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Abstract

:

The challenge of optimizing the pore size distribution of porous electrodes for different electrolytes is encountered in supercapacitors, lithium-ion capacitors and hybridized battery-supercapacitor devices. A volume-averaged continuum model of ion transport, taking into account the pore size distribution, is employed for the design of porous electrodes for electrochemical double-layer capacitors (EDLCs) in this study. After validation against experimental data, computer simulations investigate two types of porous electrodes, an activated carbon coating and an activated carbon fabric, and three electrolytes: 1.5 M TEABF4 in acetonitrile (AN), 1.5 M TEABF4 in propylene carbonate (PC), and 1 M LiPF6 in ethylene carbonate:ethyl methyl carbonate (EC:EMC) 1:1 v/v. The design exercise concluded that it is important that the porous electrode has a large specific area in terms of micropores larger than the largest desolvated ion, to achieve high specific capacity, and a good proportion of mesopores larger than the largest solvated ion to ensure fast ion transport and accessibility of the micropores.
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1. Introduction


Porous carbon is the main electrode material in the majority of symmetric electrochemical double-layer capacitors (EDLCs) [1], due to its good conductivity and ability to be activated into a large specific surface area. It is applied in different formats, including activated carbon fibers and activated carbon fabrics (ACFs) [2,3], activated carbon (AC) powder coatings [4,5,6], graphene [7,8,9,10,11], graphene oxide [11,12] and carbon nanotubes [13,14,15], where multiwall carbon nanotubes (MWCNT) also enhance electrode conductivity [5,16,17]. Composite electrodes consisting of a blend of these materials combine low resistance with high specific capacitance, resulting in supercapacitors of high power density and high energy density [5,16,17,18]. Such materials are also easy to be recycled [19], where the supercapacitor is disassembled, and a dissolution process is applied to dissolve any electrode binder material [20,21], followed by dielectrophoresis to separate different carbon particulates such as AC, MWCNT and carbon black material [19,22].



EDLC electrodes are designed taking into account three key characteristics: high specific surface area, which defines the capacitance value, fast transport of electrolyte ions to all pores, which defines the power value, and accessibility of all pores to the electrolyte ions, so that the full pore wall surface area accounts for the capacitance. Micropores provide much higher specific area than meso- and macropores. However, a network of meso- and micropores is recommended where the large pores allow for fast ion transport to micropores. It has been observed that very small micropores of similar size as the ion size maximize the electrode capacitance [23]. It can be seen that it is rather difficult to just define empirical rules and measures to take into account the interplay of all three key characteristics of EDLC electrodes. A more complex and comprehensive model is needed for the design of meso- and microporous electrodes for EDLCs, which could also be applied to certain battery electrodes relying on similar ion transport and attachment principles, such as lithium–air [24,25,26] and lithium–sulfur batteries [27,28].



There is a plethora of modeling approaches at different levels. Equivalent circuit models [2,29] are generally used to simulate device behavior [2], to elucidate different effects and degradation with cycling [30], and for power management and control for device and system operation [29]. At the other end, molecular dynamics (MD) simulations are useful in predicting the properties of electrolyte solutions, such as viscosity, diffusion coefficient and conductivity and the size and coordination number of solvated ions [31,32]. Density functional theory (DFT) simulations elucidate interactions [33] and can predict binding energies [34] between ions and pore walls, for example. In general, molecular-level simulations require such large memory and computation time, such that they can model at best a domain of the size of a short micropore. As such, they cannot be applied for the design of the pore architecture of porous electrodes in EDLCs.



Modeling the ion transport employing the Nernst-Planck equation [35] can be carried out through the full pore network, which could be obtained via image analysis of 3D-CT scans [36], for example; however, the problem is that 3D-CT scan and other technologies have a resolution around 1 micron at best, which does not capture the micro- and mesopores and a large portion of macropores of supercapacitor electrodes. The most appropriate model, developed by the authors’ group [37], is a volume-averaged continuum model of ion transport through the porous material, taking into account a discretized pore size distribution (PSD) at each numerical point [38]. Pore size distribution of the porous electrode can be obtained from the pressure isotherms in nitrogen adsorption/desorption experiments to low relative pressure, to cover a pore size range of 0.3–120 nm [38]. This is the model adopted for the design of the porous carbon electrodes in this study.



The model is based on parallel ion transport equations for each pore size in the PSD, including interpore ion flux based on a hierarchical pore line hypothesis [38]. The ions move as solvated ions if the pores can accommodate them [38]. Otherwise, they become desolvated if there is sufficient amount of electrochemical (and thermal energy) to overcome the binding energy between the ion and “bound” solvent molecules [38]. Viscosity, electrolyte conductivity and the diffusion coefficient are continuously updated at each point of the electrode domain during the computer simulation, depending on the changing ion concentration [38,39,40,41]. In common with other models by Lekakou’s group of species transport through porous media considering multiple pore sizes [42,43,44], a finite difference/finite volume numerical solution is applied [45].



According to this model, which we shall use as a tool to design porous electrodes, the relationship between ion size (solvated or desolvated, as appropriate) and pore size is a decisive factor in pore accessibility, in the first place, and also in determining the magnitude of the diffusion coefficient and electrolyte conductivity, which affect the rate of transport [38,39,40]. The size of desolvated ion also plays an important role in the number of ions lining the pore wall under charge voltage in the Stern monolayer [46], which determines the EDLC capacitance. Early in the validation of our model against experimental data, it was realized that using the van der Waals surface wrapping the molecular model of the species to determine the minimum and maximum dimensions, Lmin,VdW and Lmax,VdW, respectively, and volume of the molecule or ion [28] yielded the best fit between predictions and experimental data. Solvated ion sizes are generally within the upper limit of micropore range [32]; hence, ions can easily migrate through the separator, which has much larger pores in the macropore range of the order of several microns [47] or micron if the separator was fabricated via electrospinning [48,49]. For this reason, the model assumes a fully permeable separator of negligible thickness, so that the ion transport is governed by the porous architecture of the anode and cathode [38].



EDLCs with aqueous electrolytes have generally low maximum voltage of operation, Vmax, typically below 1.2 V [50], which is far lower than that for organic electrolytes and ionic liquid electrolytes. Such low-energy devices are not recommended for high-voltage systems, such as automotive and aircraft, or even medium-voltage applications. On the other hand, electronics that operate at low voltage favor solid electrolytes to avoid leaking of liquids. Design of EDLC materials, in this case, depends strongly on the ion diffusion through the solid electrolyte-separator region, which is beyond the scope of this paper. Ionic liquid electrolytes operate to high Vmax to 4.5 V but are of high viscosity, and their supercapacitors operate at reasonable power only at elevated temperature [51]. Organic electrolytes are the most suitable electrolytes for supercapacitors, operating to about Vmax = 3 V [52]. Popular organic electrolytes for supercapacitors are the low-viscosity solution of TEABF4 in acetonitrile (AN) and the solution of TEABF4 in propylene carbonate (PC) which is of higher viscosity and lower conductivity than AN but less volatile [53]. Recently, there has been increased interest in lithium-ion (Li-ion) electrolytes for lithium-ion capacitors (LICs) [54] and hybridized battery-supercapacitors [55,56,57], for which porous electrode materials have not yet been optimized.



This study engages with the design of porous electrodes in EDLCs for three representative liquid electrolytes: TEABF4 in AN, TEABF4 in PC and LiPF6 in EC-EMC. We pioneer the porous carbon material design by employing computer simulations of the galvanostatic charge-discharge of symmetric EDLC cells based on the advanced volume averaged continuum model developed and presented in [38], which considers the pore size distribution of electrodes. Two typical activated carbon electrodes are simulated with typical PSDs of electrode materials used in supercapacitors. An important feature and contribution of this work is model validation in comparisons of predictions with experimental data.




2. Materials and Methods


The following electrode materials were investigated:




	(a)

	
ACF fabric ACC-507-15 (Kynol Europa Gmbh, Hamburg, Germany) of a nominal thickness of 0.5 mm and areal density of 12.05 mg cm−2;




	(b)

	
AC coating electrodes consisting of 95 wt% activated carbon (AC) (Sigma Aldrich: product C9157: 4C Norit A charcoal, peat bog-derived, BETAC = 1000 m2 g−1) and 5 wt% polyvinylidene difluoride (PVDF) (MW = 534 × 103, from Sigma Aldrich, Gillingham, UK).









The electrode ACF fabric and the electrode AC coating were examined using scanning electron microscopy (SEM) on a Jeol 7100 microscope (Zaventem, Belgium) and atomic force microscopy (AFM) in tapping mode on a Bruker Dimension Edge AFM Instrument (Ettlingen, Germany), at the University of Surrey. The electrode ACF fabric and the electrode coating were also characterized in nitrogen adsorption/desorption experiments at 77 K and relative pressure P/Po in the range of 1 × 10−6 − 1 using a BELSORP-Max ((from MICROTRAC, Hope, UK) at the University of Plymouth. Each sample was degassed beforehand at 305 K for 3 h, at a rate of 9.5 mPa min−1 on average. The pore size distribution was determined from the adsorption/desorption isotherms through GCMC (Grand canonical Monte Carlo) simulations using the BELMaster software at the University of Surrey.



The following symmetric EDLCs are considered in this study, subjected to galvanostatic charge-discharge (GCD) tests at different currents:



Case A: EDLC of 4 cm2 with ACF fabric electrodes of 0.5 mm thickness and electrolyte 1.5 M TEABF4/AN;



Case B: EDLC of 2 cm2 with AC coating electrodes of 90 µm thickness and areal density of 5.2 mg cm−2, and electrolyte 1.5 M TEABF4/AN;



Case C: EDLC of 2 cm2 with AC coating electrodes of 100 μm thickness and areal density of 5.73 mg cm−2, and electrolyte 1.5 M TEABF4/PC.



Case D: EDLC of 1.766 cm2 with AC coating electrodes of 90 µm thickness and areal density of 4.6 mg cm−2, and electrolyte 1 M LiPF6 in EC:EMC 50:50 v/v.



Case E: EDLC of 1.766 cm2 with ACF fabric electrodes of 0.5 mm thickness and electrolyte 1 M LiPF6 in EC:EMC 50:50 v/v.



The porous electrode design is based on computer simulations of ion transport [38] during virtual GCD experiments for EDLCs with the two alternative electrode materials and the three electrolyte systems, replicating corresponding experimental studies. The ion transport model [38] used in the simulations is presented in Table A1, Appendix A. The inputted data for the physical properties of the electrolyte solutions are given in Table 1, where kd is the dissociation constant, ηo is the solvent viscosity and σ2 is the solution electrical conductivity.




3. Results


Figure 1 presents SEM and AFM images of the ACF fabric electrode. The SEM image in Figure 1a shows macropores between the crossing yarns of fabric, of the order of 200–500 µm dimensions, with macropores between the fibers in a yarn of the order of 10–20 μm width: these large macropores are considered as the reservoirs of the bulk electrolyte in the electrode, in the model of ion transport. The large-magnification SEM image in Figure 1b depicts hierarchical macro- and mesopore architectures of circular cross-section from the surface into the bulk of the fiber ranging from 200 nm down to 10 nm (detected on the SEM image). AFM images of a fiber surface, depending on the surface part examined and the fitted maximum depth of the tapping AFM probe, depict mesopores of both cylindrical (Figure 1c) and slit cross-section (Figure 1d) from the fiber surface into the fiber bulk, with the mesopore width ranging from 50 down to 10 nm.



Figure 2 presents SEM and AFM images of the AC coating electrode. The SEM image in Figure 2a presents large macropores of about 10 μm between AC particles, which are considered as the reservoirs of the bulk electrolyte in this type of electrode, in the model of ion transport. Examining the particle surface, macropores of circular cross-section can be identified in the SEM images in Figure 2b–d, of a diameter from 500 nm down to 20 nm (detected). Such features are also detected in the AFM images (Figure 2e–h), where slit type of pore channels can also be identified in Figure 2g, of the order of 10 nm width.



Nitrogen adsorption/desorption experiments for the ACF fabric yielded a type I isotherm (Figure 3a), indicating a generally microporous material. Using the t-plot method in the BELMaster software, the specific surface area of the ACF fabric was calculated as BETACF = 1734.3 m2 g−1. Employing the assumption of slit pore shape, which is considered to be the case for micropores of carbonaceous materials, the GCMC method was applied to derive the PSD of ACF fabric from the experimental data of the adsorption isotherm, and the results are presented in Figure 3b. The incremental PSD curve is generally bimodal with small peaks at 0.38 and 0.57 nm and main peaks at 0.64 and 1.31 nm. Furthermore, a discrete PSD of 12 pore sizes was fitted to the GCMC curve and is also presented in Figure 3b. The discrete PSD will be used as input data of the different pore sizes in the simulations for the ACF electrodes in this paper.



Nitrogen adsorption/desorption experiments for the AC coating yielded a type III isotherm (Figure 3c), indicating a hierarchical pore structure with accessible micropores. The GCMC method was also applied to derive the PSD of the AC coating from the experimental data of the adsorption isotherm, and the results are presented in Figure 3d. The incremental PSD curve is generally bimodal with a small peak at 0.39 nm, main peaks at 0.68 and 1.41 mn, and further small peaks at 1.77, 3.19 and 9.93 nm. A discrete PSD line of 14 pore sizes was fitted to the experimental PSD curve and is also presented in Figure 3d. The discrete PSD will be used as input data of the different pore sizes in the simulations for the AC coating electrodes in this paper.



Table 2 presents the ion parameters for different electrolyte solutions, as discovered in the literature. It seems that both ACF fabric and AC coating have their major peak in their PSD in Figure 3, at 0.64 and 0.68 nm respectively, at the appropriate pore size to accommodate the TEA+ desolvated ion in the TEABF4 electrolytes and, thus, maximize specific capacitance. ACF also has also a smaller peak at 0.57 nm that can just accommodate the Li+ desolvated ion in the Li-ion electrolyte.



The first step was to conduct a sensitivity analysis of the proposed model, in a GCD simulation at 2.5 mA cm−2 for the examples of Cases A, B, and C. The graph in Figure 4 contains the experimental data, the predictions with the electrolyte data of Table 2 used in the simulations (Figure 4—predictions standard), a simulation with size of solvated ions as the center-of-mass radial distribution function (RDF) predicted directly from MD simulations by Feng for AN solvent [31] and Hu for PC solvent [63], and parametric studies of changing the desolvation energy by +50%, −50%, and Eion/solvent = 0. The model and algorithm are very sensitive to large solvated ions for electrode materials with the largest pore size peak smaller than the solvated ion as in Case A: ACF fabric, dp,peak = 1.31 nm in Figure 3b against dTEA+/AN = 1.55 nm from MD simulations. Hence, the solvated ion dimensions determined from a simple Van der Waals volume method in Table 2 yield better predictions, closer to the experimental data in Figure 4 for Case A than the solvated ion size from MD simulations and, hence, are used as input data in the simulations henceforth. Changes in the desolvation energy by ±50% bring relatively small changes in the total GCD cycle, of the order of 5% on average. Setting Eion/solvent = 0 brings much greater changes in the total GCD cycle, in the range of 20–35% (36% in Case A, 16% in Case B and 23% in Case C) compared to the predictions from a standard simulation.



Figure 5a presents the predicted charge–discharge curves for Case Study A at four different current densities: 2.5, 5, 25 and 50 mA cm−2 and the experimental data for the corresponding case study from [18,62]. Generally, good agreement can be seen between predictions and experimental data. At the high current of 50 mA cm−2, at the beginning of discharge, the voltage drop due to commonly known reasons of equivalent-in-series resistance and ion diffusion in equivalent electric circuit models [2] seems to follow a parallel trend to that of the experimental line. The prediction curves at all currents seem to have a small change in slope around 0.8–1.1 V, especially visible at the low currents, reminiscent of small intercalation bumps in pseudocapacitors [64].



Figure 5b,c displays the predicted TEA+ and BF4− ion concentration profiles across the EDLC cell, from the cathode to the anode, 96 s after the start of discharge in a GCD cycle at the low current of 2.5 mA cm−2 for Case A. Apart from the change, either side of the separator in the middle of the cell, the ion concentration profiles are generally flat in the main cathode and main anode region, all the way to the border with the corresponding current collector. At 11% time of the full discharge, there is still most charge stored in the respective electrodes: as expected, there is still a deficiency of TEA+ ions in the cathode and an excess of TEA+ ions in the anode, and the opposite happens with the BF4− ions.



Figure 6 presents the ion concentration profiles at x = 0 (cathode/current collector) and x = L (anode/current collector) against time for Case A. The ion transport across the electrodes is fully captured: during charge, the TEA+ ion concentration decreases in the cathode and increases in the anode, whereas the BF4−ion concentration increases in the anode and decreases in the cathode; the reverse happens during discharge. Solvated TEA+ ion transport takes place in macro-, meso- and micropores down to 1.31 nm pore size, and desolvated TEA+ ions are transported in pores of 1.06 and 0.91 nm size. The TEA+ ion concentration in the pores of 0.79 nm and 0.645 nm remains constant, as the initial electrolyte concentration, indicating no noticeable ion transport in these pores, which is attributed to the low ion diffusivity due to high pore constrictivity for these small micropores. BF4−ion concentration changes in all pore sizes in the cathode, indicating ion transport in all pores in desolvated state for pores smaller than 0.85 nm. While the 0.58 nm and 0.46 nm pores did not contain any electrolyte initially, as these pores cannot accommodate the TEA+ ions (even desolvated), desolvated BF4−ions are still transported in the cathode and their concentration rises to a maximum of 209 mole m−3 at the end of charge. In the anode, a restriction was placed to the motion of BF4−ions in the model and computer algorithm for pores smaller than dTEA+ = 0.67 nm, following the findings in in situ NMR studies of cation adsorption only in the anode [65]. In addition, the predictions in Figure 6 go beyond this restriction, as they demonstrate that there is no BF4− ion transport in the cathode for dp ≤ 0.91 nm (constant BF4−concentration equal to the initial concentration in those pores), which is attributed to pore constrictivity reducing the diffusion coefficient and high ion concentration effects in these small pore sizes in the anode. These predictions capture the findings of Forse et al. [65] without the need for the additional externally imposed restriction in the algorithm. On the other hand, ion exchange occurs for the bigger micro- and also the meso- and macropores in the anode, also agreeing with the findings of the NMR study by Deschamps et al. [66]. Examining the small bumps in the predicted voltage profile in Figure 5a in relation to the ion concentration profiles in different pore sizes in Figure 6, the following observations have been made: (i) the small bump at 1.1 V (209 s) during charge is attributed to the desolvation of TEA+ and its start of migration and diffusion into the smallest anode pore, dp = 0.91 nm, when it enters the simulation results during charge; (ii) the small bump at 0.9 V (1490 s) during discharge is attributed to the desolvation of BF4− and its start of migration and diffusion into the smallest anode pore, dp = 0.645 nm, when it returns during discharge.



Similar trends are observed in the ion concentration profiles versus time for Case B in Figure 7, The difference is that, due to the larger proportion of larger micropores and mesopores in the AC coating electrodes in Case B according to the PSD in Figure 3d compared to the ACF electrodes in Case A (PSD in Figure 3b), these larger pores facilitate ion transport in Case B, which results in a higher maximum concentration of TEA+ ions in the smallest micropore 0.91 nm in size, into which they are transported, than in Case A for the same size micropore. In both cases, ion desolvation took place before the TEA+ ions enter the 0.91 nm micropore. The ion concentration profiles against time for Case C in Figure 7 display smaller rise or decrease in ion concentration at the end of charge than in Case B, where both cases have the same AC coating electrodes but different electrolyte solvent, with PC in Case C being a larger molecule than AN in Case B, resulting in reduced ion transport rate because of lower diffusivity due to pore constrictivity against the larger PC-solvated ions. The smaller pore size accessible by desolvated TEA+ ions is 1.2 nm, whereas desolvated BF4−ions reach the smallest pores of 0.49 nm in the cathode. In the anode, there is no transport of BF4− ions for pores smaller than 1.2 nm, agreeing with the findings of Forse et al. [65] in their in situ NMR studies.



Case studies D and E involve electrolyte 1M LiPF6 in EC:EMC 50:50 v/v with the predicted ion concentration profiles against time presented in Figure 8. Linear profiles of the Li+ concentration are depicted for both types of electrodes, AC coating (Case D) and ACF fabric (Case E), due to the small size of desolvated Li+, which allows for easier transport through small micropores than TEA+ in the previous organic electrolyte systems. An ion exchange mechanism is followed in both case studies.



The maximum change in Li+ concentration in Figure 8 occurs in 1.4 nm, 1.6 nm and 1.77 nm pores for Case D, and 1.5 nm and 1.7 nm for Case E, where all these pores contain deformed solvated Li+ ions. In discharge, Li+ concentration decreases also linearly to the original 1 M concentration for most pore sizes, apart from the 119 nm macropore, which empties to 1 M after some delay. The maximum rise in the PF6− concentration profiles in the cathode occurs in 2.9 nm, 3.6 nm, 14.6 nm and 119 nm pores for Case D, and 3.3, 12.3 and 119 nm for Case E, in which the solvated anion can move easily (see Table 2). The slower transport of PF6− in pores smaller than 1.8 nm corresponds to the limit of the tetrahedral solvated Li+ ion [38], and seems to be linked to the ion exchange mechanism, where a lag is encountered for the PF6− concentration to rise at the start of charge. In the anode, the delay of the PF6− to return to 1 M in pores smaller than 1.2 nm at the end of discharge is due to the fact of insufficient electrochemical energy to overcome the desolvation energy barrier towards the end of discharge for PF6− to desolvate and return to the small pores. This creates a chain effect in delaying to empty the cathode macropore of 119 nm from PF6− ions, as well as delaying emptying the anode macropore of 119 nm of Li+ ions.



Figure 9a presents the predicted GCD time duration of the tested EDLCs at different current densities, normalized by the mass of the two electrodes of the EDLC to cater for differences in the electrode areal density and size of cells. Experimental data were available [16,18,38,62] for Cases A, B, C and D and are used to compare with predictions and validate the numerical model. In all cases, the experimental specific GCD cycle (per gram of electrodes) is 5–10% longer than the predictions at the lowest tested current density, related to possibly a little slower desolvated ion generation and diffusion in the predictions than in the experiment, which apart from the value of binding energy might also be due to the limited number of points in the discretized pore size distribution inputted in the simulations. On the other hand, the predicted specific GCD cycle is a little longer than the experimental data at high current density.




4. Discussion


The predicted differences between the performance of the different Cases presented in Figure 9a are fully reflected in the experimental data. Figure 9b,c illustrate the relationship between ion size (solvated or desolvated) and pore size from the discretized PSD lines inputted in the computer simulations, for ACF fabric and AC coating, respectively, to aid explaining these differences in performance. It must be noted that pores smaller than the desolvated ion size are not in use during the operation of EDLC. The importance of the relation between solvated or desolvated ion size and pore size of supercapacitor electrodes, as well as the ease of ion desolvation for different solvents, has been recognized in the past ([67], for example). The advantage of the present design study is the use of a comprehensive ion transport model, incorporating the pore size distribution, the ion transport in the form of solvated or desolvated ion and the use of binding energy to control ion desolvation when compared to the available electrochemical (and thermal) energy. As a result, the findings in this study are quantitative with predicted GCD cycle.



Case D exhibits the longest specific GCD cycle at the lowest tested current density, which is related to the best specific capacitance, which is attributed to (a) the smallest size of the desolvated cation (Li+ compared to TEA+) that allows a high concentration of Li+ ions to line the pore walls in the Stern monolayer and (b) the good accessibility of the AC coating micropores due to the good portion of meso- and large micropores in the AC coating allowing transport of the large solvated ion Li+/EC-EMC (Figure 9c). On the other hand, Case E with ACF fabric electrodes and the same electrolyte has about 1/3 of the specific GCD time of Case D because of poor accessibility of its large micropore surface area by the cations, which is due to the fact that ACF fabric (Figure 9b) has 1/30 of the specific pore volume of AC coating of meso- and large micropores, allowing transport of the large solvated ion Li+/EC-EMC. Increasing the current density shortens the specific GCD cycle of Cases D and E much faster than in Cases A, B and C. This is attributed to the size of solvated ion Li+/EC-EMC, which is much larger than that of the other two solvated cations of the other electrolytes, TEA+/AN and TEA+/PC, slowing down solvated ion transport in meso- and large micropores, which governs the EDLC performance at medium and high current densities. In fact, the large solvated cation effect against the available meso- and large micropore specific volume reduces the limit of maximum current density in the operation of Cases D and E, but also in Case C which has the next largest solvated cation TEA+/PC.



Case B, AC coating electrodes with 1.5 M TEABF4/AN electrolyte, has the most balanced overall performance features for an EDLC, with a good specific capacitance across a large range of current densities, which is attributed to the reasonable specific surface area of the AC coating and good accessibility of micropores by cations, due to the good transport of the smallest solvated cation TEA+/AN amongst all investigated electrolytes, and the good proportion of meso- and large micropores in the AC coating being able to accommodate the motion of the solvated ions. In all discussions, the focus has been on the size of the cation, as the solvated anions are all smaller than their associated solvated cations, and the desolvated anions are smaller than or of similar size as the desolvated cations.




5. Conclusions


The study has demonstrated the usefulness of the volume-averaged continuum model of ion transport through porous electrodes in supercapacitors, taking into account the pore size distribution. Such a model allows confidence in the design of the porous electrodes in terms of optimizing their pore size distribution for a certain or a specified range of electrolytes. An AC coating with a very good specific surface area, for high specific capacitance, and a good proportion of mesopores, for solvated ion transport and accessibility of micropores, may be designed to be suitable for a range of medium maximum voltage electrolytes, from the best EDLC electrolyte TEABF4/AN to the lower-volatility electrolyte TEABF4/PC, to Li-ion electrolytes used in LICs and hybridized battery-supercapacitor devices. Although EDLCs with Li-ion electrolytes might not reach the highest current densities of EDLCs with electrolyte TEABF4/AN, their maximum current density, at 10C of the battery, for example, in a hybridized battery-supercapacitor device, is still a low current density for an EDLC. Furthermore, Li-ion electrolytes bring the highest specific capacitance at a very low current density, equivalent to 0.1C or 1C of the battery part in a hybridized battery-supercapacitor device.







Author Contributions


Conceptualization, C.L.; methodology, J.B., F.M., C.L. and G.M.L.; software, J.B. and C.L.; validation, J.B. and C.L.; formal analysis, J.B., F.M., C.L. and G.M.L.; investigation, J.B. (experiment, simulations), F.M. (molecular modeling of TEABF4 electrolyte ions), C.L. (simulations) and G.M.L. (experiment: N2 adsorption/desorption experiments); resources, C.L.; data curation, C.L.; writing—C.L. and J.B.; supervision, C.L.; funding acquisition, C.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially funded by EPSRC under the HiPoBat project: ISCF Wave 1: High Power Material Hybridized Battery, EP/R022852/1.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are available from the corresponding author, after reasonable request, for research purposes.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Table] 





Table A1. Equations of the continuum model of the electrochemical processes in EDLCs.






Table A1. Equations of the continuum model of the electrochemical processes in EDLCs.





	Mass ion transport equations for all pore sizes p (p = 1 to Np) and ions i (i = + and −):

    ∂  ε p   α  i , p     ∂ t   −  ∂  ∂ x    (     z i  F  D  i , p    α  i , p    F  d e c a y     R T     ∂  ϕ 2    ∂ x    )  =  ∂  ∂ x    (   ε p   D  i , p    F  d e c a y       ∂  α  i , p     ∂ x    )    +  

   I  i , p − 1 / p   −  I  i , p / p + 1    
	(A1)



	Current flux of ion i from pore p − 1 to pore p:

   I  i , p − 1 / p   =  F  d e c a y      ε  p − 1    d p 2     ε p   d  p − 1  2       z i   N A   V i   t  i , p    i 2    d x   F    
	(A2)



	Decay factor if electrochemical energy, EEC, is less than   Δ  E  i , p   / R T  :

   F  d e c a y   =  e  −  (    Δ  E  i , p     R T +  E  E C      )     
	(A3)



	Desolvation energy barrier for dion < dp < dsolv.ion+ (for larger pores: Δni = 0):

  Δ  E  i , p   =  E i  Δ  n i  /  n i   
	(A4)



	    α  i , p   =  c  i , p    N A   V i    
	(A5)



	    α  + , p    ( x )  +  α  − , p    ( x )  +  α  s , p    ( x )  +  α  v , p    ( x )  = 1   
	(A6)



	   0 ≤  α  + , p    ( x )  ≤ 1 ,          0 ≤  α  − , p    ( x )  ≤ 1 ,          0 ≤  α  + , p    ( x )  +  α  − , p    ( x )  ≤ 1   
	(A7)



	    i 1  = −  σ 1    ∂  ϕ 1    ∂ x     
	(A8)



	    i  2 , p   = −  σ  2 , p     ∂  ϕ 2    ∂ x   −    σ  2 , p   R T  F   [   t  + , p     ∂ l n  c  + , p     ∂ x   −  t  − , p     ∂ l n  c  − , p     ∂ x    ]    
	(A9)



	    i 2  =    ∑   p = 1    N p      ε p   i  2 , p     
	(A10)



	     ∂  i 1    ∂ x   +   ∂  i 2    ∂ x   = 0   
	(A11)



	Poisson equation:      ∂ 2   φ 2    ∂  x 2    =     ∑   i , p    z i  e  α  i , p   /  (   N A   V i   )     ε o   ε r     
	(A12)



	   Δ  ϕ  s t e r n , i , p   =    c  i , p    z i  F  v p   L  s t e r n      A p   ε o   ε r      
	(A13)



	    D  i , p   =    ε p  1.5   δ  k B  T   2 π η  (   d  s o l v . i o n     o r    d  i o n    )      
	(A14)



	    δ  i , p   =    (  1 −    d  s o l v . i o n     o r    d  i o n      d p     )   4    
	(A15)



	   η =  η o       [  1 + 0.5  (   α  + , p   +  α  − , p    )   ]    4.5        [  1 −  (   α  + , p   +  α  − , p    )   ]   2      
	(A16)



	    t  i , p   =    D  i , p      D  + , p   +  D  − , p       
	(A17)



	   σ  2 , p   =    F 2   [     (   z +   )   2   D  + , p    c  + , p   +    (   z −   )   2   D  − , p    c  − , p    )    R T      (Nernst-Einstein equation)
	(A18)



	Initial conditions, at t = 0, before the first charge:

   c  i , p   =  k d   c o    for dp > dion,i          and    c  i , p   = 0   for dp < dion,i

i1 = i2 = 0.         ϕ1 = ϕ2 = 0.
	(A19)



	Boundary conditions:

At x = xS (separator): i1 = 0    ϕ1 = 0

At x = 0 and x = L (current collector/cathode or anode):

│i1│= io, the current density in galvanostatic charge-discharge.
	(A20)








where subscript p: pore size p, where p is integer from 1 to Np; subscript i: + (positive ion) or − (negative ion).



Variables: t: time; x: the through-thickness direction in the cell from x = 0 at the current collector of the cathode to x = L at the current collector of the anode; αi,p: volume fraction of i ion in volume of pore p; ci,p: molar concentration of i ion in volume of pore p; i1: electron current density in solid phase; i2: ion current density in the electrolyte phase; ϕ1: potential of solid-phase; ϕ2: potential of electrolyte phase in the non-Stern region.



Properties:    D  i , p    : diffusion coefficient of ion i in pore p; δi,p: constrictivity of ion i in pore p; ti,p: transference number of ion i in pore size p; η: viscosity of electrolyte: determined by equations given in Table 1.



Electrode: vp, Ap and εp: specific pore volume, specific wall surface area and pore fraction of pore p: specified from the experimental data of Section 2 and Section 3.



Electrolyte: Vi: volume of ion i; ΔΕi,p: desolvation energy barrier in ion i in pore p; Ei: solvation energy for first solvent shell around ion i; ni: coordination number of ion i; Δni: change of coordination number in desolvation of ion i in small micropore; ηο: viscosity of solvent; εr: relative permittivity of the electrolyte; kd: dissociation constant: input data with values listed in Table A1.



General parameters and variables: zi number of transferred electrons for ion i; NA: Avocadro’s number; F: Faraday constant; R: ideal gas constant; kB: Boltzmann constant, εo: vacuum permittivity; T: absolute temperature.
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Figure 1. SEM images (a,b) and AFM images (c,d) of the surface of the activated carbon fabric (ACF) electrode. 
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Figure 2. SEM images (a–d) and AFM images (e–h) of the surface of the AC coating electrode. 
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Figure 3. Nitrogen adsorption/desorption experimental data and analysis results: adsorption/desorption isotherms for (a) the ACF fabric and (c) the AC coating; pore size distribution (PSD), derived from the experimental adsorption isotherms using the GCMC method, of (b) the ACF fabric and (d) the AC coating from experimental data and fitted discrete PSD lines used as input data in the simulations in this paper. 
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Figure 4. Results of a sensitivity analysis, for a galvanostatic charge-discharge (GCD) cycle time at a GCD current density of 2.5 mA cm−2 of cell area. 
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Figure 5. (a) Predicted GCD curves for Case A (4 cm2 electrochemical double-layer capacitor (EDLC) cell, with ACF electrodes and 1.5 M TEABF4/AN electrolyte) and experimental data [18,62]. (b,c) Ion concentration profiles across the EDLC cell thickness 95 s after the start of discharge in GCD cycle at 2.5 mA cm−2 for Case A: cell thickness in Case A is 1 mm consisting of 0.5 mm cathode and 0.5 mm anode (separator is considered fully permeable by ions and of negligible thickness). 
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Figure 6. Predicted ion concentration profiles against time at x = 0 (cathode/current collector) and x = L (anode/current collector) for Case A: ACF fabric electrodes and 1.5 M TEABF4/AN electrolyte. 
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Figure 7. Predicted ion concentration profiles against time at x = 0 (cathode/current collector) and x = L (anode/current collector) for AC coating electrodes and Case B: 1.5 M TEABF4/AN electrolyte and Case C: 1.5 M TEABF4/PC electrolyte. 
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Figure 8. Predicted ion concentration profiles against time at x = 0 (cathode/current collector) and x = L (anode/current collector) for EDLC with electrolyte 1 M LiPF6/EC-EMC and: Case D: AC coating electrodes and Case E: ACF fabric electrodes. 
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Figure 9. Predicted EDLC performance in (a), and relationship between the size of ion (solvated or desolvated) and pore size in (b) for ACF fabric and (c) for AC coating. Electrodes: ACF fabric in Cases A and E; AC coating in Cases B, C and D. Electrolyte: 1.5 M TEABF4/AN in Cases A and B; 1.5 M TEABF4/PC in Case C; 1 M LiPF6/EC-EMC in Cases D and E. Experimental data in (a) from studies [16,18,38,62]. 
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Table 1. Properties of the electrolyte systems used in this study [53,58,59,60,61].
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	Property
	1.5 M TEABF4/AN
	1.5 M TEABF4/PC
	1 M LiPF6/EC-EMC





	kd
	0.876
	0.6
	1



	ηo (mPa s)
	0.37
	1.8
	1.4



	σ2 (S m−1)
	6
	1.3
	0.5
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Table 2. Values of parameters of the electrolyte systems used in this study [31,38,62,63].
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	Electrolyte Ion
	Lmin,VdW (nm) 1
	nc 2
	Eion/solvent (kJ mol−1) 3





	TEA+
	0.60
	6(AN), 3(PC)
	



	BF4−
	0.45
	3.3(AN), 3(PC)
	



	TEA+/AN
	1.1
	15.5
	−222



	BF4−/AN
	0.85
	6.75
	−196



	TEA+/PC
	1.28
	13
	−10



	BF4−/PC
	1.04
	6
	−35



	Li+
	0.56
	4
	



	PF6−
	0.5
	0
	



	Li+/EC-EMC
	1.8
	4
	−400



	PF6−/EC-EMC
	1.4
	3
	−70







1 Minimum ion size (desolvated or solvated) from the Van der Waals volume. 2 Coordination number. 3 Binding energy between ion and solvent from the coordination solvent shell.
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