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There is increased interest in many different processes based upon interactions between a charged solid surface and a liquid electrolyte. Energy storage in capacitive porous materials, ionic membranes, capacitive deionization (CDI) for water desalination, capacitive energy generation, removal of heavy ions from wastewater streams, and geophysical applications are some examples of these processes. Process development is driven by the production of porous materials with increasing surface area. Understanding of the physical phenomena occurring at the charged solid-electrolyte interface will significantly improve the design and development of more effective applied processes. The goal of this work is to critically review the current knowledge in the field. The focus is on concepts behind different models. We start by briefly presenting the classical electrical double layer (EDL) models in flat surfaces. Then, we discuss models for porous materials containing macro-, meso-, and micro-pores. Some of the current models for systems comprising two different pore sizes are also included. Finally, we discuss the concepts behind the most common models used for ionic transport and Faradaic processes in porous media. The latter models are used for simulation of electrosorption processes in porous media.
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1 INTRODUCTION
In many scientific disciplines such as engineering, electrochemistry, biology, geophysics, and colloidal science the understanding of the physical phenomena related to processes in charged porous media is critical [(Johnson and Sen, 1988; Dukhin, 1995; Revil and Glover, 1997; Lyklema and Minor, 1998; Revil and Glover, 1998; Corry et al., 2003; Bazant et al., 2004), among others]. The first step to understand these phenomena is to have a clear physical picture. The charge present in a solid surface creates an equivalent charge of opposite sign in the electrolyte in contact. This charge arrangement is a common feature of many different natural or manufactured systems and receives the name of electrical double layer (EDL) (Helmholtz, 1853; Stern, 1924; Bockris et al., 1963; Bockris et al., 1998; Newman and Thomas-Alyea, 2004; IUPAC, 2019). The goal of the present article is to present a physical picture of transport processes in charged porous media with the intention of improving many important practical processes, such as, water desalination, ion separation, electrokinetics, sustainable energy systems, etc.
The article has been divided in three parts: electrical double layers (EDLs) in flat surfaces, qualitative model descriptions in porous materials, and transport models in porous carbon electrodes and intercalation materials. The first part is a review of the state of the art in this well-studied research area. The second attempts to present the qualitative picture of ionic distribution in porous media, and the third is a compilation of concepts related to porous electrodes and applications of porous electrodes. In the last part we introduce descriptions of new developed porous electrodes materials plus subsections focused on the simulation methods to describe the behavior of individual porous electrodes and desalination cells. In recent years, there has been a big increase in the number of articles dealing with theoretical and practical applications in this research area; therefore, it is very difficult to remain current on all the work continuously produced. The omission of some important articles and/or research groups is not intended as a judgement on the merit of these research groups work.
2 EDL MODELS
2.1 EDLs in flat surfaces
The concepts presented in this section applies to flat electrodes and to porous materials where the pore size is much bigger than the curvature of the surface (big pores). The presence of a charged surface in contact with an electrolyte will produce a re-arrangement of charges in the liquid phase. Ions with the same charge as the solid surface (co-ions) will be repelled while ions of opposite charge (counter-ions) will be attracted to the surface. Molecules of the solvent, water for example, can also be oriented in a particular direction due to the presence of the surface charge. The level of orientation will depend upon the local electric field that is determined by the surface charge or the applied potential. Classical models of the EDL were originally derived for flat solid surfaces (Helmholtz, 1853; Stern, 1924; Bockris et al., 1963; Bockris et al., 1998; Newman and Thomas-Alyea, 2004; IUPAC, 2019). Critical understanding of the structure of the EDL was achieved through the work of Grahame (Grahame, 1947) who experimentally determined the differential capacity of mercury in contact with aqueous solutions of sodium fluoride as a function of concentration. Several different models were proposed to reproduce Grahame’s experimental data (Bockris et al., 1963; Bockris et al., 1998).
Presently, there is general agreement on the model depicted in Figure 1. The region between the solid surface and the inner Helmholtz plane contains a layer of solvent molecules and/or some specifically (chemically) adsorbed ions. According to IUPAC, the inner Helmholtz plane (IHP) is the locus of the electrical centers of specifically adsorbed ions (IUPAC, 2019). There is a layer of counterions located, on average, a distance from the electrode equal to the hydrated radius of the counterion. The outer Helmholtz plane (OHP) is the locus of the electrical centers of these ions (IUPAC, 2019). In the diffuse layer the ions follow a Boltzmann distribution and there is a net charge given by the counterions concentration (Landau and Lifshitz, 1980).
[image: Figure 1]FIGURE 1 | Flat surface EDL model schematic. Circles with signs represent ions, red circles represent chemically adsorbed ions, blue circles represent water molecules, blue circles with arrows represent electrically polarized water molecules, and ions surrounded by water molecules represent hydrated ions.
3 IONIC DISTRIBUTION IN POROUS MATERIALS
According to the International Union of Pure and Applied Chemistry (IUPAC) (Rouquerol et al., 1994), pores sizes are classified according to effective pore diameters into macro (>50 nm), meso (between 50 and 2 nm), and micro (<2 nm). Presently, many porous materials are said to have nanopores. The characteristic dimension of a nanopore is 1 nm; however, nanopores can have effective diameter sizes up to 20 nm (Akeson et al., 1999). In this regard, according to the IUPAC classification nanopores sizes vary in a range from micropore size until medium mesopores sizes. Inside pores of any size EDLs will form in the interface between the solid wall and the liquid electrolyte. The EDL thickness can be estimated as a function of the solution ionic strength and the permittivity of the solution.
In the case of macropores, the EDL thickness is normally much smaller that the effective pore diameter, e.g., thin EDLs (Bockris et al., 1998; Newman and Thomas-Alyea, 2004; Biesheuvel and Bazant, 2010). Most of the pore volume is filled by an electroneutral electrolyte and there is small film (thin EDL) against the solid wall where there is a net ionic charge. The mathematical treatment of thin EDLs processes involves considering the EDL as a boundary condition and deals with the electroneutral bulk of the electrolyte (Bockris et al., 1998; Newman and Thomas-Alyea, 2004; Biesheuvel and Bazant, 2010). As we decrease the effective pore diameter, the EDL occupies an increasing part of the pore volume while the volume of the bulk of the solution decreases continuously. In the case of micropores, the EDLs occupy completely all the pore volume and strongly interact among themselves. This process is called EDL overlapping. Yang et al. (2001) presented an EDL model to predict electrosorption of ions from aqueous solutions by carbon aerogel electrodes. The carbon aerogel electrodes were treated as EDL capacitors, and electrosorption was modeled using classical EDL theory in slit-shaped pores. The authors concluded that when a pore has a width smaller than a specific value (cutoff pore width), it does not contribute to the total capacity because of the electrical double-layer overlapping effect. This effect would reduce the electrosorption capacity for electrodes with significant numbers of micropores. Ying et al. (2002) performed several equilibrium electrosorption experiments under various conditions of ion solution concentration and applied voltage. They considered the overlapping effect in their modeling by solving numerically the Poisson equation with appropriate boundary conditions. The authors modeling results agreed well with experimental data obtained at voltages up to 1.2 V, when the EDL overlapping correction was used. Several issues need to be considered regarding this study. Common hydrated ions have diameter sizes of the same order of magnitude of small nanopores; therefore, the assumption of a continuum solution is not valid anymore. Recognizing this shortcoming, Yang et al. (2002) studied the formation of the EDL in an aqueous solution in contact with the charged solid surfaces of a slit-type nanopore using grand canonical Monte Carlo (GCMC) and canonical Monte Carlo (CMC) methods. Their results were found to be slightly different from those predicted by the Gouy–Chapman model at low electrolyte concentrations and low surface charge densities. Yang et al. (2002) found, using a non-primitive model, that the walls are covered by water molecules and that the maximum counterion concentration in the nanopores occurs at the center of the pore, instead of the surfaces. These studies supported the idea that the best strategy for increasing capacitance of porous materials consisted in maximizing the EDL charging by using mesoporous carbon electrodes with the highest specific surface area. The authors’ work (Yang et al., 2002) reflected experimental data showing that the capacitance of porous materials decreases as the pore diameter decreases until being negligible for pores sizes smaller than 1 nm. However, Chmiola et al. (2006) discovered that their manufactured carbide-derived carbons (CDCs) electrodes with unimodal micropores smaller than 1.0 nm exhibit an anomalous increase in capacitance compared to similar materials with pore sizes above 2.0 nm. Therefore, Chmiola et al., 2006) results challenged the idea that pores smaller than the size of the solvated electrolyte ions do not contribute to the charge-storage process in porous electrodes. In their review on the fundamentals of supercapacitors Da Silva et al. (2020) stated that Koresh and Soffer (1977) were the first authors to report that the sub-nanometer micropores with average sizes as small as 0.37 nm could be accessed by the electrolyte ions due to the removal of the hydration shells of ions occurring during the charging process. However, the authors also stated that the mobility of ions inside the sub-nanometer micropores can be several orders of magnitude smaller than their mobility in the bulk solution outside the pores.
Feng et al. (2010a) studied ionic absorption in porous materials using organic ionic compounds. The authors experimental data indicated that organic ions tend to be desolvated before entering sub-nanometer pores, whereas aqueous electrolyte ions can retain their hydration shell in sub-nanometer pores. Grifn et al. (2014) used 19F NMR spectroscopy to study the local ionic environment in supercapacitor electrodes and to measure changes in the populations of adsorbed species during micropores charging. The authors reported that in absence of an applied potential, anionic species adsorbed within electrode micropores. Adsorption experiments and two-dimensional exchange experiments confirmed that anions are in dynamic equilibrium between the inside of the micropores and the outside solvent environment.
Grifn et al. (2014) proposed three mechanisms for ionic charging within the micropores of a porous electrode, Figure 2. One possible mechanism is the absorption of counter-ions from the solution outside the pores while the number of co-ions inside the pores remains unchanged. This is the traditional charging mechanism. Other possible mechanism is ion exchange between the inside of the pore and the outside solution where the combination of co-ion expulsion and counter-ion adsorption produces a net ionic charge inside the pores, while the total ionic population remains constant. Finally, a third possible mechanism is given by the expulsion of co-ions, thereby leaving an excess of counter ions within the pores at a reduced overall packing density (Grifn et al., 2014). The authors also concluded that a combination of the three mechanisms is also possible. Forse et al. (2016) presented a single model to consider the three mechanisms presented by Grifn et al. (2014). The authors introduced a charging mechanism parameter (X) that characterizes the charging process, a value X = 1 represents counter-ion absorption only, a value X = 0 represents ionic exchange, and X = −1 represents co-ion desorption only. As the parameter X is continuous, other values of X describe different combinations of the three mechanisms. Forse et al. (2016) concluded that the charging mechanism strongly depends on the polarization conditions, the electrolyte, and electrode materials. During the charging process the solution ions can lose partially, or totally, their solvated shell. This process consumes a significant amount of energy.
[image: Figure 2]FIGURE 2 | Charging mechanisms in micropores [adapted from Griffin et al. (Griffin et al., 2014)].
Kalluri et al. (2013) reported that the gain in storage capacity of ions in micropores pores comes with an efficiency penalty as the degree of charge compensation is lower in small pores than in bigger ones. The energy that is necessary to distort the solvation shell adds to the electrical work needed to charge the micropores. This effect may decrease the charging energy efficiency if the energy that is stored in the distortion of the solvation shell is dissipated as heat during the discharging step (Kalluri et al., 2013).
The findings of Chmiola et al. (2006) produced the desire to study ionic distributions inside micropores. Huang et al. (2008a), Huang et al. (2008b) proposed a heuristic theoretical model that takes pore curvature into account to replace EDL capacitors models (EDLC) based on a traditional parallel-plate capacitor. The authors studied pores of cylindrical shape. Huang et al. (2008a), Huang et al. (2008b) stated that when the pore diameter is of mesopore size (2–50 nm), counterions enter mesoporous carbon materials and approach the pore wall to form an electric double-cylinder capacitor (EDCC); for micropores (<2 nm), solvated/desolvated counterions line up along the pore axis to form an electric wire-in-cylinder capacitor (EWCC). In the case of macropores (>50 nm) the pore curvature is no longer significant and the EDCC model can be reduced naturally to the traditional EDLs model. The authors presented density functional theory calculations and analyses of available experimental data to show the significant effects of pore curvature on the supercapacitor properties of nanoporous carbon materials. A schematic of these models is shown in Figure 3.
[image: Figure 3]FIGURE 3 | (A) Electric double-cylinder capacitor. (B) Electric wire-in-cylinder capacitor.
The application of the “electric wire-in-cylinder capacitor” (EWCC) model has been questioned since the carbon micropores are actually ‘slit-shaped’ rather than “cylindrical” (Fryer, 1981). Thus, considering carbon micropores as slits with varying widths is more consistent with real experimental conditions, even considering that carbon electrodes have a strongly disordered structure (Hsieh et al., 2015). An alternative model for microporous carbons was presented by Feng et al. (2010b) studying the capacitance of slit-shaped micropores. The authors presented a model where the ions align at the center plane between the slit walls. This model was called “sandwich-type” (SP), Figure 4. Feng et al. (2010b) predicted the scaling of the slit pore capacitance as a function of pore width. The authors proposed that this model could predict the anomalous enhancement of capacitance verified for micropores with similar widths. However, Feng et al. (2010b) found that “curvature effects” cannot be neglected to quantitatively fit experimental data. Heimböckel et al. (2019) proposed a new model for the normalized capacitance depending on pore sizes, using a combination of a SP model for micropores and EDCC for larger pores. The model was called, “modified electric sandwich double-cylinder capacitor” (MESDCC). The model was validated by comparing the measured capacitance values of a set of prepared activated carbons in organic electrolytes with simulated values. The authors verified that pores below 1.0 nm provide the largest contribution to the overall capacitance, especially pores around 0.74 and 0.90 nm, thus confirming the effect of an anomalous increase of capacitance for pores with the size of bare tetraethylammonium ions (TEA+), while pores between 3.4 and 3.7 nm provide the lowest contribution to the capacitance (Heimböckel et al., 2019). These results confirmed that in preparing electrode materials increasing the proportion of micropores, compared to mesopores, will increase the capacitance. However, from the practical point of view, maximizing the capacitance is difficult, as an increase in specific surface area is associated with a simultaneous enlargement of pore sizes, which neutralizes the effect on the capacitance.
[image: Figure 4]FIGURE 4 | Sandwich-type capacitor (SP) in slit pores, (A) dehydrated ions in small pores and (B) hydrated ions in bigger pores.
At the same time, Da Silva et al. (2020) pointed out that the accessible surface area remains a key factor regarding the capacitance. There must be a large surface area, but this storage area should also be accessible by a big number of ions. It is now accepted that in porous electrodes micropores (<2 nm) provide a large surface area for ion storage, while mesopores (2–50 nm) and macropores (>50 nm) facilitate ion transport and act like sources of ions under ideal polarizations conditions (Saha et al., 2013; Zhang et al., 2013; Karthik et al., 2014; Hsieh et al., 2015).
Recently, Gamaethiralalage et al. (2021) reviewed ion storage mechanisms studying ionic removal selectivity in electrodes of different materials.
3.1 Equilibrium relationships in interphases
3.1.1 Carbon porous materials
In the case of carbon porous materials which exhibit a dual-porosity structure (macropores and micropores) Biesheuvel et al. (2011); Biesheuvel et al. (2012); Biesheuvel and Dykstra (2021) presented an equilibrium model that has become very popular, the Donnan model. This simple and elegant model relates the concentrations inside a porous material and in the bulk of the solution outside through the Donnan potential difference ([image: image]) defined as the electrostatic potential inside the porous medium ([image: image]) minus the potential in the solution just outside the porous material ([image: image]). This model can be easily extended to include Faradaic reactions and multi-ion transport in porous electrodes (Biesheuvel et al., 2011; Biesheuvel et al., 2012), membranes (Biesheuvel et al., 2010; Biesheuvel and van der Wal, 2010), and flow electrodes (Nativ et al., 2017). Biesheuvel and Dykstra (2021) used a modification of the Donnan approach (mD) valid for strongly overlapped double layers in micropores:
[image: image]
Here, [image: image] is the Donnan dimensionless equilibrium potential ([image: image]) and [image: image] is an interaction term between the chemical charge located in the porous electrode and the ionic i-species, [image: image] and [image: image], are the macro- and micropores concentrations, respectively.
Similarly, to the case of “thin” EDLs the potential drop in the overlapped EDL in porous media has also two components, a charge-free Stern layer and the Donnan potential ([image: image]). In this way, the model has two adjustable parameters the potential drop in the Stern layer and the value of the attraction term.
In the case of heavily overlapped EDLs there is charge neutrality between the charge at the electrode wall ([image: image]) and the net charge in the electrolyte inside the pore:
[image: image]
Here, [image: image] is the ion charge, F is the Faraday constant, and av is the specific surface area (av = Als/Vsys), Vsys is the total volume of the system, Als is the is interface liquid-solid area. Introducing the Boltzmann equation with zero attractive term into Eq. 2 leads to:
[image: image]
In the case of binary, monovalent salts, Eq. 3 can be written as:
[image: image]
Here, [image: image] is the salt concentration in the bulk of the solution, [image: image], where [image: image] and [image: image] are the cation and anion concentrations, respectively.
The Donnan potential can be calculated from Eq. 4 as:
[image: image]
3.1.2 Functionalized carbon porous materials
Several authors have studied the concept of improving electrode performance by addition of chemical groups to the base electrode material [(Xu et al., 2011; Andelman, 2014; Biesheuvel et al., 2015; Mahmudov et al., 2015; Palko et al., 2018; Uwavid et al., 2022), among others]. The original idea came from similar practices used in functionalization of ion-exchange membranes (Xu et al., 2011). Cationic and anionic functionalized electrodes can be prepared by absorption of surfactant molecules on carbon materials (Andelman, 2014; Palko et al., 2018). A common procedure involves soaking the carbon electrode in separate surfactant solutions at room temperature. This procedure is based upon the fact that surfactants have hydrophobic tails which irreversibly adsorb onto carbon (Hei, 2006), thereby providing an easy and non-toxic technique to introduce the functional groups. Sulfate and carbonate groups are typically used as anionic chemical groups while quaternary amine chemical groups are used as cationic groups (Palko et al., 2018).
The charge efficiency describes the percentage of applied charge that goes to ion storage. Ionic membranes have been added to increase charge efficiency by excluding the co-ions from the electrode (Biesheuvel et al., 2010; Biesheuvel and van der Wal, 2010; Biesheuvel and Dykstra, 2021). During the process the externally provided charge is used to attract counterions and to eject co-ions (Biesheuvel and Bazant, 2010). Andelman (Andelman, 2014) stated that attached immobile ionic groups would exclude co-ions and increase coulombic (charge) efficiency without the need for an added charge barrier membrane. The author concluded that capacitive electrodes functionalized with ionic groups become polarized and are intrinsically more coulombically efficient (Andelman, 2014). Biesheuvel et al. (2015) presented a simple theoretical model to explain experiments that using chemically modified electrodes showed unexpected phenomena such as “inverted CDI, enhanced CDI, and inversion peaks.” The authors’ model explained these disparate experimental observations. In the case of classical CDI, the electrode charge is balanced by counterion absorption while co-ion rejection represents a non-useful “parasitic” process. However, the presence of immobile charges of the same sign as the electrode, negative for the cathode or positive for the anode, will suppress co-ion rejection during the charging step leading to improve electrode performance. In the case of immobile charges of different sign as the electrode, positive for the cathode or negative for the anode, during the charging step the main ionic transport mechanism will be co-ion rejection leading to the salt expulsion (inverted mode). Biesheuvel et al. (2015) also reported a previously undiscovered operational regime characterized by higher salt adsorption (extended voltage CDI).
The authors modified Eq. 2 according to semiconductor/water interface description and salinity gradient theory [(Jiang and Stein, 2011; Brogioli et al., 2013; Fleharty et al., 2014), among others] to obtain:
[image: image]
Here, [image: image] is the chemical immobile charge density.
3.1.3 Intercalation materials
Ion storage inside porous electrodes can occur through two main mechanisms. The most common ion storage mechanism, known as non-Faradaic or capacitive adsorption, relies on the adsorption of ions inside the electrical double layers (EDLs) of carbon-based active materials with high specific surface area, 1,000–3,000 m2/g (Cheng et al., 2011). A second mechanism (Faradaic) uses accumulation of electrical charges mainly as the result of fast reversible redox reactions (Faradic pseudo-capacity) (Biesheuvel et al., 2021). A big increased in the total adsorption capacity has been observed by materials that combine both mechanisms (Lee et al., 2014; Yoon et al., 2017; Zhang et al., 2018). Porous carbon electrodes store ions mainly, by ion adsorption in EDLs while intercalation materials allow the absorption and free movement of ions through the interstitial pores inside the lattice structure of the material. In this way intercalation materials store electric charge in the crystal lattice structure (Biesheuvel and Dykstra, 2021). Among the most used intercalation materials are sodium transition metal oxides (NaTMO), sodium iron pyrophosphate, Prussian blue analogues, graphene, for the capture of cations and conductive polymers (polypyrrole or polyaniline), Ag/ACl, BiOCl, for the absorption of anions, among others (Biesheuvel et al., 2021).
The EDL models presented above are equilibrium relationships between the bulk of a solution and adsorbed chemical species on a thin volume or interface. In charged materials these models can be considered extensions of absorption isotherms due to the inclusion of potential as an extra variable (Biesheuvel and Dykstra, 2021). The Frumkin isotherm derived using regular solution theory describes the adsorption equilibrium for molecules in the bulk of a solution and adsorbed at an interface (Levi and Aurbach, 1999):
[image: image]
Here, [image: image] is the occupancy ratio of the absorption layer, [image: image] is an intermolecular interaction term in the interface, [image: image] is the concentration of the i-chemical species in the bulk of the solution, [image: image] is given by [image: image], with [image: image], [image: image] is a reference concentration of the i-chemical species, [image: image] and [image: image] are the affinity chemical potentials of the i-chemical species in the interface and the bulk of the solution, respectively.
In the case of charged particles, Biesheuvel and Dykstra (2021) presented a derivation of the extended Frumkin isotherm. This isotherm is related to the Van der Waals equation of state (EOS) and similar EOSs, especially the Carnahan-Starling EOS.
[image: image]
Here, [image: image] is the electrode potential, [image: image] is a constant associated with the electrode material, and [image: image] is an inter-ion repulsion energy (Singh et al., 2018).
The occupancy ratio of the adsorption layer can be defined as [image: image], and can also be called the intercalation degree. Using Eq. 8 a capacitance of the intercalation material can be calculated (Biesheuvel and Dykstra, 2021):
[image: image]
Here, [image: image] is the dimensional capacitance (F/kg), [image: image] is the material density, F is the Faraday constant, [image: image] is the temperature, and [image: image] is the gas constant. The extended Frumkin isotherm plays in simulation of ionic storage in intercalation materials a similar role to the one played by the modified Donnan model in carbon porous materials described above.
4 TRANSPORT MODELS IN CHARGED POROUS ELECTRODES
4.1 Introduction
In the previous sections we have established a qualitative picture of ion storage in charged porous materials. In this section we try to review the most common models for ion transport and storage reported in the literature. The different theoretical models to simulate transport phenomena in charged porous media can be classified in two main groups, phenomenological models based on general and/or empirical assumptions, and models based on rigorous mathematical methods of upscaling transport phenomena in charged porous media. Several upscaling techniques can be used to study transport in porous media, multi-scale asymptotic expansions, mathematical homogenization, spatial averaging, moment methods, stochastic-convective approaches, various Eulerian and Lagrangian perturbation schemes, projection operators, renormalization group techniques, space transformational methods, continuous time random walks, etc. (Cushman et al., 2002). In this work we will concentrate on the volume averaging technique as there are several relevant applications published in literature (Whitaker, 1999; del Rìo and Whitaker, 2002a; Schmuck and Bazant, 2014; Gabitto and Tsouris, 2015; Gabitto and Tsouris, 2016; Gabitto and Tsouris, 2017; Gabitto and Tsouris, 2018; Gabitto and Tsouris, 2019).
4.2 General models in capacitive porous electrodes
The article by Johnson and Newman (Johnson and Newman, 1971) presented for the first time a porous electrode model that considered the characteristic properties of capacitive ionic transport. The authors considered adsorption of ions in electrical double layers and concluded that in the absence of concentration gradients the system behaves as a network of resistances and capacitances. The authors also suggested the important concept that a porous system could show different behavior at different length scales; for example, transient behavior at the macroscale and steady-state behavior at the microscale (Johnson and Newman, 1971).
Biesheuvel and Bazant (Biesheuvel and Bazant, 2010) presented a model for capacitive charging and desalination by ideally polarizable porous electrodes. This model excluded effects of Faradaic reactions or specific adsorption of ions. The authors discussed the theory for the case of a dilute, monovalent, binary electrolyte using the Gouy-Chapman-Stern (GCS) model of the EDL. The model is strictly valid in the limit of “thin EDLs” and applies to big pores (macropores and mesopores >10 nm). The authors mentioned in their paper the use of a volume averaging technique, but they did not present derivations that support this claim. Therefore, the model should be considered as based upon qualitative concepts of the volume averaging methodology (Whitaker, 1999). Biesheuvel and Bazant (Biesheuvel and Bazant, 2010) presented the following equations:
[image: image]
Here, zi is the ionic charge, [image: image] is the ion concentration, [image: image] is the ionic volumetric generation in the bulk of the electrolyte, ψ is the dimensionless electrostatic potential ([image: image]), VT is the thermal voltage (R T/F), ϕ is the dimensional potential, and [image: image] is the mass flow of the i-species into the EDL. In the absence of chemical reaction and for a monovalent, binary electrolyte, Eq. 10 can be written as:
[image: image]
Here, [image: image] is the mass flow of the ionic species into the EDL ([image: image]).
A charge balance for the same electrolyte leads to:
[image: image]
Here, [image: image] is the ionic current and [image: image] is the charge flow into the EDL ([image: image]).
The last terms in Eqs 11, 12 can be replaced by the rate of change of the excess salt concentration in the EDL ([image: image]) and the rate of change of excess charge density ([image: image]), respectively by using the boundary conditions between the bulk of the solution and the EDL.
[image: image]
Gabitto and Tsouris (Gabitto and Tsouris, 2015) studied the ionic transport process in homogeneous porous electrodes using a volume averaging method formulation (Whitaker, 1999). The method of volume averaging is a homogenization technique that is used to derive continuum equations for multiphase systems. Equations that are valid in a particular phase can be spatially smoothed to produce equations that are valid everywhere in the domain (Whitaker, 1999). The volume averaging methodology not only allows for the derivation of the continuum equations but provides a way to estimate the transport coefficients appearing in the derived equations by solving the necessary closure problems.
Based upon the same constraints, the equations derived by Gabitto and Tsouris (Gabitto and Tsouris, 2015) were identical to the ones reported by Biesheuvel and Bazant (Biesheuvel and Bazant, 2010). The authors also derived an alternative formulation of the same problem.
The Biesheuvel and Bazant (Biesheuvel and Bazant, 2010) model was extended to include Faradaic reactions and a dual-porosity (macropores and micropores) approach (Biesheuvel et al., 2011; Biesheuvel et al., 2012) which considers that the electrodes are made of porous solid particles. This model has become very popular, and it has been used by many different researchers in many different studies [(Biesheuvel et al., 2010; Biesheuvel and van der Wal, 2010; Biesheuvel et al., 2011; Biesheuvel et al., 2012; Biesheuvel et al., 2014; Porada et al., 2014; Biesheuvel and Dykstra, 2021), among others]. It has also been extended to other research areas as ionic flow in membranes (Biesheuvel et al., 2010; Biesheuvel and van der Wal, 2010) and flow capacitive deionization [(Porada et al., 2014; Nativ et al., 2017), among others]. Suss et al. (2015) reviewed critically the CDI technology discussing these issues. The authors also discussed equilibrium and kinetic modeling aspects of the different CDI processes.
Biesheuvel et al. (2011), Biesheuvel et al. (2012) proposed the following equations:
[image: image]
Here, [image: image] is the effective diffusivity of the i-component in the macropores, [image: image] and [image: image] are the micro and macro porosities, respectively. Equation 14 has the shortcoming of including two dependent variables, the macro- and micropores concentrations ([image: image] and [image: image]); therefore, an equation relating both concentrations is needed. Biesheuvel et al. (2011) used the modification of the Donnan approach (mD) given by Eqs 1–5. Biesheuvel et al. (2012) also proposed a quadratic variation for the volumetric Stern layer capacity with either charge or potential drop. The authors reported that the quadratic dependance leads to better fit of their experimental data (Biesheuvel et al., 2012).
[image: image]
Biesheuvel et al. (2014) improved the mD model by making the ionic attraction term dependent on total ion concentration in the carbon pores. The new model significantly improved the agreement of calculated results and experimental data for the operation of CDI processes. Gabitto and Tsouris (Gabitto and Tsouris, 2016) presented a model to simulate the CDI process in heterogeneous porous media comprising macro- and micropores. The authors used a two-step volume averaging technique to derive the averaged transport equations at both length scales. The authors derived a one-equation model, valid for both phases, based on the principle of local equilibrium [(del Rìo and Whitaker, 2002a; Whitaker, 1986; Whitaker, 1991; Quintard and Whitaker, 1995), among others] and approximate models for each phase (Gabitto and Tsouris, 2016). Gabitto and Tsouris (Gabitto and Tsouris, 2018) derived using a more precise theoretical procedure the two-equation model equations for the dual-porosity porous medium. The authors found out that these equations coincided with the equations originally proposed by them in their previous work (Gabitto and Tsouris, 2016).
Gabitto and Tsouris (Gabitto and Tsouris, 2018) derived the following equations for the liquid (γ-phase) and the solid (κ-phase) in the macropores:
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Here, [image: image] is the void fraction in the micropores ([image: image]), [image: image] is the volume of micropores, [image: image] is the volume of macropores, [image: image] is the macroscale representative elementary volume (REV), [image: image] is the macropores interphase liquid-solid area, [image: image] is the void fraction in the macropores ([image: image], [image: image] is the solid-liquid volume ratio in the macropores, [image: image] are the various transport coefficients that control the flow of the i-species, [image: image] and [image: image] are the intrinsic j-phase averages for the i-species in the j-phase given by:
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Here, [image: image] and [image: image], are the phase averages of the species concentrations and the electrostatic potential. The last integral term in the right-hand-side of Eqs 16, 17 represents the liquid-solid interfacial transport of the average properties. Gabitto and Tsouris (Gabitto and Tsouris, 2018) proved that the integral terms are related by:
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The two-equation model derived by Gabitto and Tsouris (Gabitto and Tsouris, 2018) can be compared to the phenomenological formulation of Biesheuvel et al. (2011), Biesheuvel et al. (2012) by using the following assumptions:
• There are no transport processes inside the micropores. This assumption is justified on the grounds of the micropores sizes. The characteristic time for a transport process is proportional to the square of the micropores characteristic length, for example, [image: image].
• The transport terms in Eq. 16 depend upon the average concentration in both phases. We can neglect the terms that depend on the solid (κ-phase) by using the classical assumption that the transport terms depend only upon the liquid (γ-phase) variables.
• Using the equality given by Eq. 20.
Introducing all the assumptions listed above into Eqs 16, 17 leads to:
[image: image]
Equation 21 is like Eq. 14 presented by Biesheuvel et al. (2011), Biesheuvel et al. (2012). However, these equations are not identical as the time variation of the average concentration in the solid (κ-phase) is not equal to the average concentration in the micropores ([image: image]) as it appears in Eq. 14. Both concentrations are related through the definition of the point concentration in the κ-phase, but not to the average concentration (Gabitto and Tsouris, 2018).
[image: image]
The two kinds of representative volumes (REVs) are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Schematic representation of the two-scales model, from ref. (Gabitto and Tsouris, 2018).
The small REV allows calculation of averaged concentrations inside the solid particles (Rm). Using the Donnan model we can assume that the ion concentrations are constant inside the solid particles ([image: image]). However, the average at the macroscale associates the average value of the property in a macro representative elementary volume (RM) to every point in the domain. Even if the properties are constant in every particle the property values will change for particles in contact with electrolyte at different positions within the RM. So, the average of the properties at the macroscale will be different from the averages inside the particles.
It is important to stress that not only the three assumptions listed above must hold for Eq. 21 to be valid. Equation 16 and Equation 17 were derived by Gabitto and Tsouris (Gabitto and Tsouris, 2018) using also other constraints that are listed in reference (Gabitto and Tsouris, 2018). These constraints need also to be satisfied for Eq. 21 to be valid. Gabitto and Tsouris (Gabitto and Tsouris, 2018) also derived expressions to calculate the values of the transport coefficients appearing in Eq. 21 using the closure procedure in the volume average technique.
In recent years, there has been an exponential growth in the number of articles discussing different cell configurations and mechanisms to improve the CDI and related processes. Some researchers review critically the literature to summarize recent developments [(Suss et al., 2015; Tang et al., 2019a), among others]. New cell structures comprise the use of ion exchange membranes (MCDI) (Biesheuvel et al., 2010; Biesheuvel and van der Wal, 2010; Galama et al., 2016; Hassanvand et al., 2017; Tang et al., 2019b), flow through electrodes (FTE CDI) (Suss et al., 2012; Guyes et al., 2017), fluidization electrodes (Doornbusch et al., 2016), flow-electrode capacitive deionization (FCDI) without (Hatzell et al., 2014), and with membranes (Jeon et al., 2013; Porada et al., 2014; Choo et al., 2017; Rommerskirchen et al., 2017; Ma et al., 2018).
There has been increased interest in the use of ion exchange membranes in combination with porous electrodes. Several cell configurations have been proposed for water desalination using ion exchange membranes placed in front of porous electrodes allowing the passage of counterions while restricting the flow of co-ions. The process received the name membrane capacitive deionization (MCDI). Biesheuvel et al. (2010) proposed a theory for MCDI including the electrostatic EDLs inside the micropores of porous particles, but also incorporating the role of the macropores, i.e., the void space between the particles. In MCDI the macro porosity becomes a salt storage reservoir that increases the ion storage capacity of the electrodes. The authors used modified Donnan model to simulate ion transport between macro- and micropores. The cell configuration studied by the authors is shown in Figure 6. There is a central water channel, and each electrode is separated from the water channel by an ionic membrane. Horizontal (x-axis) mass flows were only considered by using an average flow while vertical (y-axis) were considered by dividing the domain into k-ideally stirred volumes without diffusion mass transport. This assumption is justified as the height of electrodes, membranes, and water channel is much higher than the respective thicknesses. Convective transport in the y-direction inside the water channel is also higher than the corresponding diffusive transport.
[image: Figure 6]FIGURE 6 | Half-cell in MCDI configuration.
In the membrane Biesheuvel et al. (2010) assumed linear ionic mass flows. The total ionic flow through the membrane ([image: image]) is calculated using:
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Here, [image: image] is the effective diffusivity of the salt inside the membrane, [image: image] is the membrane thickness, [image: image] is the total concentrations of ions ([image: image]), w is the sign of the membrane chemical charge, X is the magnitude of the membrane chemical charge, and [image: image] is the potential drop calculated across the membrane. On both solution/membrane interphases Biesheuvel et al. (2010) used a Donnan equilibrium equation to calculate the Donnan potentials between solution and membrane.
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Here, [image: image] is the salt concentration in the solution just outside the membrane.
The ionic current flowing through the membrane is given by:
[image: image]
Here, [image: image] is the salt concentration in the solution averaged at both ends of the membrane ([image: image]).
In the water channel the authors used the following equation:
[image: image]
Here, [image: image] is the salt concentration in the j-ideally stirred volume, [image: image] is the water channel thickness, and [image: image] is the residence time in the water channel measured in the y-direction.
In Eq. 26 the y-direction concentration changes by the convective transport in the y-direction, last term in the right-hand-side, and by the average ionic flow in the x-direction.
The flow in the electrodes was simulated by using a simplified version of Biesheuvel et al. (2014) model. For example, ionic mass flows are calculated by:
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Here, [image: image] is the electrode thickness, and [image: image] is the residence time in the electrode measured in the y-direction, [image: image] is the salt concentration in the macropores in the j-ideally stirred volume, and [image: image] and [image: image], are the salt concentrations in the micropores of the j-ideally stirred volume for the anion and cation, respectively.
Galama et al. (2016) studied theoretically and experimentally the membrane potential generated by different ionic concentration in both sides of an ion exchange membrane. The authors reported an elegant derivation of the Teorell-Meyer-Sievers (TMS) equation The authors extended the theory considering the presence of stagnant layers on both sides of the membrane and differences in ionic mobility between co-ions and counterions inside the membrane.
Tang et al. (2019b) studied experimentally and theoretically saltwater desalination by an MCDI technique. The salt removal capacity of carbon electrodes is limited due to the high ionic concentration of seawater. The authors proposed to overcome this limitation by applying over-potentials, close to the Faradaic limit, and by reversing cell polarity in the ion-desorption step. The proposed technique (OP-MCDI-RP) was found to be acceptable for seawater desalination (Tang et al., 2019b). Tang et al. (2019b) used a cell like the one depicted in Figure 6. The authors simulated the process by a combined approach. They simulated the operation of the membrane by using Biesheuvel et al. (2010) membrane model, Eqs 23, 25. They simulated the flow inside the water channel by 1-D mass balance in the y-direction using the assumption of average x-direction ionic flows. The operation of the porous electrodes was simulated using the one-equation model presented by Gabitto and Tsouris (Gabitto and Tsouris, 2018).
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Here, [image: image] is the global effective permittivity, [image: image] is the global effective diffusivity, [image: image] is the global effective mobility, [image: image] is the global liquid phase void fraction, [image: image] is the one-equation model average of the a variable, and [image: image] is the average α−β interphase EDL charge density.
Tang et al. (2019b) reported very good agreement between experimental data and simulation results using the capacity of the Stern layer ([image: image]) as an optimized parameter. Similar agreement has also been reported by other researchers [(Biesheuvel et al., 2010; Biesheuvel et al., 2014; Rommerskirchen et al., 2017), among others]. The authors concluded that at the high potentials used in the CDI/MCDI process the capacity of the EDL ([image: image]) is approximately equal to the capacity of the Stern layer as (Tang et al., 2019b):
[image: image]
Here, [image: image] is the Debye-Hückel capacity, [image: image] is the diffuse layer capacity, and ([image: image]) is the potential drop in the diffuse layer.
Besides the use of membranes to improve the CDI process other configurations have been tried. Suss et al. (2012) proposed a cell configuration where the brackish feed flows through the electrodes in the direction of the applied electric field (FTE CDI). The authors used an electrode made up of carbon aerogel monoliths. They found that this configuration exhibits low flow resistance and high capacitance. They modelled the mass and charge balances using equations like the 1D heat equation, but the mass balance contains a sink term dependent on potential that couples both equations. Suss et al. (2012) concluded that the desalination process operates with a characteristic timescale equal to the cell’s RC constant.
Guyes et al. (2017) presented a 1-D model of water desalination by an FTE CDI cell based on the modified Donnan electric double layer theory and simplified boundary conditions. The authors reported good agreement for a comparison between experimental data measured using a laboratory FTE CDI cell and their simulation results. This agreement was obtained by simulating the experimental data using the capacity of the Stern layer, the micropore volume, and the attraction energy term as fitting parameters. Guyes et al. (2017) formulated mass balances for each ion species using Eq. 14 without a redox reaction and considering convective flow. In the case of a monovalent, binary electrolyte the total mass balance is calculated by adding the cation and anion differential equations while the net charge equation is derived by subtracting the anion equation from the cation one, to give:
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where [image: image] is the salt concentration in the macropores, [image: image] is the total ionic concentration in the micropores, and [image: image] is the net ion charge in the micropores ([image: image]). The authors used the modified Donnan model, Eq. 1, to relate the concentrations in the macro and micropores.
Rommerskirchen et al. (2017) reported a constant voltage a process model for a continuous, steady state FCDI process. The process involves a single module device operating in single-pass model. The system comprises, a central water channel plus two flow-through electrodes each one separated from the water channel by an ion exchange membrane. The electrodes are made of flowing porous conductive porous particles. The membranes are considered ideally permselective so, only allow flow of the counterions into the flow electrodes. Reduction of flow through the membrane can occur due to mass transfer limitations in the water channel-membrane interphase [concentration polarization (Ma et al., 2018)]. A limiting current density occurs when the ion concentration on the membrane surface is reduced to zero. The authors allowed for this phenomenon by calculating the limiting flow in a stagnant boundary layer on the water channel side. This limiting flow is compared to the unlimited flow through the membrane and the smaller value is selected.
The electrodes are considered as homogeneous carbon suspensions with constant particle concentration and void fraction. Charge neutrality is assumed outside the particles, macropores volume, while there is net ionic charge inside the porous particles, micropores volume, balanced by the induced charge on the particles’ solid matrix. The storage of ions in the micropores of the carbon flowing particles was modeled using the modified Donnan model of Biesheuvel et al. (2011), Biesheuvel et al. (2012). Inside the porous particles the potential drop is divided between a Stern layer region without ionic charge and a region with potential drop given by the modified Donnan model. The potential drop through the various parts of the cell was considered by relating the cell potential to the sum of all ohmic potential losses.
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Here, [image: image] is the voltage applied between anode and cathode, [image: image], represent the potential drops in the porous particles in the i-electrode, [image: image] gives the ohmic losses by flow through the ion exchange membranes and the flow channel, and [image: image] is the potential gradient for ionic transport through the flow electrodes and the water channel.
Rommerskirchen et al. (2017) reported good agreement between experimental data and simulation results calculated using the Stern layer capacity as the only fitting parameter. The authors also studied an operating process comprising 2 cells one operating in charging mode and the other in discharging mode. They reported a strong influence of flow rate on the desalination performance.
Tang et al. (2019c), Tang et al. (2020) studied experimentally and theoretically the influence of applied potential and electrolyte concentration on the FCDI and electrodialysis (ED) desalination processes. The model presented by the authors relied upon the same general framework presented by Rommerskirchen et al. (2017) but the operation of the flow electrodes was based upon the “hybrid” model for flow electrodes by Gabitto and Tsouris (Gabitto and Tsouris, 2019), and the membrane operation was modelled after Galama et al. (2016).
Gabitto and Tsouris (Gabitto and Tsouris, 2019) simulated the operation of slurry carbon electrodes by combining a phenomenological approach for the point equations with a two-steps volume averaging method. This ‘hybrid approach’ led to the formulation of the equations describing the operation of flow electrodes. The authors used the macroscale REV shown in Figure 6. The γ-phase and κ-phase represent the liquid and solid particles, respectively.
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Equation 34 and Eq. 35 are valid in the γ-phase. In Eq. 34 the authors defined a total mass parameter, [image: image]; [image: image] is the specific volume averaged concentration of the i-species in the j-phase; [image: image] is the specific volume averaged potential in the γ-phase; [image: image] and [image: image] are the volume fractions of both phases in the REV; [image: image] and [image: image], are the effective diffusivity and effective mobility tensors for the salt concentration in the γ-phase; respectively. In Eq. 35 ρj is a charge parameter, [image: image], where j is the phase index, j = γ, κ. In Eqs 34, 35 the assumption of electro-neutrality in the macropores ([image: image]) has been used.
The system of Eqs 34, 35 requires calculation of the derivatives of cκ and ρκ. Gabitto and Tsouris (Gabitto and Tsouris, 2019) proposed that:
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The Donnan potential ([image: image]) is calculated using Rubin et al. (2016):
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Here, CStern is the surface capacitance of the Stern Layer, [image: image] is the specific area of the pores in the solid particles (Aαβ/ Vm), ψβ is the solid particle potential, and Vm is the REV inside the porous particles. The Donnan potential used in Eqs 36, 37 is calculated by solving Eq. 40.
4.3 General models in intercalation materials
4.3.1 Introduction
Recently, there has been an exponential increase on research projects using redox reactions, Faradaic processes, to improve different kinds of practical applications [(Johnson et al., 1970; Cheng et al., 2011; Pasta et al., 2012; Lee et al., 2014; Smith, 2016; Yoon et al., 2017; Zhang et al., 2018; Singh et al., 2019; Liu et al., 2020a; Wang and Lin, 2020; Younes and Zou, 2020; Biesheuvel et al., 2021; Liu et al., 2021); among others]. The authors will not attempt to cover all developments, but they will focus on the main ideas. It was already mentioned that ion storage inside porous electrodes occurs through two main mechanisms. Non-Faradaic or capacitive adsorption occurs by storage of ions inside the electrical double layers (EDLs) of carbon-based active materials. A second mechanism (Faradaic) uses accumulation of electrical charges inside the interstitial cavities of crystalline materials as the result of fast reversible redox reactions (Faradic pseudo-capacity) (Biesheuvel et al., 2021). A big increase in the total adsorption capacity has been observed by using materials that combine both mechanisms (Lee et al., 2014; Yoon et al., 2017; Zhang et al., 2018; Liu et al., 2020a). The use of Faradaic processes to increase the porous electrodes capacitance was first suggested by Johnson et al. (1970). Until recently however, no significant research has been carried out. Zhang et al. (2018) identified three types of Faradaic processes. Type I are anodic oxidation reactions. The most relevant is the oxidation of the carbon electrode matrix that decreases performance through time. Type II comprises reduction reactions that occur in the cathode. The most common is oxygen reduction. The third type includes all Faradaic ion storage processes in which pseudocapacitive/intercalation effects are used to store ions through reversible redox reactions (Zhang et al., 2018). The materials exhibiting this behavior receive the name of intercalation materials. Many of these materials are sodium oxides and sulfites of transition metals NaTiO2, NaMnO2, NaRuO2, NaIrO2, NaTiS2 or their combinations, sodium iron pyrophosphate, and Prussian blue analogues, among others. These materials are mostly used for the capture of cations due to their strong negative charge densities. Conductive polymers (polypyrrole or polyaniline), Ag/ACl, and BiOCl, are used for anions adsorption (Zhang et al., 2018). Intercalation materials trap ions in the interstitial pores inside the lattice structure of the material. In this way, an intercalation material stores electronic charge in the crystal lattice structure. The ions in the electrolyte are attracted and retained inside the crystal structure by fast redox reactions [(Zhang et al., 2018; Singh et al., 2019; Liu et al., 2020a; Wang and Lin, 2020; Liu et al., 2021); among others], as shown in Figure 7. The trapped ions can move by solid diffusion between different sites and leave the intercalation material if the applied charge is changed (Zhang et al., 2018).
[image: Figure 7]FIGURE 7 | (A) Redox pseudocapacitance electrode and (B) Intercalation pseudocapacitance electrode. Adapted from ref. (Zhang et al., 2018).
Singh et al. (2019) presented a chronological review of the use of intercalation materials in water desalination by capacitive deionization technologies. The authors also provide some insights into cell architectures and values of operation parameters.
Improving ion capture has been the driving force for materials and process development (Biesheuvel et al., 2011; Singh et al., 2019; Liu et al., 2020a; Wang and Lin, 2020; Liu et al., 2021). Several cell configurations have been tried to achieve this goal (Pasta et al., 2012; Smith, 2016; Chen et al., 2017; Su et al., 2017; Su and Hatton, 2017; Kim et al., 2018; Younes and Zou, 2020). Pasta et al. (2012) were the first to propose the concept of a “desalination battery,” which operates by extracting sodium and chloride ions from seawater to produce fresh water. The desalination battery uses two Faradaic electrodes, a sodium-manganese oxide (Na2-xMn5O10) cathode and an Ag/AgCl anode electrode. The cathode is used for capturing sodium ions while the anode captures chloride ions. The authors reported high absorption ion capacity with acceptable energy consumption. Several attempts were made to combine Faradaic and non-Faradaic electrodes [(Biesheuvel and van der Wal, 2010; Biesheuvel et al., 2011; Biesheuvel et al., 2012; Chen et al., 2017; Su et al., 2017; Su and Hatton, 2017; Younes and Zou, 2020; Biesheuvel and Dykstra, 2021); among others]. These research studies combined a sodium-transition metal oxide Faradaic electrode with a porous carbon material electrode. These “hybrid” cell studies showed significant improvements in desalination capacity, long-term operation, and charge efficiency (Biesheuvel and van der Wal, 2010; Biesheuvel et al., 2011; Biesheuvel et al., 2012; Chen et al., 2017; Su et al., 2017; Su and Hatton, 2017; Younes and Zou, 2020; Biesheuvel and Dykstra, 2021). The addition of multi-channels and ion exchange membranes to the electrochemical cells allowed further improvements (Kim et al., 2018).
4.3.2 Simulation models
Two main approaches have been used to model CDI processes using cation intercalation materials (Liu et al., 2020b). One approach was based upon combining porous electrode theory formulations for rechargeable batteries with electrolyte flow (Fuller et al., 1994; Lai and Ciucci, 2011). These models coupled empirical reaction potentials with local intercalation rates using Butler-Volmer kinetics (Smith and Dmello, 2016; Smith, 2017; Liu and Smith, 2018) for different materials together with thin ion-exchange membranes. Smith and Dmello (Smith and Dmello, 2016) introduced the concept of a Na-Ion Desalination cell (NID) to desalinate NaCl from brackish and salt-water. The authors used a two-dimensional porous-electrode model to predict the performance of NID cells operating at medium and high salinity-levels by simulating electrolyte transport, membrane polarization, and electrochemical processes in the electrodes. The cell electrodes were separated by an anion selective membrane. The NID performance was calculated by neglecting side reactions, intercalant decomposition, membrane leakage, and competing cation-intercalation. Smith and Dmello (Smith and Dmello, 2016) reported improved performance, more salt adsorption, and less energy consumption, compared to traditional configurations.
Smith and Bazant (Smith and Bazant, 2017) presented a general multiphase porous electrode theory based on non-equilibrium thermodynamics to simulate battery operations. The authors used Cahn-Hilliard-type phase field models to describe the active materials with appropriate models of interfacial reaction kinetics. The ionic transport in the electrolyte phase was described by classical concentrated solution. Smith and Bazant (Smith and Bazant, 2017) showed that this formulation is compatible with Newman’s porous electrode theory with Butler-Volmer kinetics in the limit of solid solution active materials. The authors also included other models of faradaic reactions, such as Marcus-Hush-Chidsey kinetics for electron transfer at the electrodes. The full model was implemented in an open-source software package called “MPET.” Several example calculations were presented to illustrate the features of the developed software.
A second type of models based upon Nernst Planck theory describing ion transport across the porous electrode and inside the intercalation material has been presented (West et al., 1982; Ferguson and Bazant, 2012). The relation among solid electrode-electrolyte properties; electrode potential (relative to the electrolyte phase), ion concentration in solution, and intercalation degree (fraction of intercalation sites filled with cations), is given by the Frumkin isotherm (Biesheuvel et al., 2010; Heimböckel et al., 2019).
West et al. (1982) presented a model of a porous electrode made up by small particles, compared to the electrode thickness, of regular geometries homogeneously distributed assuring constant porosity and pore sizes. The authors assumed:
• The potential and concentration vary only along the length of the pores. Ionic transport in the electrolyte is represented by the one-dimensional Nernst-Planck equation.
• The ionic conductance of the solid phase is low compared to the electrolyte, so ionic transport by solid diffusion occurs only in the direction perpendicular to the pore length.
• Negligible space charge accumulation implying that electroneutrality can be applied in the derivation of the transport equations.
• Charge transfer overvoltages are negligible.
• Solid phase electronic conductivity is so high that the solid phase Fermi potential is constant.
• The insertion is described by an adsorption process with linear interaction term (Frumkin isotherm).
West et al. (1982) studied the dynamics of electrode charge or discharge using their model. The authors reported that electrolyte depletion produced by the ionic mobility of the not inserted ions is the main factor in the limitation of the capacity obtained during ionic discharge. Singh et al. (Nativ et al., 2017) presented a model for CDI using intercalation electrodes following Johnson and Newman (Johnson and Newman, 1971) and West et al. (1982). The authors neglected transport limitations within the intercalation material, a valid assumption for electrodes with small nanoparticles accessible on all sides by the ions in the electrolyte with fast insertion reactions (Ferguson and Bazant, 2012). Singh et al. (Nativ et al., 2017) studied a desalination cell which consists of two porous electrodes, two flow channels, and an anion-exchange membrane. A solution of monovalent ions was considered, with unequal diffusion coefficients for anions and cations. The authors solved the dynamic two-dimensional equations by assuming that advection of ions in the flow channel occurs only in the direction along the electrode and membrane. In all layers, diffusion and migration were only considered in the direction perpendicular to the water flow. The Frumkin isotherm was used to describe local chemical equilibrium of cations between the particles and electrolyte phases, for given electrode potentials. Singh et al. (Nativ et al., 2017) reported a dynamic variation of key parameters of the CDI process such as effluent salt concentration, the distribution of intercalated ions, cell voltage, and energy consumption.
5 SUMMARY
Ion storage inside porous electrodes occurs through two main mechanisms. Non-Faradaic or capacitive adsorption occurs by storage of ions inside the electrical double layers (EDLs) of carbon-based active materials. A second mechanism (Faradaic) uses accumulation of electrical charges inside the interstitial cavities of crystalline materials as the result of fast reversible redox reactions (Faradic pseudo-capacity) (Mahmudov et al., 2015). Most of the published research has been done on capacitive processes on carbon or similar materials. The classical models of the EDL were derived for flat solid surfaces, or macropores. These models proposed the presence of a Stern layer between the solid surface and a layer of counterions located, on average, a distance from the electrode equal to the hydrated radius of the counterion. The outer Helmholtz plane (OHP) is the locus of the electrical centers of these ions. Inside the Stern layer there may be only water molecules and chemical adsorbed coions. Beyond the OHP there is a diffuse layer where the ions follow a Boltzmann distribution and there is a net charge given by the counterions concentration. The mathematical treatment of thin EDLs processes considers the EDL as a boundary condition and deals with an electroneutral bulk of the electrolyte. In the case of meso and micropores the EDLs increasingly occupy the pore volume and strongly interact among themselves leading to EDL overlapping.
In the early 2000s Ying et al. (2002) treated carbon aerogel electrodes as EDL capacitors, and electrosorption was modeled using classical EDL theory in slit-shaped pores. The authors concluded that when a pore has a width smaller than a specific value (cutoff pore width), it does not contribute to the total capacity because of the electrical double-layer overlapping effect. This conclusion was challenged by the work of Chmiola et al. (2006) who found that electrodes with unimodal micropores smaller than 1.0 nm exhibit an anomalous increase in capacitance compared to similar materials with bigger pore sizes. Chmiola et al. (2006) work led to several research projects that showed that ions can enter in micropores by partial/total removal of the solvation shell around hydrated ions. Grifn et al. (2014) proposed three mechanisms for ionic charging within the micropores of a porous electrode. The studies by Huang et al. (2008a), Huang et al. (2008b) on supercapacitors showed that for mesopores of cylindrical shape, counterions enter mesoporous carbon materials and approach the pore wall to form an electric double-cylinder capacitor (EDCC); for micropores of cylindrical shape, solvated/desolvated counterions line up along the pore axis to form an electric wire-in-cylinder capacitor (EWCC). However, carbon micropores are actually “slit-shaped” rather than “cylindrical” (Fryer, 1981). A model for slit-shaped microporous carbons was presented by Feng et al. (2010b) where the ions align at the center plane between the slit walls, “sandwich-type” (SP). The previous studies led to the currently accepted paradigm that in carbon porous electrodes micropores provide a large surface area for ion storage, while mesopores and macropores facilitate ion transport and act like sources of ions under ideal polarizations conditions (Saha et al., 2013; Zhang et al., 2013; Karthik et al., 2014; Hsieh et al., 2015).
The concept of improving electrode performance by addition of cationic and anionic chemical groups to the base electrode material has been studied [(Xu et al., 2011; Andelman, 2014; Biesheuvel et al., 2015; Mahmudov et al., 2015; Palko et al., 2018; Uwavid et al., 2022), among others]. Experimental studies showed performance improvement over classical CDI operation (Andelman, 2014; Palko et al., 2018; Uwavid et al., 2022). Biesheuvel et al. (2015) presented a simple theoretical model that showed that during the charging step the presence of immobile charges of the same sign as the electrode, negative for the cathode or positive for the anode, will suppress co-ion rejection leading to improve electrode performance. In the case of immobile charges of different sign as the electrode, positive for the cathode or negative for the anode, during the charging step the main ionic transport mechanism will be co-ion rejection leading to the salt expulsion (inverted mode).
In the case of carbon porous materials which exhibit a dual-porosity structure (macropores and micropores) Biesheuvel et al. (2011), Biesheuvel et al. (2012), Biesheuvel and Dykstra (2021) presented an equilibrium model, the Donnan model. This model relates the concentrations inside a porous material and in the bulk of the solution outside through the Donnan potential difference defined as the electrostatic potential inside the porous medium minus the potential in the solution outside the porous material. This model was extended to include Faradaic reactions and multi-ion transport in porous electrodes (Biesheuvel et al., 2011; Biesheuvel et al., 2012) and membranes (Biesheuvel et al., 2010; Biesheuvel and van der Wal, 2010). This model became very popular and was used to simulate operation of several different capacitive cell structures, for example, the use of ion exchange membranes (MCDI) (Biesheuvel et al., 2010; Biesheuvel and van der Wal, 2010; Galama et al., 2016; Hassanvand et al., 2017; Tang et al., 2019b), flow through electrodes (FTE CDI) (Suss et al., 2012; Guyes et al., 2017), fluidization electrodes (Doornbusch et al., 2016), flow-electrode capacitive deionization (FCDI) without (Hatzell et al., 2014), and with membranes (Jeon et al., 2013; Porada et al., 2014; Choo et al., 2017; Rommerskirchen et al., 2017), among others. Gabitto and Tsouris (Gabitto and Tsouris, 2015; Gabitto and Tsouris, 2016; Gabitto and Tsouris, 2017; Gabitto and Tsouris, 2018) used the method of volume averaging (Whitaker, 1999), to study several of the same systems studied by Biesheuvel et al. (2011), Biesheuvel et al. (2012), Biesheuvel and Dykstra (2021) using their phenomenological formulation. The equations derived using both methodologies generally coincided. However, in the case of dual-porosity materials, macro and micropores, Biesheuvel et al. (2011), Biesheuvel et al. (2012), Biesheuvel and Dykstra (2021) formulation should be used with care as the time variation of the average concentration in the porous solid is not equal to the average concentration in the micropores. Rommerskirchen et al. (2017) reported a constant voltage process model for a continuous, steady state FCDI desalination cell. This model was based on charge neutrality outside the particles, macropores volume, while there is net ionic charge inside the porous particles, micropores volume, balanced by the induced charge on the particles’ solid matrix. The storage of ions in the micropores of the carbon flowing particles was modeled using the modified Donnan model of Biesheuvel et al. (Feng et al., 2010b; Hsieh et al., 2015; Heimböckel et al., 2019). Tang et al. (2019c), Tang et al. (2020) studied experimentally and theoretically the influence of applied potential and electrolyte concentration on the FCDI and electrodialysis (ED) desalination processes. The authors used the general framework presented by Rommerskirchen et al. (2017) but the operation of the flow electrodes was based upon the “hybrid” model for flow electrodes by Gabitto and Tsouris (Gabitto and Tsouris, 2019) and the membrane model by Galama et al. (2016).
In recent years there have been many reports on development of Faradaic ion storage processes in which pseudocapacitive/intercalation effects are used to store ions through reversible redox reactions (Zhang et al., 2018). These intercalation materials trap ions in the interstitial pores inside the lattice structure of the material. Electrochemical cells that combine the use of capacitive and Faradaic electrodes show more efficient performances than those that use only capacitive electrodes. Singh et al. (2019) presented a chronological review of the use of intercalation materials in water desalination by capacitive deionization technologies and provided insights into cell architectures and values of operation parameters. Two main approaches have been used to model CDI processes using cation intercalation materials (Liu et al., 2020b). One approach was based upon combining porous electrode theory formulations for rechargeable batteries with electrolyte flow (Fuller et al., 1994; Lai and Ciucci, 2011). The other type of models is based upon Nernst Planck theory describing ion transport across the porous electrode and inside the intercalation material. The relation among electrode potential (relative to the electrolyte phase), ion concentration in solution, and intercalation degree (fraction of intercalation sites filled with cations), is given by an equilibrium equation [Frumkin isotherm (Levi and Aurbach, 1999; Biesheuvel and Dykstra, 2021)].
Further improvements in materials will lead to more efficient cells and new improved applications in this rapid developing field.
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