–12 F/m is the absolute permittivity, zi the valence of specie i. Substituting Eqs 7, 8 into Eqs. 3 leads to
[image: image]
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For simplicity, we assume that the diffusion coefficient and the particle size for ion pairs the same as those for ionic species.
In integration of the continuity equations, we need to solve the following equations simultaneously:
[image: image]
where [image: image], [image: image], [image: image] with [image: image] being the number density of cations or anions in the bulk, [image: image] with [image: image], [image: image] is the Debye screening length, [image: image], [image: image], [image: image] and [image: image]. For later discussions, we also introduced a dimensionless scale factor, [image: image], and set [image: image] as a unit time. With these dimensionless variables, the numerical results depend on only three basic parameters, i.e., [image: image], [image: image] and [image: image]. Physically, controlling these parameters amounts to adjusting ionic density [image: image], the system size L, and association strength K.
Parameter Setting and Boundary Conditions
In describing the charging dynamics, the RC-MPNP equations entail three types of parameters that are affiliated with the system characteristics, boundary conditions and initial values. In this work, we assume that cations, anions and ion pairs have the same size of a = 0.5 nm, i.e., they all occupy a single lattice site. Both cations and anions are monovalent, [image: image], and a single diffusivity is used for all particles D = 4.3 × 10–11 m2/s. Similar parameters were used in previous studies on ILs and are in reasonable agreement with experimental results (Largeot et al., 2008; Lian et al., 2016; Yang et al., 2020a; Yang et al., 2020b; Ma et al., 2020). As ionic species are explicitly considered in this work, a fictitious dielectric constant εr = 2 was adopted to account for dispersion interactions and ionic polarizability of ILs not included in the coarse-grained model (Lian et al., 2018a; Lian et al., 2018b; Yang et al., 2020b). Temperature T = 293.15 K, and cell width L = 100 λD. Assuming that an ionic liquid has a typical bulk concentration of 3.3 mol/L, we have [image: image], [image: image]. To investigate the ionic association effects, we consider four association constants, K* = 0.1, 1, 10, 148, representing the cases of weak, moderate, strong, and extreme association strength, respectively.
In studying the charging dynamics, we assume that a biased potential of [image: image] is initially applied to the cathode and anode (at t = 0). Based on the one-dimensional model illustrated in Figure 1, we have the following boundary conditions:
[image: image]
where the initial particle densities are assumed identical to the corresponding bulk values, [image: image], [image: image], [image: image]. With the assumption that the bulk ionic liquid can be represented by an ideal solution, these densities can be determined from the association constant K
[image: image]
Because the bulk concentrations are fixed during the charging process, an explicit consideration of the thermodynamic non-ideality is equivalent to changing the bulk concentration. In the presence of an electric field, the RC-MPNP equations allow us to describe the relaxation of the ionic density profiles until a new equilibrium is established. The time range used in the calculation is from 10–3 τRC to 103 τRC with [image: image].
RESULTS AND DISCUSSION
Time-dependent Density Distributions
The application of a biased potential introduces a local electric field driving ionic motions thereby breaking down the local ionic association equilibrium. Therefore, we expect that the evolution of the ionic density profiles is different from that corresponding to a non-reactive system. Figure 2 shows the variations of the total ionic density ([image: image]), the local charge density ([image: image]), and the density of neutral particles ([image: image]) near the surface of the negative electrode. At the initial state, the whole system is assumed homogeneous as shown in uniform particle and charge distributions. Upon the application of an electrical potential, the counterions (cations) gradually accumulate at the electrode surface, concomitant with the receding of cations (anions). Interestingly, the total ionic density [image: image] first falls slightly and rises monotonically to the equilibrium value. Both the total ion density ([image: image]) and the local charge ([image: image]) exhibit a U-shaped charging dynamic as indicated in Figures 2J,K. Due to the volume effect caused by the accumulation of anions and anions near the electrode, the neutral particles are enriched in the middle region of the cell (Figure 2L), leading to a density profile with a convex shape across the slit as the charging continues.
[image: Figure 2]FIGURE 2 | The evolutions of the total ion density ([image: image]), local charge density ([image: image]), and the number density of neutral particles ([image: image]) for ionic liquids with three different association constants, K* = 0.1 (A,D,G), 1 (B,E,H), and 10 (C,F,I). (J) The total ion density ([image: image]), (K) local charge density ([image: image]), and (L) the number density of neutral particles ([image: image]) at K* = 0.1, [image: image].
Furthermore, Figure 2 shows the influence of ionic association on density distribution. It can be found that with the increase of association strength (i.e., a larger K*), the number densities of cations and anions are dramatically reduced while the number density of neutral particles increases. The ionic association affects the local concentrations of the three types of ionic species (cations, anions and ion pairs) hence the kinetic behavior and other physicochemical properties, such as timescales, capacitance and resistance.
Charge Decay Length
In order to understand the structural relaxation under the influence of ionic association, we need to identify the decay length from the density distributions. The decay length, λS, may be extracted by taking the logarithm of the charge distribution (log|q*|), which yields approximately a straight line at each position as shown in Figure 3. A decay length can be obtained by averaging over the slopes of the straight lines at different positions.
[image: Figure 3]FIGURE 3 | (A) Charge distribution at K* = 1, [image: image] for several successive times and (C) [image: image]. (B) The relation between logarithm of charge (log|q*|) and distance x, and (D) [image: image] (E) The dependence of charge decay length λS on the time under different association strength. (F) The steady-state charge decay length λS as a function of the association strength K*.
Figure 3E presents the evolutions of the decay length λS for ionic liquids with different association constants. The decay length reaches a stable state at τRC approximately independent of K. Note that the dimensionless association constant is defined as [image: image]. The invariance of the relaxation time with the association strength conforms to the prediction of the RC transmission line theory (Lian et al., 2020). In Figure 3F, we show the decay length λS as a function of the association strength K* after the equilibrium is established. A larger association strength leads to a larger decay length, which can be intuitively understood in terms of the concentrations of free ions. According to Figure 3E, when K* = 0, λS = λD, the decay length λS in the figure is the Debye length λD, which characterizes the charge shielding effect. However, the decay length λS gradually deviates from the Debye length λD when K* > 0 due to the influence of association.
Alternatively, the decay length can be defined in terms of the density profiles of ionic species or neutral particles. Qualitatively, the conclusions are similar. As shown in Supplementary Figure S1, the stronger association that takes place between cations and anions, the longer decay length that we extract according to the evolution of the particle concentrations. While there is only one decay length if K = 0, The two slopes of the density profile allow us to identify two decay lengths at low association strength.
Charge Relaxation Timescale
It has been well established that the PNP equations yield a quantitative relation between the dynamic timescale and the Debye length, [image: image]. In the presence of ionic association, the Debye length does not reflect the association effect thus the relation is no longer valid. To explore the relation between timescale τRC and decay length λS, we assume that the RC time corresponds to the charging constant of a capacitor, which describes the speed of charging process. As the local charge profile relaxes, counterions are adsorbed on the electrode surface while the coions are depleted. The Gauss law, [image: image], can be used to calculate the surface charge density of the electrode. Figure 4A shows the normalized surface charge density on the electrode surface, [image: image]. As expected, the increase of the association strength expands the relaxation time. The charge relaxation [image: image] (shown in Supplementary Figure S1) shows two slopes, suggesting that the relaxation process can be divided into two stages: a faster initial response followed by a slower relaxation. A time-dependent function τ(t) can be used to characterize the timescales of early and late stages of the dynamic process:
[image: image]
[image: Figure 4]FIGURE 4 | (A) The normalized surface charge density on the electrode plate [image: image] as a function of the time. (B) Timescale τ(t) under different association strengths. (C) Comparison of [image: image] and τ1 under different values of K*. The fitting curve coincides well with the data points. (D) The fitting curve reveals a quantitative relation between τ2 and the reduced association constant K*.
Figure 4B plots τ(t) for different association strengths. In the early stage (t/τRC < 1), τ(t) is controlled by the EDL formation, and the characteristic time is represented by τ1. In the case of no association, the RC time is given by [image: image]. The timescale for the early stage of charging grows with the increase of the association strength because the ionic association leads to the reduction of the concentrations of anions and cations. As a result, association slows down the formation of EDL. Due to the ionic association, the decay length λS, not the Debye length λD, should be used in the RC model, i.e., [image: image].
Figure 4C shows a quantitative relation between the decay length λS and the Debye length at a fixed association strength. Empirically, the relation can be fitted by using the following analytical form (R2 > 0.99):
[image: image]
Substituting the above formula into [image: image] gives:
[image: image]
where a = 0.341 and b = 0.408 are obtained by fitting the numerical results. By comparing [image: image] and τ1 for different values of K*, we assert that [image: image] reveals the quantitative relation between the RC time, the decay length and association strength.
In the later stage of charging (t/τRC > 1), τ(t) shows a step-like behavior with different plateaus τad for different values of K*. In this case, τ(t) is controlled by the particle diffusion, and the dynamics is much slower than electrical motion in the early stage. The ion diffusion can be characterized by the timescale, [image: image]. If there is no association, the coefficient is [image: image]. A different value should be used due to association. As shown in Figure 4D, we may derive a quantitative relation between τ2 and association constant K* (R2 > 0.99):
[image: image]
where c = 0.109 and d = 1.318. Eqs 16–18 provide convenient estimations of the timescales for different stages of charging under the influence of ionic association.
Qualitatively, the equilibrium and dynamic properties of ionic liquids discussed above are relatively insensitive to the bulk concentration of ionic species (Supplementary Figures S3, S4). While both the bulk concentration and association strength affect the timescales of charging and particle relaxation, it is important to recognize that ionic association is mainly responsible for the increase of decay length and relaxation time.
CONCLUSION
In summary, we have integrated the modified Poisson-Nernst-Planck (MPNP) equations with the kinetics of inhomogeneous reaction to account for ionic association during electric double layer (EDL) charging. The reaction-coupled MPNP (RC-MPNP) equations were applied to study the charging dynamics of model EDL systems containing in room-temperature ionic liquids (ILs). By extracting the decay lengths and time scales from the evolution of the total local ion density and charge distribution, we found that ionic association has significant effects on the dynamics of EDL charging as characterized by a fast electrical motion at the early stage and a slower ion diffusion in the later stage. Quantitative relations have been established between the two timescales affiliated with the two stages of charging, τ1 and τ2, and the charging decay length λS and association constant K. The generic theoretical framework can be applied to other ionic systems that involve similar association reactions.
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