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This Supporting Information is divided into three parts: 

SI. System setup for creating the pillared structures  

SII. Continuum model for adsorption of hydrogen molecule on pillared GBN   

SIII. Conclusion 

 

SI. System Setup 

In this paper, we employ first-principles calculations to probe the stability of hybrid pillar graphene 

(PG) with BNNT junction via the covalent attachment. The main outline of this study is to establish a 

basic physical picture of junction construction between a BNNT and graphene that covalent bonds 

between them create some ripples in graphene and also distort the BNNT geometry. Since graphene  
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FigS1. (a) Scheme of the octagon molecular junction of graphene, (b) (6,6) BNNT, (c) Graphene-

BNNT octagonal junction. 

 

induces a partial sp3 into the sp2 network of (6,6) tube, it opens up a band gap for graphene and for the 

semiconductor (6,6) BNNT, the sp3 hybridization between the graphene and nanotube induces 

impurity states on the Fermi level. S1 

Our study is started with the built supercell, which had the removed carbon atoms from the center and 

suitable for placing an armchair (6,6) BNNT at the center hole (Figure S1), based on the first-

principles, density functional theory within the framework of the SIESTA package.  

Fig. S2a,b show a schematic picture of 3D PBN and PGBN made BNNT and 2D monolayer graphene 

sheets with octagonal junction. However, all possible configuration (heptagonal and octagonal, ...) 

should satisfy Euler’s theorem of polygons,S 2 ,S3  which allows determining the bond surplus. For 

carbon-based materials, large number of possibilities with different number of sides and sizes of rings 

exist to form seamless sp2 structure, however, in the case of hybrid BN structures with alternating B 

and N atoms and sp2 configuration, only rings with an even number of sides are feasibleS2 (e.g., Fig. 

S1b, shows a schematic picture of pillar graphene made of 1D BNNT with 3 sides).  

 

(c) (a) (b) 
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 Fig S2. (a) Scheme of the (a) pillared BNNT (PBN) and (b) pillared GE+BNNT (PGBN). 

 

SII. Continuum Model for Adsorption of Hydrogen Molecules on Pillared BN and Pillared GBN 

In this paper, we use the continuum model and an equation of states to investigate the storage of 

hydrogen molecules inside PGBN frameworks, which consists of two parallel graphene nanosheets 

separated by perpendicular BNNT as columns. As mentioned in section 2.3 in the main text, the weak 

interactions between atoms in our nanopillar framework take to account using the LJ potential, U (ρ):S4 

�	�ρ� = 	4ε	[�
�� �
 + ������] = 	 �
���� +	� �����	                      (S1) 

where ρ, denotes the distance between two atoms and A and B are attractive and repulsive Hamaker 

constants, respectively. We employed the continuum approach utilized by Cox et al.S5,S6, while the BN 

nanotube simulated as a hollow and continuous cylinder and the graphene represented as a surface. In 

this approach, the continuum energy (EC) is given by:S7 

EC (ℜ,z) = α � 	U�ρ������  + ∑ α! � 	U�ρ������"!#�                      (S2) 

(a) (b) 
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where α, αi are the atomic number density of the graphene sheet, i=1 for  hydrogen, i=2 for boron and 

i=3 for nitrogen on the cylindrical surface, and dS1 and dS2 denote the surface element of the graphene 

sheet, and the cylinder, respectively. It is analytically convenient to approximate the graphene sheet by 

a circular disc, to take dS1 = 2/π R dR . The schematic diagram for the proposed system is also shown 

in Figure S3. 

The integrals over surface elements of dS1 and dS2 are done analytically by employing Mathematica 

software. With these assumptions, the total potential energy of the system becomes: S7 

$%�ℜ, '� = 	(	)	 *−	,� � �-. −	 ��/
-�.� +	01 	� �2�3 +	 ��/
2��3� +	,� 	� ��2�4	ℜ��� +	 ���/
-��4	ℜ���		� −
	01 ,	� 	�	 ��2�4	ℜ��� +		 ���/
-��4	ℜ���	�5 +	∑ "67�8 	9 –	 �,;		6��
	ℜ�< 	= �	1� , �� ; 1;	−	 �ℜ���
	ℜ��	� +																	 ��0;		6�
��
	ℜ��� 	= �	��� , �� ; 1;	−	 �ℜ���
	ℜ��	�	@	

A	B#�     (S3)                   

where z denotes the distance between the hydrogen and the lower graphene sheet, L the separation 

between the two graphenes, ℜ and S the radial distance in the planes of the graphene sheets and the 

approximate radius of the graphene sheet, respectively (Figure S3).  

 

 

 

 

 

 

 

 

 

Fig S3 . Schematic plan for continuum model of PGBN hydrogen storage. 
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In addition, (A, Ai) are the attractive constant for H2–graphene, H2–(i=B,N) atom at the pillars. 

(B, Bi) denote the repulsive constant for H2–graphene, H2–(i=B,N) atom at the pillars and F is the 

hypergeometric function.S8 The values of all parameters used for computation are brought in 

Table S1. 

TABLE S1. Numerical values for A, B, Ai and Bi using the Lorentz-Berthelot mixing 

RuleS7. (��r� = 	 �
�D� � + � �D���	� 
Description Parameter Value  

Attractive constant H2   graphene                 A 9.61 Å6 

Repulsive constant H2    graphene                  B 8695.5  Å12 

Attractive constant H2-B                  A1 13.14  Å6 

Repulsive constant H2-B                  B1 12394.74  Å12 

Attractive constant H2-N                  A2 17.20   Å6 

Repulsive constant H2-N                   B2 13899.03  Å12 

Attractive constant H2-C                  A3 13.531  Å6 

Repulsive constant H2-C                  B3 12493.01  Å12 

vdW radius for H2                   rij 1.51  Å 

 

 

The probability of finding hydrogen in two states, the bulk gas phase or the adsorbed phase inside the 

nanopillar, can be determine as Pads(ℜ, z) = 1−exp(−| E�	ℜ,z) | / kBT ),S9 where kB is Boltzmann’s 

constant and T is the temperature. 

The equations of state for two different states, the adsorbed and the bulk gas phase are given by the 

equations: 

E	 �FGHIJGHI	 − K� = LM exp�
QRS� ,           P (
FTUVWJTUVW − K) = RT               (S4) 

where P is the external pressure, Vads is the adsorption volume (Vads = � EXYZ	�	ℜ, z�	dV		F� ), nads is the 

number of moles of adsorption phase, K is the occupied molar volume of gas molecules, R is the molar 

gas constant, Q is the heat of adsorption (Q = |Eavg| +  kB T/2), Vbulk is the bulk volum (Vbulk = 

� [1 −	EXYZ�ℜ, z�]	dVF^_`` ) and nbulk is the number of moles of bulk gas phase. The average interaction 

energy is defined as: 
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Eavg = �	� Ec�ℜ, z�	dV	�/	deF^                                                         (S5) 

To make the numerical calculations physically reasonable, we terminated the numerical iterations 

wherever (P >  
fgGhif
�jk	S/�	�F )  and �l m 	 "��	nA	opq 	rs� is satisfied (n = nads + nbulk, rH denotes the van der 

Waals radiusS 10  and NA is Avogadro’s constant). These two conditions indicate that hydrogen 

molecules are trapped inside the pillars while the work by external pressure on the hydrogen molecule  

plus its kinetic energy is smaller than its binding energy.S10  

 

 Continuum results 

Upon substituting the corresponding parameters into equation S3 without the summation terms, the 

total potential energy EC of a hydrogen molecule placed between PGBN can be obtained, which is 

plotted in Figure S3. We conclude that the total potential energy decreases in the R direction, which 

reflects the short interaction range for van der Waals forces and confirms our results with atomistic 

and molecular dynamic simulations. As we can see in Figure S4a, for z~0-L, the interaction between 

the hydrogen molecule and pillared structure is enhanced. Moreover, the potential energy for the 

region close to inner hole (octagonal junction) is greater than the potential energy at the edges (Figure 

S4b). 
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Fig S4. (a) Total potential energy (EC(R,z)), which are related to the continuum model (Eq. (S4)) for 

hydrogen stored between two parallel graphene sheets and BNNT with L = 20 nm, where EC is in eV 

and z and R are in Å. For z ~ 0, L, interaction between hydrogen molecule and pillared structure is 

enhanced. (b) The potential energy for (R > S0) region, where S0 is radius of inner hole (Figure S3b), 

is enhanced close to inner hole. 

 

Finally, using equation S4, we obtain the gravimetric hydrogen uptake of hydrogen for PGBN and 

PBN, which is given in Figure S5. The numerical results for hydrogen uptake between graphene sheets 

and BNNT increase monotonically from 0 wt% to 9.3 wt% and for PBN the hydrogen uptake values 

increase up to 8.1 wt%, which is in agreement with our results in the main paper. 

                                       

Fig S5.  Gravimetric hydrogen uptakes for PGBN and PBN at 77 K and pressure up to 80 bar. 

 

SIII. Conclusion 

One of the characteristics that differentiate PBN and PGBN from other hydrogen storage materials is 

the richness of factors that influence their hydrogen uptake capacity. The first notable characteristic of 

porous pillared materials is surface area and pore volume, which have positive effect on hydrogen 
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storage. The other characteristic for enhancement of hydrogen capacity is chemical doping of porous 

material. 
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