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Effect of the carbon microporous structure on the capacitance of aqueous supercapacitors

Using a combination of cyclic voltammetry experiments and molecular dynamics simulations, we study the effect of microporous carbon structure on the performance of aqueous supercapacitors using carbide derived carbon (CDC) electrodes. The structures investigated by molecular simulations are compatible with the experimental results for CDC synthesized at 800 • C, but not with the other two materials (CDC-1100 and YP-50F), which are more graphitic. In fact, the specific capacitance obtained for the latter two are in good agreement with molecular simulations of graphite electrodes, assuming that all the charge is localized in the first plane in contact with the electrode (a very good approximation). Our molecular simulations further allow to examine the solvation of ions inside the electrodes. Unlike what was observed for large organic ions dissolved in acetonitrile, we find that most Na + cations remain fully solvated. Overall, microporous carbons such as CDCs are good candidates for applications involving aqueous supercapacitors, in particular the harvesting of blue energy or desalination, but their performance remains to be optimized by tailoring their microstructure.

I. INTRODUCTION

Nowadays, with the the increase of the world population, the demand for energy is growing rapidly and has become a major societal and geopolitical issue. In the last 50 years, the energy consumption has increased six times and studies predict a further doubling of energy consumption by 2050. On the one hand, fossil fuels (oil, natural gas, coal), which account for about 85 % of the total energy supply, have a negative impact on the environment and generate significant emissions of greenhouse gases which lead to global warming and climate changes. On the other hand, the use of fossil fuels will be limited in time due to the depletion of available resources, and resort to alternative energy sources is urgent. Among the various possibilities of renewable energies, "blue" or osmotic energy, which aims at recovering the entropy from mixing of fresh and salty water (e.g. in estuaries), have the advantage of being non-intermittent and could provide a significant contribution to the mix of electricity production sources on the global scale [1][2][3][4]. Nevertheless, the efficient harvesting of this energy remains a great practical challenge.

In this context, electrochemical devices are likely to play a crucial role, either to store the electric current produced by diffusio-omosis with new generations of membranes [5,6], or at the core of alternative approaches such as Capacitive Mixing [7][8][9][10]. This process involves the charge/discharge of electrodes, successively using solutions with different salt concentration as electrolytes. In such Electric Double Layer Capacitors, or supercapacitors, the charge is stored by adsorbing the ions of the electrolyte on the surface of the electrodes. In order to maximize this adsorption, carbide-derived carbons (CDCs) are a promising family of electrode materials. Their main advantage is that they are mostly microporous, with a very well-controled pore size distribution depending on the synthesis temperature and carbide precursor. One of the key factors governing the capacitance is the carbon local structure, which plays an important role in the process of the charge and the discharge of the electrodes.

Hence, a fundamental understanding of the effect of carbon structure is essential to predict the capacitance and to optimize the energy storage device.

A second essential feature influencing the capacitance value is the electrolyte local structure, since the charge compensation at the surface of the electrode is governed by the adsorption properties of the ionic species. In principle, increasing the contact surface area between the liquid and the electrode material should generally lead to better performances. However, it was shown recently for ionic liquid electrolytes that the degree of confinement of the various adsorption sites plays a major role [11], which leads to situations where materials with an optimal accessible surface area do not show a large enhancement of the capacitance [12].

The importance of the degree of confinement was recently confirmed in the case of aqueous solutions by Prehal et al., who combined modelling with in situ X-ray scattering inside nanoporous carbon supercapacitors [13].

Unlike the case of ionic liquids, only a few studies on the structure and the capacitance of concentrated aqueous electrolytes inside nanoporous carbon electrodes have been reported.

We have recently shown [10] for a single CDC structure that conventional theories should be applied with some caution under conditions relevant to the context of blue energy, due to i) the large ionic concentration and ii) the strong confinement effect. Molecular dynamics simulations then appear as an efficient tool to quantitatively predict the capacitance and the ion adsorption capacity, and to get access to the microscopic processes occuring inside the electrode. It can further be used to parametrize more conventional theories to extrapolate to other conditions (e.g. at low salt concentration).

In this work, we investigate the effect of the nanoporous carbon structure on the capacitive properties of supercapacitors using NaCl solutions as electrolytes, at concentrations which are representative of sea water (0.5 and 1 mol L -1 ). We compare the experimental values obtained for two different CDC materials by cyclic voltammetry to the simulation values obtained for two CDC structures as well as a graphite electrode. The simulations involve a constant-potential method to simulate realistically the electrochemical conditions.

Experiments show that the CDC carbon with both the lower average pore size and the smaller graphitic character has a larger capacitance. The simulations made with the CDC yield very similar capacitance despite the different porosities, pointing towards a proeminent role of the graphitization, a result which is further confirmed by the results obtained with the pure graphite electrode.

II. SYSTEMS AND METHODS

A. Electrochemistry experiments

Microporous Carbide Derived Carbons (CDC) powders (Carbon-Ukrain) were prepared by chlorination of TiC powder at 800 • C or 1100 • C as reported elsewhere [14,15]. CDC powders were further annealed for 2h at 600 • C under H 2 to remove traces of chlorine and other surface groups. The resulting materials were denoted as CDC-800 and CDC-1100, respectively. CDC carbons show 100% of the porous volume in the microporous range (< 2 nm) [14,15]. A commercial actived carbon YP-50F (coconut shell-derived carbon from Kuraray Chemical Co., Japan) was also used for comparison purpose [16]. The specific surface area is 1,730 m 2 g -1 and the total porous volume is 0.75 g cm -3 . YP-50F shows an average pore size of 0.9 nm with 92% of pores being smaller than 2 nm and 8% of mesopores, while the other two are exclusively microporous.

Electrochemical tests are performed using two-eletrode Swagelok cells. Active films are made by mixing 95 wt% CDC with 5 wt% polytetrafluoroethylene (PTFE from Dupont TM ) binder. Once calendered, 11 mm diameter electrodes are cut. The active film thickness is around 300 µm, with a weight loading of 15 mg cm -2 . Platinum disks are used as current collectors and two layers of 25 µm-thick porous cellulose (from Nippon Kodoschi Corporation, NKK) as a separator. Cyclic voltammetry experiments are carried out with a multi-channel potentiostat (VMP3, Biologic), for two NaCl concentrations (0.5 and 1 M) at a scan rate of 1 mV s -1 . Two series of measurements per system for two ranges, between 0.0 and 0.6 V and between 0.0 and 0.7 V, are performed, leading for each of them to four estimates of the capacitance. The values and uncertainties reported here are the corresponding averages and standard deviations. Such voltages are sufficiently low to avoid faradic (redox) processes linked with water decomposition on the high surface area carbon electrodes.

B. Molecular Dynamics Simulations

The simulation cell consists of two CDC-based electrodes and an aqueous electrolyte composed of sodium chloride salt dissolved in water. We have used similar supercapacitor cells to the ones described in our previous work [10]. Two different CDC electrodes, denoted CDC-1 and CDC-2 in the following, as well as graphite electrodes, were studied with the same electrolyte (aqueous NaCl) at two different salt concentrations 1.0 and 0.5 mol L -1 .

The CDC electrodes were obtained by quenched molecular dynamics [17] and consist of 3821 and 3649 atoms for CDC-1 and CDC-2, respectively. Their structure will be described in more detail below. In the case of CDCs, repulsive walls are placed on both extreme sides of the non periodic dimension of the simulation cell to prevent the mobile molecules from exiting. As discussed below, both CDC-1 and CDC-2 serve here as models for the experimental CDC-800, while the experimental performance of CDC-1100 is rationalized using insights from the planar electrodes.

The system corresponding to CDC-1 with an electrolyte salt concentration of 1.0 M (resp. Following the approach detailed in ref [18,19], the electrode is modeled as a perfect conductor, i.e. a fixed potential difference of ∆Ψ = 1V is imposed between the two electrodes and the charge of each electrode atom is recomputed at each step of the molecular simulation, leading to the fluctuation of the (local and total) charge of the electrode in response to the instantaneous microscopic configuration. This method was previously shown to be suitable for the simulation of ionic liquids, organic electrolytes as well as aqueous electrolytes in nanoporous carbon electrodes [10,11,[20][21][22][23][24]. We used an in-house code dedicated to such classical MD simulations of metallic electrodes. The potential difference of 1.0 V is chosen to be as high as possible in order to maximize the effects and hence improve the sampling of the properties, while staying within the electrochemical window of water (1.23 V).

The simulations are conducted in the NVT ensemble with a timestep of 1 fs. The temperature of the electrolyte is maintained at room temperature (298 K) by applying a Nosé-Hoover thermostat with a time constant of 1 ps while the electrode atoms are fixed. Two dimensional periodic boundary conditions are used, so that there is no periodicity in the direction perpendicular to the electrodes (z direction). Short-range interactions are computed using a cut-off radius equal to half of the shortest box length, while the computation of electrostatic interactions involves an Ewald summation in 2D (x and y directions only) for the combination of point charges (for the electrolyte) and Gaussian charges (for the electrode atoms)

as described e.g. in Refs. 18 and 25. The force field consists of a sum of coulombic and Lennard-Jones interactions. Lorentz-Berthelot mixing rules were applied for Lennard-Jones parameters. The SPC/E model was used for water molecules [26] that are kept rigid using the Shake algorithm [27,28]. Interaction parameters for carbon atoms and for ions are taken from Refs. 29, 30. The systems are first prequilibrated by fixing the electrode charges to zero (about 600 ps for the CDCs, 2 ns for graphite), then under constant potential conditions.

Once a steady state is reached, equilibrium trajectories are sampled for about 10 ns (resp. 17 ns) for the two CDC systems (resp. graphite) to compute all the relevant properties such as capacitance, number density profiles, as well as solvation numbers. 

III. RESULTS AND DISCUSSION

A. Capacitance

C cell = Q /∆Ψ (1)
It is related to the capacitance of the two electrodes as 1

C cell = 1 C + + 1 C -.
Each of them can then be obtained by assuming that the electrodes behave symmetrically (C + = C -). The experiments performed using a 3-electrode cell confirm that this assumption is reasonable since C -is only slighly larger than C + (by less than 10%). The capacitances corresponding to the CVs of Figure 1 are summarized in Table I. The values for CDC-800 are consistent with those previously reported for the same material [10].

The increase in capacitance with salt concentration is relatively limited compared to the Debye-Hückel prediction (increase as the square-root of salt concentration), which is not unexpected in this high concentration range.

Table I. Electrode specific capacitance (in F g -1 ) from cyclic voltammetry.

Carbon structure Salt concentration Capacitance (F g -1 )

CDC-800

0.5 M 113±3 1 M 123±3 CDC-1100 1 M 87±3 YP-50F 1 M 93±3
The effect of the carbon material is much larger. Since CDC-800 contains smaller pores than the other two materials, a larger capacitance is not unexpected, however the effect is much more pronounced than previously reported for aqueous electrolytes, for which alkali cations and the chloride anion generally do not show strong sieving effects for the pore size range we investigate [31]. This suggests that the carbon structure plays a role beyond the average pore size. In particular, the extent of graphitization may contribute to the observed differences between the microporous carbons. Large planar surfaces should indeed be detrimental since they do not promote enough the confinement of the adsorbed ions [11,13].

B. Effect of the microporous structure

In order to investigate the effect of the carbon structure, we compare the simulation results for the capacitance obtained for the two carbon structures shown in Figure 2a. The pore size distribution in both materials, computed using the software Zeo++ [32,33] with a probe of radius of 1. Based on the pore size distribution analysis, the CDC-1 was shown by Palmer et al.

to be consistent with an experimental structure of a CDC synthesized at 800 • C. While the average pore size of CDC-2 corresponds approximately to the average pore size of the experimental CDC-1200 (synthesized at 1200 • C), it contains much less graphitized areas than the experimental CDC-1200 and CDC-1100 [17]. In fact, recent data obtained from X-ray diffraction (XRD), suggests that the local structure inside the CDC-2 resembles that of CDC synthesized from silicon carbide (SiC), rather than titanium carbide (TiC) as in the present experiments, as illustrated in Figure 2c [34]. Therefore, both CDC-1 and CDC-2 serve here as models for the experimental CDC-800, while the experimental performance of CDC-1100 is rationalized later using insights from the planar electrodes.

Table II. Electrode specific capacitance (in F g -1 ) from molecular simulations for the two carbon structures CDC-1 and CDC-2.

Salt concentration

Capacitance (F g -1 )

CDC-1 CDC-2

0.5 M 103 ± 2 124 ± 3 1.0 M 107 ± 3 135 ± 3
The specific capacitances (per unit mass of the electrode) from molecular simulations of the two electrode materials, with the same aqueous NaCl electolyte at two different concentration (0.5 and 1.0 M), are summarized in Table II. Both of them yield capacitances that are in good agreement with the experimental results of Table I for CDC-800, with a difference of ≈10 % in both cases (with CDC-1 underestimating it while CDC-2 overestimates it). The relative increase with concentration is also similar, even though not quantitative. This is consistent with the structural analysis of the carbons, since CDC-1 shows a pore size distribution typical of CDC-800 while CDC-2 has a slightly larger average pore size but a very similar local structure as shown in the structure factors comparison.The larger capacitance obtained with CDC-2 compared to CDC1 confirms that even if small pore sizes are necessary to confine the ions, knowing the average pore size is not sufficient to predict the capacitance, and that it is necessary to have a correct representation of the pore shape as well. Note that a larger specific capacitance was already obtained in our previous simulations of CDC-2 (denoted CDC-1200 in Ref. 23) in contact with ionic liquids as electrolytes.

The larger specific capacitance of CDC-2 also correlates with its lower density (larger porosity), which results into more ions inside the pores per unit mass of carbon, and fewer small pores, so that the access of the ions from the bulk electrolyte into the pore is less hindered. The composition of the liquid inside the electrodes can be determined from the density profiles shown in Figure 3, which clearly indicates that the main charging mechanism is ion exchange, i.e. the replacement of anions (resp. cations) by cations (resp. anions) in the negative (resp. positive) electrode. The capacitance of the system, i.e. the amount of electronic charge stored inside the electrode material, is then determined by the extent to which the electrode can accommodate such a net charge in the confined electrolyte (which compensates that of the electrode).

Table III. Average number of cations and anions numbers inside both electrodes and in the bulk electrolyte, for both systems under a voltage of 1 V.

System Negative electrode

Bulk Positive electrode

N + N - N + N - N + N - CDC-1 27 ± 2 6 ± 1 108 ± 2 110 ± 2 4 ± 0.7 22 ± 1 CDC-2 35 ± 1 7 ± 1 119 ± 2 120 ± 2 7 ± 1 33 ± 2
Table III summarizes the number of cations and ions inside the electrodes (and the region corresponding to the bulk electrolytes), for the two simulated systems under a voltage of 1 V. It shows that not only the total number of ions inside the pores, but also the charge imbalance is larger in CDC-2 than CDC-1. Since the size of the electrode is comparable in both simulated systems, this means that the larger specific capacitance (charge per unit mass of electrode) is not only due to the smaller mass density of CDC-2. Together with the fact that the surface area per unit volume (SSA divided by mass density) is slightly larger in CDC-2 than CDC-1, this underlines the importance of the interface between the carbon and the electrolyte -as expected for supercapacitors.

C. Planar electrodes

Going back to the cases of CDC-1100 and YP-50, our simulations with the CDC-1 and CDC-2 electrodes cannot be used to interpret the experimental results because these carbons have a local structure which has a stronger graphitic character. We have therefore performed additional simulations of the NaCl-concentrated electrolytes in contact with a pure graphite electrode to gain further insight. As discussed in Ref. [START_REF] Méndez-Morales | Energy Storage Materials[END_REF], for planar electrodes the best metric is the capacitance per unit area, since the mass of the electrode depends on the number of graphite planes, while most of the charge is stored in the first plane in contact with the electrolyte. Nevertheless, for comparison purposes it is useful to estimate the specific capacitance by assuming that all the charge is located in the graphite plane in contact with the electrolyte (which is a very good approximation, of the order of 3%).

Table IV. Electrode surfacic capacitance (in µF cm -2 ) of graphite electrodes, with a 0.5 M and 1 M aqueous NaCl solutions as electrolytes, obtained by molecular simulations.

Electrolyte concentration (mol L -1 ) 0.5 1.0 Surfacic capacitance (µF cm -2 ) 6.9 ± 0.7 6.9 ± 0.7

The capacitance per unit area of graphite electrode, using aqueous NaCl solutions as electrolyte, is reported in Table IV for two concentrations. We first note that within the accuracy of our simulations, the capacitance is independent of concentration in this high concentration regime. Converting the surfacic capacitance to specific capacitance, within the above approximation, leads to an estimate of ∼ 90 F g -1 , which is comparable to that of CDC-1100 and YP-50F (see Table I). Even though in these materials not all the interface is purely graphitic and not all the carbon atoms are in contact with the electrolyte, this confirms the importance of the degree of graphitization in the performance of the electrode material.

D. Ion solvation

Finally, molecular simulations also gives access to information that is difficult to obtain experimentally than the electrode capacitance, in particular pertaining to ion solvation inside the electrodes. Conventional electrochemical techniques such as CV are not sufficient and it is for example necessary to use electrochemical quartz crystal microbalance [START_REF] Levi | [END_REF] or sophisticated in situ diffraction techniques [13]. In contrast, the simulation, provide a high level of details on the local structure. For example, the solvation number of an ion is easily defined as the number of water molecules located in its first solvation shell, the latter being defined by a cutoff radius which is determined beforehand from the position of the first minimum observed in the radial distribution functions between the water and each ion.

The corresponding cutoff radius are the following: 3.9 Å and 3.3 Å for Cl -and Na + . Here we investigate how the adsorption of ions inside the microporous structure (for CDC-1 and CDC-2) or within the first layer of ions at the surface of graphite (see below) modifies their solvation shell with respect to the bulk electrolyte. As shown on Figure 4a, the desolvation effect is rather scarce for Na + cations, with small differences in solvation numbers for the sodium ions adsorbed at the surface of the electrodes and in the bulk: In contrast to organic ions dissolved in acetonitrile [11], which can lose several solvent molecules from their solvation shell, most of the sodium ions remain fully solvated. However, a fraction of them (around 10 %) lose one water molecule in the case of the microporous carbon, while almost no effect is seen in the case of graphite. For the latter, the density profiles (Figure 4b) show that the sodium ions adsorbed at the surface of the electrode lie between two molecular layers of water, so that they can keep their solvation shell intact. Figure 4c finally shows that the desolvation of Cl -anion is more pronounced that of Na + cations for all electrodes, with a typical loss of 1-2 molecules, or even more in the case of the CDCs. In the case of graphite (Figure 4b), the position of the first layer of chloride anions coincides with that of the water molecules, which indeed requires the partial desolvation of the anion to allow direct contact with the carbon plane. In terms of performance, the overall moderate decrease in the ion solvation number in these systems suggests that this effect does not play a significant role in their capacitive properties.

IV. CONCLUSION AND PERSPECTIVES

Using a combination of cyclic voltammetry experiments and molecular dynamics simulations, we have studied the effect microporous carbon structure on the performance of aqueous supercapacitors using carbide derived carbon (CDC) electrodes. The structures investigated by molecular simulations are compatible with the experimental results for CDC synthesized at 800 • C, but not with the other two materials (CDC-1100 and YP-50F), which are more graphitic. In fact, the specific capacitance obtained for the latter two are in good agreement with molecular simulations of graphite electrodes, assuming that all the charge is localized in the first plane in contact with the electrode (a very good approximation). Our molecular simulations further allowed to examine the solvation of ions inside the electrodes.

Unlike what was observed for large organic ions dissolved in acetonitrile, we found that most Na + cations remain fully solvated. Overall, microporous carbons such as CDCs are good candidates for applications involving aqueous supercapacitors, in particular the harvesting of blue energy or desalination, but their performance remains to be optimized by tailoring their microstructure. Beyond these applications, which involve aqueous electrolytes with composition imposed by the sources (sea and river water), it would be particularly interest-ing to investigate the effect of the nature of the electrolyte (ion specific effects). Such a study would shed more light on the relation between ion solvation thermodynamics, which also depends on the choice of the force field [37], and the capacitive properties of such systems.

Work in this direction is in progress.
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 5 ) contains 7615 (resp. 7700) water molecules and 139 (resp. 70) NaCl ion pairs, while for CDC-2, the concentration of 1.0 M (resp. 0.5 M) corresponds to 8800 water molecules and 160 (resp. 80) NaCl ion pairs. The box dimensions for CDC-1 (resp. CDC-2) are 43.3×43.3×183.0 Å 3 (resp. 43.7×43.7×186.4 Å 3 ). These dimensions, combined with the above-mentioned number of atoms lead to the correct density of water in the bulk region between the two electrodes. For the graphite case, the system consists of three layers of graphene in each electrode containing 1440 carbon atoms per electrode and 2200 water molecules with 40 NaCl pairs, leading to a concentration of 1.0 M. The box dimensions are 34.1×36.9×67.9 Å 3 .
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 1 Figure1displays the cyclic voltammograms (CV) for i) two different salt concentrations and ii) three different microporous carbons, for potentials varying between 0.0 and 0.6 V (to stay within the electrochemical stability potential window of water). The rectangular shape of the CV is typical of a capacitive electrochemical response in the considered range of concentrations and voltages. The experimental capacitance is then determined by differentiating the electrode charge with respect to the potential. The latter is obtained by integrating the electric current during the discharge of the electrochemical cell. In molecular simulations, the integral cell capacitance is computed from the average charge Q of the electrodes:

Figure 1 .

 1 Figure 1. Cyclic voltammograms of electrochemical cells based on microporous carbons and aqueous solutions of sodium chloride as electrolytes: (a) for CDC-800 and two concentrations (0.5 and 1 M); (b) for 3 carbons (CDC-800, CDC-1100 and YP-50F) at an electrolyte concentration of 1 M. The potential scan rate is 1 mV s -1 in all cases.

  3 Å (comparable to water molecule size), are shown in Figure 2b. The pore sizes for CDC-1 (resp. CDC-2) are in the range 3-14Å (resp. 3-17Å) with an average of 7.5Å (resp. 9Å). Geometrical analysis of the nanoporous structure results for CDC-1 (resp. CDC-2) in a porosity of Φ = 23.3% (resp. Φ = 35.0%) and a specific surface area ofSSA = 1934 ± 2 m 2 g -1 (resp. 1857 ± 2 m 2 g -1). The two carbons also have different mass densities, of ρ solid = 0.939 g cm -3 and 0.872 g cm -3 , respectively.

Figure 2 .

 2 Figure 2. (a) Snaphots of the two carbon structures CDC-1 and CDC-2 simulated in the present work. (b) Pore size distribution for CDC-1 and CDC-2 electrodes calculated using a probe with radius 1.3 Å, corresponding to the size of a water molecule. (c) Structure factor computed from the atomic positions for CDC-1 and CDC-2, compared with X-ray diffraction experiments on CDC synthesized from silicon carbide (SiC) of Ref. 34.

Figure 3 .

 3 Figure 3. Density profiles along the z axis perpendicular to the electrodes for CDC-1 (top) and CDC-2 (bottom) with the same salt concentration of 1.0M for both systems. The negative (resp. positive) electrode is on the left (resp. right) side.

Figure 4 .

 4 Figure 4. (a) Change in the probability distribution of solvation number of Na + between the bulk electrolyte and at the negative electrode, for the three electrode types considered in this work. In the case of graphite, only ions in the first adsorbed layer are considered. (b) Density profiles in the case of graphite electrodes. (c) Same as (a) for Cl -in the positive electrode.
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