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1. Introduction 

Currently, the need for sustainable and cost-effective 

energy storage materials drives battery research. 

Rechargeable Li-ion batteries (LIBs) are the most well-

known batteries, and they have witnessed great advances 

in technology. They have drawn vast interest because of 

their applicability in portable energy storage devices, 

electronics, electrical and hybrid electrical vehicles, etc. 

[1]. Although LIBs have some excellent features, they 

also impose some limitations since they are expensive to 

manufacture, subject to aging and safety issues [2-11]. 

Na-, K-, and Mg-ion batteries can be considered as ideal 

alternatives to LIBs [12-15]. These metals are more 

abundant and cheaper than Li, and have better safety 

features. Magnesium is more attractive because of 

transporting twice as much charge per atom. However, 

manufacturing MIBs faces difficulties since proper 

electrode materials are hard to find.  

Nanomaterials, which display unique features, 

accelerate the development of electronic devices, power 

supplies, and optic systems [16-25]. 

 Nanostructures, in the form of nanofilms, 

graphene, nanobelts, nanoflakes, nanoparticles, 

nanorings, etc., have been investigated in order to be used 

in ion batteries [25-34]. Recently, nanographene has been 

investigated as a substitute for graphene [35]. Unlike 

graphene, nanographene has a finite or limited structure 

without dimension. Also, nanographene has been 

considered as a promising candidate to be used in various 

fields including diodes, photovoltaics, transistors, and 

electronics, owing to its film-forming properties, ultra-

high surface area, elevated charge carrier mobility, and 

unique chemical properties [35]. 

It has been previously shown that nanographenes 

such as hexa-peri-hexabenzocoronene (HBC) 

nanographene functionalized with –NH2 group is an 

appropriate anode material for application in the LIBs 

[36]. In 2019, the synthesis of hexa-cata-

hexabenzocoronene nanographene (HCOR) and its poly-

substituted structures from tetraryl olefins was carried out 

through iron chloride-and iodine-catalyzed oxidative 

cyclodehydrogenation reactions [37].  

The HCOR shows a p-type field-eff ect mobility that 

ranged from 0.34 to 0.51 cm2/Vs, and the on/off  current 

ratio was 105−107, indicating its potential applications as 

conducting channels for a transistor [37]. In the current 

study, possibility of using HCOR as anode material for 

MIBs was investigated by implementing density 

functional theory (DFT). 

 

2. Computational methods 
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B3LYP-gCP-D3/6-31G* method was implemented to 

carry out the calculations in terms of energy, electricity, 

charge transfer, and structure optimizations. The standard 

B3LYP functional has a major drawback which has been 

implemented for different aims, i.e. dispersion interaction 

assessment [38]. However, the B3LYP-gCP-D3 scheme 

removes a major deficiency, i.e. basis set superposition 

error [39]. The gCP which represents geometrical 

counterpoise correction provides an estimate of both 

inter- and intramolecular BSSE. For a given HCOR or its 

complex with Li or Li1+, The B3LYP-gCP-D3 energy is 

computed according to the following equation: 

EB3LYP-gCP-D3
 = EB3LYP + EgCP

 + ED3   

      (1) 

To calculate the adsorption energy (AE) of 

Li/Li1+@HCOR configurations, the following equation 

was used: 

Ead = E(Li/Li1+@HCOR) – E(HCOR) – E(Li/Li1+)  

    (2) 

For detailed methodology see reference [39]. 

Synchronous Transit-Guided Quasi-Newton (STQN) 

method was used in order to measure the energy of the 

transition states (TS) [40]. The GAMESS program is 

applied to carry out all of the computations [41]. The 

GaussSum software application was employed to plot the 

density of states (DOS) [42]. 

 

3. Results and discussion 

3.1. Li cation adsorption on the HCOR 

The HCOR (Fig. 1) has 48 C and 24 H atoms with a non-

planar structure (unlike the HCOR which is planar) in 

which six rim benzene rings alternately bent up and down 

with respect to the central coronene part. The planar 

structure of HCOR is unstable by about 152.5 kcal/mol 

based on our calculations owing to the steric effect of 

hydrogen atoms. Three hexagonal rings are recognized in 

the HCOR structure, labeled a, b, and c as shown in Fig. 

1. According to Fig. 1, it can be seeming that the Eg of 

HCOR is 3.33 eV with THE LUMO and HOMO energies 

-5.10 and -1.77 eV, respectively (Table 1). The calculated 

Eg for HCOR is substantial in contrast with the graphene,  

 

so HCOR is suitable for various applications in different 

fields. The Li cation was initially situated at different 

places on the HCOR surface to get the most stable 

structures in Li1+@HCOR complexes. These placed 

include atop the carbon atoms, on the C-C bond bridge 

sites and, atop the center of a, b, and c hexagons. In Fig. 

2, ultimate optimized complexes for Li1+@HCOR 

complexes are displayed, showing the preferential 

deposition of Li cation atop a, b, and c hexagons, 

designated by Ӏ, Π, and Ⅲ complexes, respectively. In 

complex Ӏ, the Li cation is adsorbed onto hexagon a and 

the AE is -200.3 kcal/mol. The Li+1 is placed at the center 

of ring a and the interaction distance is 2.11 Å.  The 

minimum distance between the HCOR surface and the Li 

atom or cation is characterized as the interaction distance.  

 The bonds of the adsorbing rings are lengthened 

after the adsorption of Li1+ by about 0.01-0.03 Å because 

charge transfer of about 1.121 e (complex Ӏ) occurs from 

the π-electrons of HCOR to the Li cation through a 

cation-π interaction. Also, the subtraction of the single 

point energy of bare HCOR from the single point energy 

of HCOR yielded the deformation energy which showed 

the influence of the adsorption process on the HCOR 

geometry following the elimination of Li/Li1+ from its 

complex forms. For complex Ӏ, the deformation energy 

was predicted to be 18.9 kcal/mol, which shows that the 

structural distortion is minor. In complex Π, the Li cation 

is adsorbed above ring b with AE of -199.6 kcal/mol 

(Table 1) and the interaction distance of about 2.12 Å 

(Fig. 2), demonstrating the higher stability of complex Ӏ. 

The strong interaction of Li cation with the ring a is due 

to the more flexibility and accessibility of these rings. 

Also, the charge transfer from the hydrogen atoms to the 

rings a increases the electron density on their surface 

which makes them more favorable for Li cation 

adsorption. In the complex Ⅲ, the Li cation is adsorbed 

above a hexagonal ring c with the interaction distance of 

about 2.15 Å (Fig. 2) and the AE of -198.5 kcal/mol. The 

BSSE has a negligible impact on the Li cation AEs, i.e. 

1.0-1.2 kcal/mol, but dispersion term (D3) affects the Li 

cation AEs in a sensible way (~ -6.2 to -6.7 kcal/mol).  

 

 

 

Fig. 1. Optimized structures of HCOR and its density of states plot.
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3.2. Energy barriers 

The ion mobility on the electrode surface is a significant 

property which should be taken into account to assess the 

appropriateness of an anode material to be used in an ion 

battery. The mobility as well as the diffusion of the ion 

on the electrode affect the rate of charge and discharge. 

Main paths for Li cation migration on the surface of 

HCOR are displayed in Fig. 3, and the energy barriers are 

calculated. The energy barrier corresponding to 6.2 

kcal/mol must be overcome by the Li cation to transfer 

from the surface of ring a to that of b (path 1), which 

crosses over a bond C-C. The Li cation adsorption onto 

ring a surface is more stable compared to ring b by about 

0.7 kcal/mol. Hence, the Li cation will overcome the 

energy barrier of about 6.9 kcal/mol to migrate in a 

reverse path (b to a).  

 

 
 

Table 1. The adsorption energies, of Li/Li1+ (Ead, kcal/mol) on the HCOR. Deformation energies (Edef), basis set superposition 

errors (BSSE), and dispersion corrections (D3) are in kcal/mol. Energies of HOMO, LUMO and HOMO-LUMO gap (Eg) in eV. 

∆Eg indicates the change of Eg of HCOR after the Li/Li1+ adsorption. Q indicates the NBO charge on the Li species in the complex 

form. 

 

 

 

  
Fig. 2. Optimized structures of Li @HCOR complexes. Distances are in Å. 

Adsorbate Structure Ead Edef BEES D3 EHOMO ELUMO Eg %∆Eg Q(e) 

- HCOR - - - - -5.10 -1.77 3.33 - - 

Li1+ 

Ӏ -200.3 18.9 1.0 -6.5 -10.18 -9.59 0.59 -82.3 0.879 

Π -199.6 18.0 1.2 -6.7 -10.15 -9.48 0.67 -79.9 0.891 

Ⅲ -198.5 17.2 1.2 -6.2 -1.05 -9.42 0.63 -81.1 0.895 

Li 

ⅰ -4.5 1.2 0.3 -3.2 -4.96 -1.79 3.17 -4.8 0.020 

ⅱ -4.7 1.1 0.2 -3.3 -4.89 -1.78 3.11 -6.6 0.015 

ⅲ -4.0 1.0 0.3 -3.2 -4.87 -1.78 3.09 -7.2 0.022 
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Fig. 3. Schematic view of transferring an Li cation on the surface of HCOR via different paths. 

 

The predicted energy barrier for migration of Li cation 

(path 2) from the ring b to the ring c is 7.5 kcal/mol, and 

that is about 5.7 kcal/mol for path 3. It can be seen that 

there exists a reverse relation between the energy barrier 

and the lengths for C-C bonds which Li cation has to 

cross over them. The calculated C-C bond lengths are 

1.43, 1.45, and 1.40 Å for paths 1, 2, and 3, respectively. 

The stronger cation-π interaction in the shorter C-C bonds 

more stabilizes the Li1+/HCOR transition state structures, 

reducing the energy barrier. In general, an increase is 

observed in the ion mobility and charge/discharge rate 

due to the unsubstantial energy barriers.  Li cation 

diffusion coefficient (D) was investigated on the HCOR 

for the sake of further instigation using the equation 

below [43, 44]: 

𝐷 = 𝑙2𝑣0 exp (−𝐸act/kB𝑇)   

     (3) 

 where 𝐸act represents the diffusion barrier, 𝑙 represents 

the migration distance, and the vibrational frequency is 

represented by 𝑣0which is normally set to 1013 Hz. 𝑘B 

represents the Boltzmann’s constant and 𝑇 represents the 

temperature. The migration distances via path 1, 2, and 3 

are approximately 2.42, 2.43, and 2.45 Å, respectively. 

Thus, the expected diffusion coefficients are about 1.69 

× 10-7, 1.90 × 10-8, and 4.02× 10-7 cm2/s, respectively, 

which shows that the HCOR yields a high ion mobility 

and this causes a fast rate of charge and discharge.  

3.3. The adsorption of Li atom 

To study the adsorption of Li atom onto the HCOR, 

different adsorption places are taken into account as Li 

cation adsorption. Similar to the Li1+ adsorption, three 

stable configurations were found for Li@HCOR, labeled 

as ⅰ, ⅱ, and ⅲ matching to the Ӏ, Π, and Ⅲ complexes, 

respectively. In these configurations, the Li atom is 

localized atop the middle of a, b, and c rings at a distance 

of 4.17, 4.18 and 4.20 Å, respectively, with AEs about -

4.5, -4.7, and -4.0 kcal/mol (Table 1). The BSSE affects 

the Li AEs to a negligible extent, i.e. 0.4 kcal/mol, but the 

impact of the dispersion term (D3) is substantial (~ -3.3 

kcal/mol). This shows that the main  

 

interaction between the HCOR and the Li atom is non-. 

As a comparison, the AE of Li atom onto the graphene 

was about -3.9 kcal/mol, which was computed by using 

M06-2X/6-31G* method [45]. Deformation energy is 

less than 1.3 kcal/mol (Table 1) for all of the Li 

adsorption processes, which is negligible. The interaction 

of Li cation with the HCOR (in comparison with atomic 

Li) is stronger due to the fact that the HCOR has an 

electron-rich surface on which the delocalized π-

electrons have a powerful tendency to target species that 

are electron-deficient like cations. However, Li atom has 

the tendency to donate its valence electron to an electron-

poor surface. A small charge transfer to the HCOR from 

the Li atom after a physisorption process, which is about 

0.01-0.03 e. 

To investigate the biggest Li storage capacity for 

HCOR, various Li atom adsorptions onto the HCOR are 

scrutinized. The findings show that in the stable complex, 

for the biggest Li storage, six Li atoms are adsorbed onto 

six a rings at the same time, and three Li atoms are 

alternatively adsorbed onto three b rings. However, 

according to in Fig. 4, Li atoms are adsorbed onto the 

opposite surface of HCOR in the latter case. The 

calculated average AE per Li atom is about -3.5 kcal/mol 

for the final complex Li9C48H24. The calculated mean 

Li…Li distance in the obtained complex is in the range 

of 4.66-4.83 Å which is much larger than that in the 

dimagnesium (Li2, ~ 3.92 Å). The specific storage 

capacity (C) is computed as follows: 

 C = nxF/Mf    

      (4) 

where Mf represents the mass of formula of unit 

LiC5.33H2.67, x represents the number of Li atoms, n 

represents the number of transferred electrons, and F 

represents the Faraday constant. Therefore, the specific 

capacity of HCOR is 589.4 mAh/g. As a comparison, we 

collected the storage capacity of some anode materials for 

MIBs, including Hollandite–MnO2 (475 mAh/g) [46], Bi 

(350 mAh/g) [47], bilayer arsenene (537 mAh/g) [48], 
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C3N graphene-like sheet (~ 319 mAh/g) [49], and 

Li4Ti5O12 (175 mAh/g) [50].  

 

 

 

Fig. 4. Side and top views of optimized structure of 9Li@HCOR complexes. 

 

 

 

3.4. Electronic properties 

The electronic HCOR properties are dramatically 

interrupted via Li as well as Li1+, but in a different way 

(Table 1). For example, after the Li adsorption onto the 

HCOR via complex i, its HOMO shifts from –5.37 to -

4.96 eV in a noticeable way, but the LUMO does not 

change. Partial DOS plot for complex ⅰ shows that a new 

electronic peak is generated at -4.96 eV, which chiefly 

comes from the contribution of Li atom. Also, the frontier 

molecular orbital shapes in Fig. 5 approve that the 

HOMO localizes on the Li atom, but the LUMO is  

 

 

 

 

 

still located on the HCOR in complex i. Unlike the Li 

atom, the HOMO and LUMO of HCOR were shifted to 

lesser energies by Li1+ adsorption, and reducing its Eg. To 

give an instance, in complex Ӏ, in the bare HCOR, the 

HOMO level is changed from -5.10 to -10.18 eV and the 

LUMO levels is changed from -1.77 eV to -9.56 eV 

(Table 1). By the Li1+ adsorption, the Eg of HCOR is 

decreased from 3.33 to 0.59 eV in complex I since its 

storage capacity and ion mobility is high, and it has a 

large cell voltage.  

 

 

Fig. 5. HOMO and LUMO profiles of Li@HCOR complex (ⅰ). 

3.5. Cell voltage  

Higher energy density as well as particular capacity for 

energy storage require a high cell voltage. These 

parameters are of paramount importance to improve the 

performance of an ion-battery. In case HCOR is 

implemented as the MIB anode electrode, the reactions in 

the cathode and anode can be termed as follows: (in the 

anode) Li@HCOR ↔ Li1+@HCOR + 2e-, and (in the 
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cathode) Li1+ + 2e- ↔ Li. Now, the overall reaction is 

expressed as: 

Li1++ Li@HCOR ↔ Li 1+@HCOR + Li + ∆Gcell 

    (5) 

 

 

 

 

Nernst expression is incorporated to compute the cell 

voltage: 

Vcell = - ∆Gcell/zF      

      (6) 

ΔGcell = ΔEcell + PΔVcell – TΔScell    

     (7) 

The volume and entropy contributions on the cell voltage 

were calculate to be less than 0.01 V, which is 

insignificant [51]. Thus, by excluding PΔVcell and TΔScell, 

we will have: 

ΔEcell ~ ΔGcell = E(Li) + E(Li1+@HCOR) – E(Li1+) – 

E(Li@HCOR)   (8) 

According to Eq. 8, a larger cell voltage will be produced 

in case the interaction of Li+1 with the HCOR becomes 

strong. But, as mentioned above, the Li1+ adsorption onto 

the HCOR is much stronger in comparison with the Li 

atom. The calculated ΔEcell is -195.6 kcal/mol and cell 

voltage is 4.23 V for MIBs. The stronger cation-π 

interaction between Li1+ and the HCOR yields a high cell 

voltage for MIBs. Thus, the HCOR can be considered as 

a future prospect to be implemented as anode material for 

MIBs since it has high ion mobility, large cell voltage, as 

well as excellent storage capacity. 

 

4. Conclusions 

The possibility of HCOR application was investigated as 

anode for MIBs implementing the B3LYP-gCP-D3 

method. The AEs of Li or Li1+ on the HCOR were 

computed to be -4.7 or -200.3 kcal/mol, on a hexagonal 

ring. The dispersion term is much more significant for the 

adsorption of atomic magnesium in comparison to its 

cation. The Li1+ migration maximum energy barrier on 

the surface of HCOR was found to be 7.5 kcal/mol with 

the ion diffusion coefficient of about 1.90 × 10-8 cm2/s. 

The calculated cell voltage is are 4.23 V and the specific 

storage capacity is 589.4 mAh/g for the HCOR. The cell 

voltage in MIBs is high, owing to the fact that the cation–

π interaction between the π-electron-rich HCOR and Li1+ 

the is strong. Our results demonstrate that the HCOR can 

be implemented as an ideal anode substance in MIBs 

since its cell voltage and storage capacity is high, and it 

has good ion mobility. 
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