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Abstract

:

Using exfoliating agents is one of the most promising ways for large-scale production of liquid dispersed graphenic materials from graphite. Therefore, it is crucial to know the reason why some molecules have a larger exfoliating power than others. The highest reported experimental yield for the liquid phase single-surfactant spontaneous exfoliation of graphite, i.e., without sonication, has been obtained using chlorosulfonic acid. The ability of this acid to disperse graphite is studied within the framework of Density Functional Theory (DFT). Equilibrium configurations, electron transfers, binding energies, and densities of states are presented for two acid concentrations and for two situations: adsorption (on monolayer and bilayer graphene) and intercalation (in between simple hexagonal and Bernal-stacked bilayer graphene). Experimental exfoliation power and dispersion stability are explained in terms of charge transfer—the largest found among several studied exfoliating and surfactant agents—facilitated by the good geometrical matching of chlorosulfonic acid molecules to constituent carbon rings of graphene. This matching is in the origin of the tendency toward adsorption of chlorosulfonic acid molecules on graphene monolayers when they separate, originating the charging of the monolayers that precludes their reaggregation.
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1. Introduction


The extraordinary properties of graphene have given rise to the proposal of numerous applications in different fields. However, its commercial use requires high-yield production methods that guarantee stable, standardized production conditions. Graphene production uses procedures with low yields that have not fully reached these requirements.



Graphene production methods are conventionally classified into two different approaches: top-down methods, which produce graphene from a 3D macroscopic source, i.e., graphite, and bottom-up methods, those in which graphene is obtained by assembling molecular building blocks.



The technique used for the first time to produce graphene, micromechanical cleavage [1], is an example of the first approach. However, this mechanical method has yields just suitable for fundamental research and prototype devices. Another production method, also belonging to the top-down approach, is liquid phase exfoliation: graphene is produced by exfoliation of graphite with or without ultrasonication of the samples in a solvent that also prevents reaggregation. This method can be scaled up for a larger production and has been proposed as a route to industrial processing [2]. There are several solvents with different yields, such as dimethylformamide [3], proposed for rather illustrative purposes, or N-methyl-pyrrolidone, with yields from 0.01 mg mL    − 1    to 1.2 mg mL    − 1   , depending on the sonication rate [4,5]; tetrahydrofuran has also been used, with a 0.16 mg mL    − 1    [6] yield, as well as cyrene with a 0.24 mg mL    − 1    [7] yield. Exfoliation has been tried in aqueous solution with the aid of several surfactants: sodium dodecylsulfate (SDS) [8], sodium dodecyl benzenesulfonate (SDBS) [9] (0.002–0.05 mg mL    − 1    yield), sodium cholate [8,10] (0.3 mg mL    − 1    yield), amphiphilic peptides [11], cetyltrimethylammonium bromide (CTAB) [8], perylene-based bolaamphiphilic detergents [12], nonylphenolethoxylate (NPE) [8], anionic aromatic surfactants [13], sodium N-lauroylsarcosinate hydrate (SNLS) [14], sapindus mukorossi [15] (>1 mg mL    − 1    yield), or amine-based solvents [16] with yields as high as 15 mg mL    − 1    when few-layer graphene powder is used as a precursor. In some cases, mixtures of two or more surfactants have been used [17,18,19,20]. Ionic liquids, salts with a melting point below 100    ∘  C, are another family of compounds with promising exfoliation candidates that are also suitable for the stabilization of the resulting solutions [21,22]. For example, dispersions with a concentration of 0.95 mg mL    − 1    are obtained with 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, after sonication, 0.081 mg mL    − 1    with 1-benzyl-3-methylimidazolium ([(Bn)mim] [NTf   2  ]), and 5.8 mg mL    − 1    with bis (trifluoromethanesulfonyl)imide ([(Bn)   2  im][NTf   2  ]) [23].



There are other strategies, such as the dispersion of graphene oxide [24,25], that require an eventual reduction or starting the exfoliation from turbostratic graphite [26]. This kind of graphite has its constituent graphenic sheets slightly rotated around the axis perpendicular to the layers with respect to the conventional AB stacking, and as a consequence, its interlayer separation distance grows to 3.45 Å from the 3.35 Å of the tightly bound AB-stacked highly oriented pyrolytic graphite (HOPG). This tiny transversal expansion represents, according to Tour and coworkers, an advantage that increases the yield when liquid dispersions are generated.



To the best of our knowledge, the highest reported yield until 2021 for the liquid phase spontaneous exfoliation method using a single exfoliating agent (arround 2 mg mL    − 1 )   ), i.e., exfoliation of graphite without sonication, was obtained by Behabtu and coworkers using chlorosulfonic acid [27]. This year, Kretinin et al. [28], using the same acid and adding pyrene, more than doubled the yield, reaching an outstanding ∼5 wt%. Chlorosulfonic acid (CSA, also known as sulfurochloridic acid) has also been used to exfoliate and expand graphite oxide for the bulk production of graphenic materials [29] and to exfoliate inorganic 2D transition metal dichalcogenides [28,30] or boron nitride [28]. The advantage of avoiding the sonication process is the production of so-called pristine graphene, i.e., graphene with the same defects present in the graphite precursor and with no oxidized areas [31]. One of the negative sides of the use of CSA is its poor dispersion stability; trace amounts of moisture are sufficient to cause reaggregation and restacking [28].



A conclusion that can be reached from these previous works is that the obtention of liquid dispersed graphene solutions requires a starting step, i.e., the trigger of the exfoliation process, which consists of an initial sheet separation, either with a Coulomb mechanism or boosted by the action of CSA [27,28] or steric, because of the removal of the perfect AB stacking [26]. Our study of the interaction between graphene and CSA attempts to determine why CSA is especially efficient for this. In order to understand the ability of HSO   3  Cl to exfoliate graphitic samples, we have studied the effect on the geometrical and electronic properties (equilibrium geometries, binding energies, charge transfers, and densities of states) of monolayer graphene (MLG) and bilayer graphene (BLG) when acid molecules are adsorbed on the first and second system and are intercalated between the constituent layers of the second. We have chosen Bernal [32] AB stacking as well as simple hexagonal AA stacking, as in other previous works [33,34,35], because the latter is a common crystallographic structure in graphite intercalation compounds [36,37]. According to our calculations, simple hexagonal stacking is the preferred structure for chlorosulfonic-acid-intercalated BLGs, but AB stacking is more stable for clean bilayers. AA stacking is also found in epitaxially grown graphite [38], in carbon nanofilms grown from graphite oxide [39], and in some finite BLGs [40]. However, the stacking selected to obtain magnitudes and properties is not crucial, since all BLGs have nearly the same binding energy [41,42,43] and electron band structure [44] when the separation between the layers is greater than 4 Å.




2. Materials and Methods


The calculations of the interaction of chlorosulfonic acid with graphene layers have been performed using DFT [45] at the LDA [46] level as implemented in Dacapo [47]. LDA has been chosen because interactions among graphitic structures are suitably described [48], and it performs better than gradient-corrected approximations (GGAs) of hybrid functionals for these systems [49,50,51,52].



Dacapo is a code that uses supercells and a plane wave basis set for valence electrons, valence–core interactions being described through Vanderbilt ultrasoft pseudopotentials [53]. The pseudopotential used to describe sulfur atoms contains non-linear core–valence interaction corrections. The plane wave cutoff has been set to 350 eV and the density cutoff to 500 eV. Total energies were converged to   10  − 5    eV, and all atomic positions were relaxed until Cartesian forces on each atom were below 0.05 eV/Å. Similar techniques have been previously used for studying the interaction of sulfuric acid and Li atoms with graphene [33,54], of surfactant molecules with a sulfuric group with a (5,5) carbon nanotube [55], sulfuric acid on bilayer graphene [34], and the catalytic activity of palladium on a graphene surface [56].



In order to simulate two different acid concentrations, we have used two different hexagonal graphene supercells. They are shown in Figure 1. One of the supercells contains 18 C atoms per layer, and putting a HSO   3  Cl molecule in it gives a high concentration of one acid molecule per 36 carbon atoms in the bilayer supercell. A lower concentration is simulated by placing a HSO   3  Cl molecule in a supercell that has 32 atoms per graphene layer. The height of the supercells has been set to 30 Å to avoid interactions between adjacent supercells along the z axis and simulate a completely exfoliated equilibrium state.



The k-points in reciprocal space were selected using the Monkhorst–Pack scheme [57]. The number of points for geometry optimizations as well as for energy and charge transfer calculations was   2 × 2 × 1   for low concentration and   4 × 4 × 1   for high concentration. For density of states (DOS) calculations, these numbers were increased to   18 × 18 × 1   and   24 × 24 × 1  , respectively.




3. Results and Discussion


In order to understand the ability of chlorosulfonic acid to exfoliate graphite, we have studied the adsorption of the acid molecule on MLG and on BLG as well as the intercalation between the two layers of BLG. We compare the results with those previously obtained for sulfuric acid [34] and sodium bisulfate [35]. We also propose an explanation about the reaggregation inhibitor role of chlorosulfonic acid, and finally, we present results on the electronic properties of graphene flakes upon chlorosulfonic acid adsorption.



3.1. The HSO   3  Cl Molecule and Its Geometrical Matching with Carbon Rings


As there are no experimental data available for the molecular structure of the chlorosulfonic acid molecule, we show in Table 1 bond lengths and planar and dihedral angles calculated according to the scheme described in the previous section. A comparison with calculations performed with Gaussian 09 [58], with a 6-31G    * *    basis set and the LDA exchange correlation functional is presented. As a reference, second-order Møller–Plesset calculations were also performed with Gaussian 09. The results correspond to the structure shown in Figure 2. It is tetrahedral, with the sulfur atom occupying an endohedral position and the three oxygen atoms and the chlorine atom at the vertices of the tetrahedron. The hydrogen atom is off the plane defined by the sulfur, chlorine, and oxygen atom 1, to which it is bonded. Similar geometrical results have been obtained by Yokoyama et al. [56] for SO   4   adsorbed on graphene. It should be noted that the distance between this oxygen atom and the chlorine atom is 2.82 Å, whereas the maximum diagonal in each hexagonal carbon ring in graphene is 2.84 Å. The mean value of the S-O distance is 1.5 Å, a rather similar value to the C–C bond length, 1.41 Å. The good geometrical matching of the chlorosulfonic acid molecule with the carbon atom rings of graphene is shown in the lower panel of Figure 3, where the acid molecules adsorbed on graphene are depicted for the most stable configuration. The hydrogen atom, the sulfur atom, and the chlorine atom are almost confronted with the carbon atoms of the constituent rings.




3.2. Interaction Energies and Charge Transfer to MLG


The adsorption energy is defined as the difference between the energy of the adsorbed configuration and the sum of the energies of the isolated acid molecule and the clean MLG:


   E ads  = E  ( MLG )  + E  ( H  SO 3  Cl )  − E  (  MLG + H   SO 3  Cl ads )  .  











A similar definition can be stated for BLG. This definition corresponds to the adsorption energy per acid molecule and takes advantage of the presence of a single acid molecule in the unit cell. Results are shown in Table 2. Those of sulfuric acid [33] and sodium bisulfate [35] are also shown for the sake of comparison.



As expected, the adsorption of chlorosulfonic acid is an exothermic process. This energy, in the case of MLG, is bigger than the corresponding adsorption energy of sulfuric acid but smaller than that of sodium bisulfate, which belongs to the family of molecules with a sulfonated head group with a Na atom, known to have poorer surfactant effects than the acids [59,60,61]. However, there is a significant difference with respect to the charge transfer, calculated using Mulliken population analysis [62], as shown in Table 2; it is much higher for chlorosulfonic acid than for sulfuric acid or sodium bisulfate, for both concentrations analyzed. In fact, charge transfer in the case of chlorosulfonic acid is 46% larger than in the case of sulfuric acid, and four-fold larger than in the case of sodium bisulfate. Irrespective of the considered exfoliating agent, when concentration increases, charge transfer diminishes, but the general trend is maintained, i.e., with chlorosulfonic acid being the species with higher charge transfer, particularly in comparison with sodium bisulfate. This fact is in accordance with the relative insensitivity with respect to concentration of the surfactant effect of molecules with a sulfonated head group with a Na atom and the clear relation between concentration and exfoliating power in the case of chlorosulfonic acid [27]. This large charge transfer could be at the root of the Coulombic repulsion between charged flakes, and it can also help to understand the huge amount of exfoliated but not intercalated graphene flakes in chlorosulfonic acid graphene dispersed solutions, according to Kretinin’s results [28] (see below for more details).




3.3. Interaction Energies and Charge Transfer to BLG


In the next step, we have studied the adsorption of chlorosulfonic acid on one of the constituent layers of BLG and the intercalation between two graphene layers. Their equilibrium interlayer distance (  d eq  ) and interlayer interaction energies (  E int  ), i.e., exfoliation energy, have been calculated for AB Bernal stacking and for AA stacking, and they are shown in Table 3 and compared with the experiment and other calculations. Another comparison can be done with the interlayer separation of turbostratic graphene, which is easier to exfoliate according to Tour’s group experiments, that is 0.1 Å larger that the 3.35 Å of the AA-stacked case [26]. Interlayer distances are accurately reproduced, but it is not the same for exfoliation energy, which is known to be poorly predicted by LDA calculations [41]. Nevertheless, this fact does not affect our study, since it is not based on absolute energies but on relative energy differences among different surfactants, all of them calculated with the same computational method.



The ranking of the adsorption energy of the acid molecule to MLG and BLG in Table 2 and Table 3 shows that the strongest interaction of the molecule happens with AA-BLG; the weakest is with AB-BLG, being the interaction with MLG intermediate. The key to understanding this behavior is the interaction between layers for both stackings, which is stronger in the AB case; AB-BLG is more stable and has a larger binding energy (by 5.6 meV/atom) and a smaller interlayer separation (by 0.3 Å, see Table 3) than AA-BLG. This result is easy to explain in terms of electronic density overlapping: electron-rich areas of the constituent monolayers are confronted in the case of AA stacking, while they match the poorer ones in the AB stacking case. A point that reinforces this idea is the value of charge transfer from graphene layers, which is basically the same for the three situations considered.



Four unit cells of the intercalated high- and low-acid-concentration samples are shown in Figure 4. As in the case of adsorption on MLG, at the equilibrium configuration, the hydrogen atom, the chlorine atom, and one of the oxygen atoms are faced with three carbon atoms of one of the graphene layers. Moreover, in the intercalated AA-BLG case, the third oxygen atom is confronted with a carbon atom of the second graphene layer. This detail cannot be appreciated in Figure 4 but can be inferred from Figure 3. Notice that the chlorosulfonic acid matching with both layers is a consequence of the AA stacking, but this geometrical matching will also occur in the case of AB stacking by performing a rotation of the acid molecule in the interlayer by 30   ∘   around the axis defined by the O–H bond.



Intercalation energy per acid molecule is defined as


   E int  = E  ( BLG )  + E  ( H  SO 3  Cl )  − E  (  BLG + H   SO 3  Cl int )  .  











At sufficiently high acid concentration, intercalation is also an exothermic process. According to the data shown in Table 4 (where, for the sake of comparison, the data for sulfuric acid [34] and sodium bisulfate [35] are also shown), at high acid concentration, intercalation is an energetically favorable process, and in fact, intercalation energy for chlorosulfonic acid at the highest concentration is the largest for the three considered species, in accordance with the spontaneous nature of graphene exfoliation in sufficiently concentrated chlorosulfonic acid [27,28], i.e., without the addition of energy through sonication. Calculated results are in reasonable agreement with the experimental results by Kretinin [28]. The statistical distribution of the interlayer distance of spontaneously exfoliated flakes of graphene is reported (see Figure 2g in this reference) to range from 2 to 10 Å, with a maximum concentration of samples at around 3–4 Å (possibly corresponding to non-exfoliated ones), followed by a great amount of samples in the range 4–7 Å (possibly corresponding to exfoliated but not yet intercalated samples) and, finally, with a large amount of representatives in the range 7–8 Å. This distance is in fair agreement with exfoliated and intercalated samples with chlorosulfonic acid or, as in this experiment, its sulfonate derivative.



Another point to be considered is the difference in the intercalation energy for both stackings. Data in Table 4 reveal that intercalation is a more exothermic process when it occurs in AA-stacked systems, possibly because the interlayer distance for clean AA-BLG is 0.3 Å larger than for AB-BLG. The distance between graphene layers with an intercalated acid molecule in between, as shown in Table 4, is 0.3–0.4 Å higher in the case of chlorosulfonic acid than in the case of sulfuric acid, due to the size of the Cl atom. The comparison with respect to sodium bisulfate is also favorable to chlorosulfonic acid, but the effect is not so pronounced (0.1–0.2 Å higher in the case of chlorosulfonic acid).



Interlayer distance increases slightly when chlorosulfonic acid concentration increases, but this behavior is not observed in the case of sulfuric acid or sodium bisulfate. This effect cannot be explained in steric terms but rather in charge transfer terms. According to the data shown in Table 4, charge transfer from the chlorosulfonic acid molecule is the largest of the three considered species. This computational result has also been experimentally found by Cao et al. [11], who have determined that charge is an important parameter in predicting the graphite exfoliating efficiency of several molecules, being that the anionic ones are the more favorable compared to the cationic ones. Charge transfer from graphitic walls to chlorine (and other halogen atoms) has been recently predicted for the encapsulation of these atoms inside single-walled carbon nanotubes [67].




3.4. The Efficiency of Chlorosulfonic Acid to Prevent Reaggregation


Exfoliation efficiency cannot be explained just in terms of layers’ separation ability, but the preclusion of reaggregation must also be taken into account. To gain insight into this point, we have studied the behavior of the chlorosulfonic acid molecule with slightly modified interlayer separations with respect to the equilibrium configuration. The results are shown in Table 5, where intercalation energies, distances of the chlorosulfonic acid to both MLG in AA-BLG, and charge transfers are shown for several interlayer separations for the low-concentration case. References in the chlorosulfonic acid molecule for the determination of these distances are the hydrogen atom and oxygen atom number 3, according to Figure 2, and, in the MLG constituting the AA-BLG, the nearest neighboring carbon atoms.



As can be inferred from Table 5, while the separation between both MLGs increases 1.01 Å from 7.55 Å to 8.56 Å the distance of the hydrogen atom to its nearest neighboring carbon atom varies by 0.09 Å, and the distance of the oxygen atom to its nearest neighboring carbon atom varies by 0.78 Å, i.e., chlorosulfonic acid molecules remain adsorbed to one of the layers, with 0.54 electrons transferred from the BLG to the acid molecule. It should be noted that the distribution of the negative charge gained by this molecule is rather symmetrical, i.e., it comes from both component layers (0.29 and 0.25 electrons, respectively), even though they are well separated (for the maximum intercalation energy, 7.87 Å, a separation that doubles the equilibrium distance) and one of them has the acid molecule much closer than the other.



The ability of chlorosulfonic acid to charge both layers and, consequently, to provide a Coulombic mechanism to preclude reaggregation could be an explanation for the stability of graphene dispersions in this acid. This fact is in accordance with the results of Kretinin [28] for the spontaneous exfoliation with chlorosulfonic acid and those of Englert et al. [12], who reported an efficient graphene production method based on bolaamphiphilic detergents.




3.5. Electronic Properties


The effect on the electronic properties of mono- and bilayer graphene as a consequence of the adsorption and intercalation of chlorosulfonic acid has been studied by means of the DOS of these systems with and without chlorosulfonic acid. In Figure 5, the DOS of a clean MLG is compared with the DOS of the MLG with an adsorbed chlorosulfonic acid molecule for the two unit cells used in this work. In spite of the electron transfer from MLG to the acid, the basic features of the DOS remain unaltered. The role of the acid molecules amounts to the superposition of molecular states to the DOS of the MLG. In particular, near the neighborhood of the Fermi level, there is no modification of the DOS; as a consequence, the zero-gap semiconductor nature of graphene does not depend on whether chlorosulfonic acid is adsorbed or not, irrespective of the acid concentration.



It is known [42,68,69,70] that the DOS of BLG is very similar to that of MLG, and in fact, both appear almost completely superimposed in Figure 6. The most significant difference is near the Fermi level; while the DOS of MLG vanishes for this energy, this does not happen for BLG (with an equilibrium interlayer distance of 3.6 Å), as can be seen in the inset of the figure, in agreement with earlier works [68]. Note that the DOS of MLG is very small but not exactly zero at the Fermi energy level, because of the plotting technique of smearing the eigenvalues with finite-width Gaussians.



The inset of Figure 6 shows that the DOS of BLG (with an interlayer distance of 3.6 Å) is very similar to the DOS of BLG with an intercalated acid molecule, notwithstanding the large separation between graphene layers (7.9 Å and 8.0 Å for low and high concentrations, respectively). This fact can be interpreted as a manifestation of incomplete decoupling, probably because of the large electron transfer from the layers to the acid molecule. This partial decoupling is a characteristic of this acid and different to the behavior observed in experiments with K intercalated graphite [71], though in that case, the potassium atom acts as an electron donor, and here the chlorosulfonic acid is an acceptor. This behavior is also different to that predicted for other intercalants [34,35].





4. Conclusions


We have studied the adsorption of chlorosulfonic acid to MLG and the interaction in between BLG. The adsorption of the acid takes advantage of the good geometric matching of this molecule to the constituent carbon rings, which favors a strong electron depopulation of graphene and, hence, a strong Coulombic repulsion of chlorosulfonic adsorbed graphene layers. Intercalation increases the interlayer distance in BLG and, again, charges positively the layers in an amount that is the highest for several intercalants. This justifies the exfoliating effect of chlorosulfonic acid on graphene. However, at the electronic level, the intercalation of chlorosulfonic acid avoids the complete decoupling of the graphene layers. The charging of the constituent MLG by chlorosulfonic acid is also the basis for understanding the ability of this acid to prevent reaggregation and justifies the high yield of the spontaneous exfoliation and stability of solutions of graphene in chlorosulfonic acid.
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The following abbreviations are used in this manuscript:



	BLG
	Bilayer graphene



	CSA
	Chlorosulfonic acid



	CTAB
	Cetyltrimethylammonium bromide



	DOS
	Density of states



	DFT
	Density Functional Theory



	GGA
	Generalized Gradient Approximation



	HOPG
	Highly oriented pyrolytic graphite



	LDA
	Local Density Approximation



	MLG
	Monolayer graphene



	NPE
	Nonylphenolethoxylate



	SDBS
	Sodium dodecyl benzenesulfonate



	SDS
	Sodium dodecylsulfate



	SNLS
	Sodium N-lauroylsarcosinate hydrate
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Figure 1. Graphene unit cells used for different acid concentrations (left, high; right, low). High/low concentration corresponds to one acid molecule in a supercell with 18/32 C atoms for MLG and 36/64 atoms for BLG. 
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Figure 2. Geometric structure of a HSO   3  Cl molecule. 
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Figure 3. Side (upper row) and front (lower row) views of 2 × 2 unit cells of chlorosulfonic acid adsorbed on graphene for two concentrations: high (left panels) and low (right panels). 
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Figure 4. Chlorosulfonic acid in between AA-BLG (2 × 2 × 1 supercells) for two concentrations. 
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Figure 5. Densities of states per C atom of a monolayer graphene with a chlorosulfonic acid molecule adsorbed per 18 (green line) and 32 carbon atoms (red line). The DOS per C atom of MLG (black line) is given as a reference. The Fermi energy has been used as energy origin. 
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Figure 6. Densities of states per C atom of a bilayer graphene with a chlorosulfonic acid molecule adsorbed per 36 (blue line) and 64 (green line) carbon atoms. The DOS per C atom of MLG (black line) and BLG (red line) is also shown. The Fermi energy has been used as energy origin. 
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Table 1. Calculated bond lengths (in Å), planar and dihedral angles (in degrees) for the chlorosulfonic acid molecule. Gaussian/Dacapo compared data.
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Distances

	
Planar Angles

	
Dihedral Angles




	

	
Gaussian

	
Dacapo

	

	
Gaussian

	
Dacapo

	

	
Gaussian
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LDA

	
MP2

	
LDA

	

	
LDA

	
MP2

	
LDA

	

	
LDA

	
MP2

	
LDA






	
S-O1

	
1.61

	
1.62

	
1.60

	
O1-S-Cl

	
100.4

	
100.3

	
100.3

	
O1-S-Cl-O2

	
111.1

	
111.0

	
110.7




	
S-O2

	
1.44

	
1.45

	
1.43

	
O2-S-Cl

	
106.9

	
107.0

	
106.6

	
O2-S-Cl-O3

	
135.6

	
135.9

	
135.7




	
S-O3

	
1.45

	
1.41

	
1.41

	
O3-S-Cl

	
107.5

	
107.5

	
107.4

	
O3-S-Cl-O1

	
113.3

	
113.1

	
113.6




	
S-Cl

	
2.05

	
2.05

	
2.07

	
S-O1-H

	
107.4

	
107.5

	
108.7

	

	

	

	




	
O3-H

	
0.98

	
0.97

	
0.98
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Table 2. Calculated adsorption energies (  E ads  ) as well as electron transfers (  Δ  Q ads   ) to each acid molecule for chlorosulfonic acid for two concentrations: low (one molecule per 32 carbon atoms in MLG) and high (one molecule per 18 carbon atoms in MLG). Values corresponding to sulfuric acid and sodium bisulfate are given for comparison.
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Chlorosulfonic Acid

	
Sulfuric Acid [33]

	
Sodium Bisulfate [35]




	

	
Conc.

	
   E ads    (eV)

	
   Δ  Q ads     (e)

	
   E ads    (eV)

	
   Δ  Q ads     (e)

	
   E ads    (eV)

	
   Δ  Q ads     (e)






	
MLG

	
Low

	
0.36

	
0.44

	
0.29

	
0.30

	
0.44

	
0.11




	

	
High

	
0.34

	
0.36

	
0.34

	
0.26

	
0.54

	
0.04




	
AB-BLG

	
Low

	
0.35

	
0.43

	

	

	

	




	

	
High

	
0.33

	
0.36

	

	

	

	




	
AA-BLG

	
Low

	
0.42

	
0.43

	

	

	

	




	

	
High

	
0.49

	
0.36
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Table 3. Equilibrium interlayer distances (  d eq  ) and interlayer interaction energies (  E int  ) for AB-BLG and AA-BLG.
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AA Stacking

	
AB Stacking




	

	
   d eq    (Å)

	
   E int    (meV/at)

	
   d eq    (Å)

	
   E int    (meV/at)






	
Exp.

	
3.55

	
-

	
    3.34 [63]

	
    60.5 [64]




	
This work

	
3.65

	
7.0

	
3.35

	
12.6




	
Ref. [65]

	
3.66

	
9.8

	
3.30

	
19.6




	
Ref. [66]

	
3.59

	
-

	
-

	
-




	
Ref. [41]

	
3.57

	
-

	
3.34

	
48.0
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Table 4. Calculated equilibrium interlayer distance (  d eq  ), intercalation (  E int  ) energy into BLG, adsorption energy (  E ads  ) on BLG, electron transfer from the graphene bilayer to each acid molecule (  Δ  Q int   ) for chlorosulfonic and sulfuric [34] acids, for sodium bisulfate [35], and two concentrations: low (one molecule per 64 carbon atoms) and high (one molecule per 36 carbon atoms).
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Chlorosulfonic Acid

	
Sulfuric Acid [34]

	
Sodium Bisulfate [35]




	
Conc.

	
Stacking

	
  d eq   (Å)

	
  E int   (eV)

	
  E ads   (eV)

	
  Δ  Q int    (e)

	
  d eq   (Å)

	
  E int   (eV)

	
  Δ  Q int    (e)

	
  d eq   (Å)

	
  E int   (eV)

	
  Δ  Q int    (e)






	
Low

	
AB

	
7.78

	
−0.25

	
0.43

	
0.41

	

	

	

	

	

	




	

	
AA

	
7.87

	
0.08

	
0.42

	
0.54

	
7.6

	
0.09

	
0.48

	
7.8

	
0.22

	
0.14




	
High

	
AB

	
7.85

	
0.01

	
0.49

	
0.39

	

	

	

	

	

	




	

	
AA

	
8.00

	
0.34

	
0.42

	
0.42

	
7.6

	
0.24

	
0.39

	
7.8

	
0.33

	
0.09
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Table 5. Intercalation energy (  E int  ) into BLG, distances from chlorosulfonic acid molecule to constituent MLG taking as a reference the H atom, d(H–C), and the O3 atom, d(O–C) (see Figure 2), and electron transfers from BLG to each acid molecule (  Δ  Q int   ) for several interlayer distances (  d intl  ) around equilibrium configuration. (Calculations for the low concentration regime).






Table 5. Intercalation energy (  E int  ) into BLG, distances from chlorosulfonic acid molecule to constituent MLG taking as a reference the H atom, d(H–C), and the O3 atom, d(O–C) (see Figure 2), and electron transfers from BLG to each acid molecule (  Δ  Q int   ) for several interlayer distances (  d intl  ) around equilibrium configuration. (Calculations for the low concentration regime).





	   d intl    (Å)
	   E int    (eV)
	d(H–C) (Å)
	d(O–C) (Å)
	   Δ  Q int     (e)





	7.55
	0.04
	1.86
	2.71
	0.56



	7.71
	0.06
	1.88
	2.81
	0.55



	7.87
	0.08
	1.90
	2.93
	0.54



	8.20
	0.07
	1.93
	3.20
	0.53



	8.56
	0.04
	1.96
	3.49
	0.51
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