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Abstract

:

The aim of the present paper is to investigate the possibility of using the dipole dimer as water model in describing the electrical double layer capacitor capacitance behaviors. Several points are confirmed. First, the use of the dipole dimer water model enables several experimental phenomena of aqueous electrical double layer capacitance to be achievable: suppress the differential capacitance values gravely overestimated by the hard sphere water model and continuum medium water model, respectively; reproduce the negative correlation effect between the differential capacitance and temperature, insensitivity of the differential capacitance to bulk electrolyte concentration, and camel–shaped capacitance–voltage curves; and more quantitatively describe the camel peak position of the capacitance–voltage curve and its dependence on the counter-ion size. Second, we fully illustrate that the electric dipole plays an irreplaceable role in reproducing the above experimentally confirmed capacitance behaviors and the previous hard sphere water model without considering the electric dipole is simply not competent. The novelty of the paper is that it shows the potential of the dipole dimer water model in helping reproduce experimentally verified aqueous electric double layer capacitance behaviors. One can expect to realize this potential by properly selecting parameters such as the dimer site size, neutral interaction, residual dielectric constant, etc.
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1. Introduction


The electrical double layer capacitor (EDLC) is an energy-storage device that stores electrical energy physically through charge separation at the electrode–electrolyte interface without involving faradaic reaction. Such surface storage causes only minor, if any, volume change of the electrode during operation, resulting in a long cycle life (>106 charge–discharge cycles), as well as a fast charge rate, similar to discharge; the characteristics very distinct from batteries also include a wide temperature range of operation and environmental friendliness [1,2,3]. To address the EDLC low energy density, the hybrid electrochemical capacitor (HEC) [4,5] was invented, which employs a battery electrode, created from a variety of redox-active electrolytes either dissolved in the electrolyte or adsorbed/immobilized in nanoporous electrodes and reversibly harnessing redox reactions with a negative electrical double-layer (EDL) capacitive electrode storing charge. As one of the important components of the EDLCs, electrode materials [6,7] have produced a lot of progress, effectively improving the EDLC performance (such as specific capacitance, energy storage density, power density, voltage stability window, etc.). At present, the electrolytes suitable for the EDLC include organic-based ionic liquids and aqueous electrolytes. Although aqueous electrolytes have disadvantages such as narrow electrochemical windows of 1.23 V due to the hydrogen/oxygen evolution reactions, they have benefits of high ionic conductivity, non-flammability, and low manufacture costs in comparison with their organic counterparts. In fact, the limitation of the narrow electrochemical window can be overcome in highly concentrated aqueous electrolytes, also known as water-in-salt (WiS) electrolytes [8,9,10,11,12,13], which have been shown to significantly widen the electrochemical stability window to over 3.0 V, via interface modification [14,15], or the development of chemically stable, high surface area carbon structures [16,17,18]. As a result, aqueous electrolytes are still popular in the study of EDLCs [19,20,21,22,23,24,25,26,27,28].



In Molecular Dynamics and Monte Carlo simulations [29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49] of the EDLCs, realistic force fields can be used; for example, solvent water is modeled by popular water models such as the SPC/E model. Ions can have very complex structures, such as organic ionic liquids. As a result, the influences of molecular details on the EDLC capacitive behaviors can be revealed. In theoretical studies, simpler coarse-grained models are used, but essential features can be captured. Usually, the aqueous electrolyte solution is modeled by so-called primitive model (PM) [20,22,50,51,52], in which a water solvent is considered as a structureless continuum and shows its existence only through a high dielectric constant completely neglecting its hard core; some researches [53,54,55,56,57,58,59,60] pick up the hard core missed in the PM and use an appropriately high dielectric constant to reflect the electric dipole moment of the water molecule (such a model is called the solvent primitive model abbreviated as SPM). There are studies [61,62] that consider a semi-primitive model where the solvent is represented by hard spheres with a Yukawa attraction and a dielectric permittivity is also introduced to reflect the electrostatic shielding effect of water molecules; in a very recent study [63], one Lennard–Jones (LJ) sphere with a higher energy parameter is used to model the water molecule to reflect its strong polarity, both the LJ energy and size parameters are determined by reproducing the two experimentally measured a and b parameters in the van der Waals equation of the state of water. More advanced models (the so-called “civilized” model) have been proposed, where both the polar nature and hard core of the solvent molecule are explicitly considered at the same time, by a dipole hard sphere (hard sphere carrying a point dipole at its center) [64,65,66] or dipole dimer hard sphere with positive and negative polarized charges residing in the centers of the two constituent spheres [67]. The dipole dimer hard sphere model of water is less applied in conjunction with capacitive behavior investigation of the EDLC in aqueous electrolyte solution because of the convergence problem [67]. In the literature [67], it is illustrated that the classical density functional theory (CDFT) converges only for relatively small electrode potentials. However, the dipole dimer hard sphere model is more realistic than the dipole hard sphere because the former takes into account the multicore of the water molecule.



The aim of the present work is to reproduce the experimentally observed capacitive behaviors of the aqueous EDLC with help from the classical density functional theory (CDFT) in which the water is modeled by a more realistic dipole dimer hard sphere model and the salt ions are approximated by charged hard spheres as in the PM. Compared with a large number of reports on the aqueous EDLC capacitance behaviors based on the PM [20,22,50,51,52,68] and SPM [53,54,55,56,57,58,59,60], the report of capacitance behaviors of the EDLC based on the dipole dimer hard sphere model for water is almost blank (instead of the EDLC capacitance behaviors, the literature [67] only reports the electrical double layer structure). So, the present report is necessary and urgent.



The structure of the present paper is as follows. In Section 2, the models for solvent water and salt ions are detailed; the terms in the free energy functional describing the internal inter-particle interactions are expounded, and the procedure for numerically solving the CDFT equation is explained. In Section 3, we perform the CDFT calculations to find the possible changes caused by the replacement of the solvent hard sphere model by the dipole dimer hard sphere model and compare with the experimental results. Finally, in Section 4, we summarize the present findings.




2. Model and Method


The neutral cohesive interactions between fluid phase particles and those between the fluid phase particles and constitute particles of the solid surface are shown to cause significant changes in the density profiles, which necessarily produce a variation of the capacitive behaviors [61,63]; they are not considered in the present study because our main goal is to study the changes caused by the explicit consideration of the hard core and electric dipole of the water solvent. So, the inorganic salt ions are modeled by appropriately charged hard spheres and the water molecule is approximated as a dimer consisting of two hard sphere sites (representing the hydrogen atom and oxygen atom, respectively) tangentially bonded together and rotating freely on each other’s surfaces. The diameters of hydrogen and oxygen sites and the polarized charges on them are denoted by    d H   ,    d O   , and    q H    and    q O   , respectively. Similarly, the diameters and charges of cation and anion are denoted by    d +   ,    d −   , and    q +    and    q -   , respectively. Throughout the paper,    q +  = −  q −  = e   (  e = 1.6 ×   10   − 19   C   is elementary charge strength). Throughout all calculations, if not otherwise declared, the thermodynamic temperature  T  is fixed at 298.15 K;    q H  = −  q O  = 0.203947 e   and    d H  =  d O  = 1.9  Å, so the electric dipole moment on the model water molecule is    p e  = 6.2 ×   10   − 30   m C ≈ 1.86 D  , very close to the electric dipole moment of real water molecule;    d +  =  d −  = 3.2  Å and    ε r  = 6.0  . In principle, because we have explicitly considered the electric dipole moment of water, the electrostatic interaction in the solution should be the same as that in vacuum, i.e., the relative dielectric constant of the medium should be one. However, in real systems, ions and water molecules will undergo displacement polarization and orientation polarization in a strong electric field; therefore, the electrostatic interaction will be weakened. In theory, we consider this polarization effect by setting the relative dielectric constant at a value appropriately greater than 1. We calculate the water molar concentration    c w    by referring to the aqueous potassium chloride solution and density and molecular weight of potassium chloride and water at room temperature, assuming that the volume of the potassium chloride remains unchanged after it is dissolved in water:


   c w  =    (  1000 −   74.5  c  1 : 1    /  1.98    )   /  18   .  



(1)




where    c  1 : 1     is molar concentration of +1:−1 type inorganic salt. The electrode is modeled by a slit-shaped pore consisting of two surfaces in parallel; in order to highlight the effect caused by the explicit consideration of the hard core and electric dipole of the water molecule as much as possible, we will not consider the van der Waals interactions between the surface atoms and fluid particles (cation, anion, and water molecule) for the time being; instead, we treat the surface as a hard wall.



We employ the MISAF theory [69] to treat the bonding functional forming the dimer model water molecule. The advantage of the MISAF theory is that it can ensure that various sites on the heteronuclear chain molecule meet the overall stoichiometry provided by the molecular structure. Specifically, the present dipolar dimer hard sphere model of the water molecule can be regarded as a heteronuclear chain; when the electrical double layer (EDL) in the electrode pore reaches equilibrium, the total number of the hydrogen site and oxygen site should be equal; if they are indeed equal, the situation are called to satisfy the overall site stoichiometry. However, the overall stoichiometry will be seriously violated if the interfacial statistical associating fluid theory is employed instead, especially when the electrode pore is extremely narrow. The satisfaction of the overall stoichiometry further increases the difficulty of numerical solution convergence. For this reason, (i): Start the calculation from the zero-surface charge density and use the density distribution output of the previous charge density as input of the next charge density calculation; the difference between the two charge densities is very small, for example   8 ×   10   − 5      C /   m 2     . In this way, the surface potential can be calculated up to 5 V, which causes it to be possible to calculate the differential capacitance–voltage curves over a wide voltage range. (ii) The nonlinear equations resulting from the discretized CDFT equation are solved by the Newton GMRES algorithm as implemented in the public-domain nonlinear Krylov solver NITSOL [70]. The examples [60,71,72,73,74] show that the GMRES algorithm is often effective in dealing with electrostatic systems.



The advantage of the CDFT is that the functionals corresponding to various types of inter-molecular interactions can be approximated and tested separately. Based on this, on the basis of the MISAF theory, by adding the fundamental measure functional for the hard sphere interaction, the mean field approximation for the long-range electrostatic interaction, and the second-order functional expansion for the coupling of electrostatic and hard sphere interactions, one can determine the so-called excess free energy functional of this model, and the whole free energy functional can be determined by further adding the well-known ideal gas functional.



Given the system temperature  T , bulk electrolyte mole concentration    c  1 : 1    , and electrode surface charge density  σ , the CDFT equation is solved; then, the corresponding electrostatic potential distribution   ψ  ( z )    (including the electrode potential  U ) and particle density distributions    ρ α   ( z )    (  α = + , − , w   represent cation, anion, and water molecule, respectively) can be obtained. The differential capacitance    C d   , an experimentally accessible quantity reflecting some of the EDL properties, is defined via:


   C d  =   ∂ σ  /  ∂ U    



(2)








3. Results and Discussion


We mainly investigate how the differential capacitance    C d    responds to changes of the system parameters under the condition of explicit consideration of the hard core and electric dipole of the water molecule, analyze the microscopic origin of this response, and compare the situation with that of the theoretical and/or simulation calculations based on the PM and SPM, as well as experiments, so as to judge the rationality of introducing the dipole dimer water model into the EDLC. Moreover, we analyze the individual effect of electric dipole and hard core of water molecule.



First, we discuss the order of magnitude of    C d    and the shapes of    C d  – U   curves. Both the simulation and theory calculations using the PM generally overestimate the value of    C d    to two orders of magnitude. For example, in the literature [20], adopting the dielectric constant of bulk water as that in the cylindrical pore, the calculated    C d    is generally around   3    F /   m 2     ; the decreasing of the counter-ion size and/or increasing of the counter-ion electric valence will further increase the    C d    value. However, in the dipole dimer hard sphere model of water, for the 1:1 type electrolyte of equal size, the    C d    is generally around   0.03    F /   m 2     , as illustrated in the present Figure 1. The MD simulation using the SPC/E model of water provides the    C d    around   0.05    F /   m 2      [75], with which the present results are far more consistent than those based on the PM. Although there is still a difference between the capacitance value based on the dipole dimer water model and that based on the SPC/E model, the difference is far less than that involving the PM model. Considering the neutral interactions between ions and electrode are completely ignored, the other parameters of the present ions and electrode are different from those in the literature [75], the parameters of the dipole dimer water model are also only reasonable estimates, and we can believe that this difference can be greatly reduced by carefully selecting the relevant parameters. It is gratifying that although the dipole dimer model is much simpler than the SPC/E model, it provides quite consistent results with that delivered by the latter.



As for the shapes of the    C d  – U   curves, the molecular simulation and theoretical calculation using PM generally show [20,76] that the aqueous EDLC    C d  – U   curves change from a camel-shaped to a bell-shaped curve with an increase in the bulk concentration; the transition bulk concentration is mostly and at least at the lower limit of the high concentration, for example, around 2.5 M for the PM aqueous EDLCs. The transition between the camel- and bell-shaped curves also occurs for ionic liquids and molten salt EDLCs [77,78]. However, by using more realistic water simulation, we always obtain camel-shaped curves for aqueous EDLC even if the bulk concentration is increased to 6 M, as shown in Figure 1. In the experiment, the bell-shaped curves have also never been observed for the aqueous EDLC. Therefore, the dipole dimer water model can provide a more practical capacitance–voltage curve shape.



The influence of the bulk concentration on the capacitance is plotted in Figure 2. Except for very low voltage, the influence is actually very small; the span of the bulk concentration reaches five orders of magnitude, while the change of capacitance is only   0.3     μ F  /  c  m 2     . The experimental data of the completely same system do not exist, but there are experimental curves for the capacitance–bulk concentrations of similar systems reported. In the literature [79], the    C d    of the planar electrode EDLC in an aqueous sodium chloride solution is measured over a wide range of concentration; it is found that the    C d    remains still in the same order of magnitude over such a wide concentration range from     10   − 5   M   to   1 M  . The present dipole dimer model calculations are obviously consistent with the experiments in terms of the capacitance effect of the bulk concentration.



The temperature effect of the capacitance–voltage curve is plotted in Figure 3a. With an increase in temperature, the curve moves down as a whole, which indicates that, in the temperature range from 288.15 K to 358.15 K, the capacitance is inversely related to the temperature at all voltages. In the literature [80], the electrochemical impedance spectroscopy is used to measure the double layer capacitance of the polycrystalline Pt–aqueous HClO4 solutions interface; therein, it is illustrated that the capacitance decreases with the solution temperature increasing. It is considered [80] that the inverse correlation is mainly due to the dropping of the dielectric constant at elevated temperatures, which leads to such an effect. In the present work, although the redundant permittivity is fixed at 6.0, the water model we use takes into account the electric dipole moment of the real water molecule, so the calculated equilibrium density distributions must reflect the influence of the water molecule electric dipole on the electrostatic shielding and certainly also take into account the weakening of the electrostatic shielding or, in other words, the dropping of the dielectric constant, caused by the rise of temperature. Consequently, the present dipole dimer hard sphere model calculations should be consistent with the experiment measures, as it is. It should be pointed out that the simulation [81] using PM discloses a low temperature anomaly in the double layer capacitance, i.e., at low temperatures, the capacitance in dissolved electrolytes decreases with decreasing temperatures; in the same work, it is also shown that at higher temperatures the experimentally confirmed    C d  – T   negative correlation is still recovered. Considering that the PM    C d  – T   positive correlation behavior is similar to the capacitance behavior of the molten salt double layer and the molten salt is solvent free, we can infer that the positive    C d  – T   correlation at lower temperatures and in the PM aqueous electrolyte solution is artificial and caused by ignoring the hard core of the water molecule and simply replacing the electric dipole with a dielectric constant. To show the effect of explicit consideration of the water molecule electric dipole moment and hard core in enabling the realization of the negative correlation    C d  – T  , we repeat the calculations in Figure 3a with the polarized charges on hydrogen and oxygen atoms switched off and the water mole concentration still calculated by Equation (1); the relevant results are exhibited in Figure 3b. In Figure 3c, we present the calculations for the    C d  – T   curves with the PM, i.e., both the hard core and electric dipole of the water molecule are omitted completely. Considering that very small electrode pores are being under consideration and the electric dipole is not considered in the calculations of Figure 3b,c, the relative dielectric constant in the pore is set as    ε r  = 10   and in the bulk it is still set as    ε  b r   = 78.5  . The molecular dynamics simulations show that the perpendicular component of the water dielectric constant drastically decreases in narrow pores [82,83] compared with the bulk water dielectric constant; so, we choose a small value for the dielectric constant of water in the pore. From the information provided in Figure 3, we can produce four analyses. First, the three water models can provide the inverse correlation effect between    C d    and  T , but the dimer hard sphere model and PM model provide an extremely weak inverse correlation effect, which is inconsistent with the experiment [80]; while the dipole dimer hard sphere model provides a more obvious inverse correlation effect, which is more consistent with the experimental measure [80]. Second, the explicit consideration of the water molecule hard core without the electric dipole causes an unexpected phenomenon: raising capacitance, rather than reducing the seriously overestimated capacitance caused by the adoption of PM; the overestimation also can be caused by using the solvent hard sphere model to represent the water molecule hard core [58]. This shows that the specific shape of the hard core, whether it is a single hard sphere or a dimer hard sphere, does not change the qualitative behavior of the capacitance curve. Third, it is shown [58] that if the electric dipole of the water molecule is not considered, the hard core alone induces another trend contrary to the experiment: induces the transition between camel- and bell-shaped capacitance–voltage curves. Finally, as can be seen from Figure 3, three different water models provide different camel peak positions; the dipole dimer hard sphere model provides the position of about 2.0 V, the dimer hard sphere model provides 0.7 V, and the PM provides 0.625 V. Furthermore, the recent simulation and CDFT calculation [20] show that, in the case of extremely small electrode pores (equivalent to the pore size in this paper), the camel peak position is approximately less than 0.2 V. From the c sub-graph of Figure 4 in the literature [80], we can find that even when the voltage reaches 1.0 V, there is still no sign of the camel peak; from the curve trend, the camel peak position may be more than 1.5 V. In a word, the electric dipole dimer hard sphere water model provides the most reliable camel peak position quantitatively compared with the experiment, followed by the dimer hard sphere water model without considering the electric dipole, and finally the continuum media water model.



As for why the electric dipole dimer water model provides the most accurate camel peak position, we think it is because, in the continuum media model, the solvent molecules do not compete with ions for limited electrode pore space, so only a small voltage is required to achieve the maximum adsorption capacity of ions and maintain it. In the dimer hard sphere model, the solvent molecules in the form of dimer hard sphere will also be adsorbed in the pore and compete for the pore space with the adsorption of ions. To drive the solvent out of the pore, the voltage must be increased, so as to expand the difference between the driving forces for ions and solvent entering the electrode pore. In the case of the dipole dimer water model, although the water molecule is still neutral as a whole, the electrostatic interaction between the water molecule and the charged electrode is not zero due to the existence of the electric dipole. Through the automatic adjustment of the direction of the electric dipole moment, the electrostatic interaction between the electric dipole and the charged electrode is attractive. Therefore, the consideration of the electric dipole will certainly increase the driving force for water adsorption into the pore. In order to expel it, the electrode voltage must be increased, so as to cause the camel peak to move outward, as it is.



To summarize, considering the electric dipole on the basis of the water hard core can cause the capacitance behaviors to be more consistent with the experiments in several aspects, such as the location of the camel peak, intensity of the temperature effect, suppressing the capacitance value badly overestimated by the PM, capacitance effect of bulk concentration, and the shape of capacitance–voltage curves. So, one can conclude that the electric dipole of the water molecule plays a crucial and important role in the model of EDLC capacitance behaviors; it is not advisable to simply use a higher dielectric constant to average the electric dipole effect.



In Figure 4, the capacitance–voltage curves for different ion sizes are plotted together to compare the effects of the ion size in the dipole dimer hard sphere model of water solvent. By comparing the present Figure 4 with Figure 6 in the literature [84], one can draw a conclusion that the PM can obtain qualitatively consistent results as the dipole dimer hard sphere model from a perspective of the capacitance effects of ion size. First, in both models, the capacitance decreases with the counter-ion size and is relatively stable relative to change of the co-ion size; second, both models predict the camel peak position moves to high voltage with the counter-ion size decreasing. As for why the peak position increases with the decrease in the counter-ion size, we speculate that the decrease in the counter-ion size causes more counter-ions to be adsorbed near the electrode (the increase in    C d    is a manifestation), so the electrostatic repulsion in the EDL is strong. In order to pack more counter-ions into the pore, the voltage must be increased.




4. Summary


In the present paper, the capacitive behaviors of an aqueous electrolyte solution EDLC are investigated by theoretical calculations based on the CDFT incorporating electric dipole and hard core of the solvent water molecule. By comparing the present capacitance curves with those from the PM based on the continuum media water model and SPM based on the hard sphere water model, we observe that the present capacitance behaviors are different from those from the continuum media and hard sphere water models and more consistent with the relevant experimental results. Specifically, given reasonable model parameters, the dipole dimer hard sphere model: (i) can restrain the value of differential capacitance    C d    seriously overestimated by both the continuum media and hard sphere water models, respectively; (ii) predicts that the    C d   –voltage curve is always camel-shaped; (iii) can describe the inverse correlation between    C d    and temperature; and (iv) can create possible the relative stability of    C d    value in a wide range of aqueous electrolyte bulk concentrations; and (v) describes the camel peak positions of the capacitance–voltage curves more accurately than the other two water models and its inverse correlation with the counter-ion size. However, the continuum media and hard sphere water models fail in these four aspects or cannot reflect the experimental results well. The importance of the water electric dipole lies in that its explicit consideration is essential to describe the above aspects whether qualitatively or quantitatively; just because the water electric dipole is considered explicitly in the model, one can reproduce the correct capacitance behaviors. Once the electric dipole is removed from the model and using the dielectric constant to approximate the electric effect of the water molecule, the resulting capacitance behaviors no longer accord with the experiment behaviors.



This study shows the validity of the dipole dimer hard sphere model in assisting to describe the aqueous EDLC capacitance behaviors. In future research, various parameters in the model need to be determined through coordinating relevant experimental data. We will report in subsequent studies.
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Figure 1. Correlation between the bulk electrolyte concentrations and differential capacitance–voltage curves. 
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Figure 2. Function relation between the differential capacitance    C d    and bulk electrolyte concentration  c  at different electrode potentials  U . 
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Figure 3. Correlation between the temperature  T  and differential capacitance–voltage curves (a–c). 
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Figure 4. Correlation between the counter- and co-ion sizes and differential capacitance–voltage curves. The cation diameter in Å changes from 2, 2.4, 2.8, 3.2, 3.6, 4.0, to 4.4. 
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