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Abstract: Using first-principles density functional theory, we examined the synergetic interaction and 

the electronic structure of the newly synthesized biphenylene network functionalized by cellulose and 

nylon-6. The binding energy of the biphenylene/cellulose and biphenylene/nylon-6 nanocomposite 

yield a weak bonding state where the adsorption process is exothermic. The interaction is mainly 

described as physisorption reflected by the binding energy, electron localization function, charge 

redistribution, and Bader charge transfer analysis. The electronic states of the nanocomposites can be 

considered a superposition of their constituents, and no evident hybridization of the orbital characters 

is noticeable. These findings provide a preliminary understanding of polymers' functionalization of the 

biphenylene network.  
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1. Introduction 

Carbon-based nanostructures have become a worldwide scientific sensation owing to 

their unique and remarkable properties and promising material for future devices [1,2]. For 

example, graphene and carbon nanotubes (CNTs) have become the most studied materials 

owing to their superior thermal, mechanical, and electrical properties over conventional 

materials [3–6]. Aside from graphene and CNTs, various carbon allotropes such as diamond 

nano thread, fullerenes, graphenylene, octagraphene, and other forms of carbon are explored 

for this purpose [7–9]. Although, the main drawback of carbon-based materials is the problem 

of dispersion which often withholds their applicability [10,11]. Covalent and non-covalent 

functionalization of these materials is often necessary to overcome the dispersion problem. For 

instance, the adsorption of oxygen functional groups is used to modify the surface of the 

graphene to improve its affinity toward the solution [12]. Recently, natural detergents have 

been used to disperse the SWCNT, leading to a stable near-infrared photoluminescence [13,14]. 

Non-covalent functionalization of carbon-based nanostructure by polymers is particularly 
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attractive because one can add new properties while preserving the nature of carbon-based 

nanomaterials [15]. Covalent functionalization modifies the nanostructure's C-C bonding, thus 

changing the intrinsic character of the nanomaterial, which often leads to inferior properties 

(mechanical properties, conductivity, etc.) [12]. The importance of carbon-based nanomaterial 

is reflected in the number of research and patents in diverse fields, including sensors, 

electronics, photovoltaic, energy storage, and biomedical technology [3,5,11,16–18].  

Recently, a carbon-based nanomaterial (biphenylene network) was successfully 

synthesized with eight-, six-, and four-carbon rings [19]. This material holds promise, similar 

to graphene and carbon nanotubes, due to its robust mechanical, superior electrical, and 

catalytic properties [20,21]. The biphenylene network is ideal for conductive composites, 

energy storage, and an oxygen-reduction reaction catalyst [20]. However, we anticipate that 

this material may have a problem in the dispersion due to the van der Waals interactions 

between networks, as discussed in our previous humble work [22]. Due to the recent discovery 

by Fan et al. [19], computational investigations of the biphenylene network are used to explore 

its properties and functionalities. First-principles calculation by Luo et al. [23] shows that the 

biphenylene network has robust mechanical properties with an n-type Dirac cone just above 

the Fermi energy. The simulation also predicted biphenylene's hydrogen evolution reaction 

performance is better than graphene's. The functionality of the biphenylene network is also 

recently explored by Gorkan et al. [24] using density functional theory. The calculations show 

that the biphenylene network's physical and chemical properties can be tuned by introducing 

defects and adsorption of foreign atoms. Furthermore, Al-Jayyousi et al. [25] recently convey 

that the biphenylene network is an impressive anchoring 2D nanomaterial for Li-S batteries. 

These reports provide a viable strategy for engineering the properties of the biphenylene 

network to improve existing devices. Despite these scientific reports, there is no investigation 

into polymers' functionalization of the biphenylene network.  

Here, the first-principles density functional theory study was conducted to elucidate the 

bonding mechanism and the electronic structure of biphenylene/cellulose and 

biphenylene/nylon-6 nanocomposites. Cellulose and nylon-6 are considered because these 

materials are widely studied as functional materials of the carbon-based nanostructure. This is 

mainly due to their remarkable properties and widely established technological applicability, 

as reflected by the following papers [4,26–31]. The findings reported here indicate that the 

cellulose biopolymer and nylon-6 are spontaneously adsorbed on the surface of the biphenylene 

network. This is due to the exothermic nature of the adsorption reflected by the negative 

binding energy of the nanocomposites. Minimal redistribution of the electrons is observed in 

the interface, which leads to the conclusion that the cellulose and nylon-6 are adsorbed via 

physisorption. The main features of the biphenylene network's electronic structure dominate 

near the Fermi energy of nanocomposites, justifying its weak interaction.  

2. Materials and Methods 

The calculations are conducted using density functional theory (DFT) implemented in 

the QUANTUM ESPRESSO package, with PBE exchange-correlation functional, PAW 

pseudopotentials, plane-wave basis set, and Grimme-D3 dispersion correction [32–36]. A 

3x3x1 supercell of the biphenylene network is used to model the biphenylene network depicted 

in Fig. 1a. The energy and charge cutoff energy is set to the standard value, 45 Ry and 330 Ry, 

respectively. The k-point sampling is set to 5x5x1 centered at the Γ point. In all calculations, a 
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slab of 15 Å is included to minimize the interaction of the neighboring images. The energy and 

force threshold is set to 10-8 Ry and 10-5Ry/Bohr, respectively. The electron localization 

function (ELF), Bader charge analysis, and charge density difference (CDD) of the optimized 

structures of the nanocomposites are calculated. In the electronic structure calculations, there 

are 30 k-points considered in calculating band structure in Γ – X – M – Y – Γ – M  k – path. 

The density of states is obtained using 8x8x1 k-points.  

3. Results and Discussion 

The optimized atomic configurations of biphenylene, cellulose, and nylon-6 are shown 

in Figure 1a, Figure 1b, and Figure 1c, respectively. First, we benchmark the structural 

accuracy from other computational reports by measuring the C-C bond of the biphenylene 

network. The C-C bonds l1, l2, and l3 are measured to be 1.43 Å, 1.44 Å, and 1.41 Å, 

respectively. These measured bond lengths agree with Luo et al. [23] and Hosseini et al. [37]. 

The small variations are attributed to the different approximations utilized in the DFT 

calculations. It is also noted that this C-C bond is similar to graphene's (~1.42 Å). The 

molecular model of the cellulose (C6H10O5)2  (depicted in Figure 1b) is isolated from the bulk 

form of cellulose Iβ from the paper of Nishiyama et al. [38]. The nylon-6 is represented by its 

monomer (C6H11NO)n displayed in Figure 1c. Periodic boundary conditions are applied such 

that the biphenylene network, cellulose, and nylon-6 extends to infinity.  

Figure 1. The optimized atomic configuration of the (a) 3x31 supercell of biphenylene network, (b) cellulose 

chain, and  (c) nylon-6 unit. 

The strength of the interaction is characterized by calculating the binding energy E-

binding using the convention,  

  Ebinding = Enanohybrid − (Epolymer − Ebiphenylene)
 
.     (1)  

The total energy of the nanohybrid, polymer, and biphenylene network is denoted by 

𝐸𝑛𝑎𝑛𝑜ℎ𝑦𝑏𝑟𝑖𝑑, 𝐸𝑝𝑜𝑙𝑦𝑚𝑒𝑟 and 𝐸𝐵𝑖𝑝ℎ𝑒𝑛𝑦𝑙𝑒𝑛𝑒, respectively. The binding energy of the 

nanocomposites in Figure 2a and Figure 2b is -0.86 eV and -0.43 eV, respectively. The binding 

energy of the biphenylene/cellulose is stronger than biphenylene/nylon-6 nanocomposites two-

fold. The difference in the binding energy is attributed to the area of the interface, where a 

wider area creates a stronger van der Waals interaction [39,40]. The calculated binding energies 

are similar to the calculated binding energy of GO/cellulose (-0.9 eV), graphene/polymer (-

0.34 eV to -0.76 eV), graphene/nylon-6 (-0.52 eV), and SWCNT/nylon-6 (-0.42 eV) [40,41]. 

Moreover, the equilibrium distance of non-hydrogen atoms of the biphenylene/cellulose and 

biphenylene/nylon-6 is 3.65 Å and 3.76 Å, respectively. They further indicate the long-range 
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character of interactions between the constituents of the nanocomposites. The adsorption of the 

cellulose and nylon-6 bends the biphenylene network locally by 0.24 Å and 0.015 Å, as shown 

in Figure 2a and Figure 2b. The Bader charge transfer analysis of Figure 3a and Figure 3b 

indicates a loss of electronic charge of the biphenylene in the nanocomposites with the 

following value 0.035 e and 0.006 e, respectively. The charge transfer is due to the electron 

affinity of the atomic oxygen in cellulose and nylon-6. This claim is made clear in Figure 3b, 

where depletion of the electronic charge (cyan isosurface) is located near the atomic oxygen of 

nylon-6. The nature of the synergetic interaction of the nanocomposites discussed here is 

similar to other weakly bonded systems [28,39,40,42,43]. 

 
Figure 2. The optimized atomic configurations of (a) biphenylene/cellulose and (b) biphenylene/nylon-6 

nanocomposites. 

 

Figure 3. The charge density difference of (a) biphenylene/cellulose and  (b) biphenylene/nylon-6 

nanocomposites. The yellow and cyan isosurface denotes the accumulation and depletion of the electronic 

charge, respectively.  

Further topological analysis of the electronic redistribution was done by calculating the  

Electron Localization Function (ELF). The ELF describes the nature of the bonding of the 

systems by analyzing the isosurface and the 2D contour plot of the ELF. The value of the ELF 

can provide a quantitative description and non-trivial differentiation of chemical interaction 

[44]. For example, when ELF>0.7, this describes a lone pair or covalent bonding (described as 

yellow-red basins). Meanwhile, when 0.2 < ELF <0.7, the bonding is similar to metallic 

bonding or electron-gas (denoted by green-cyan basins).  

(a)                                            

(b)                                            
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The isosurface and 2D ELF of the nanocomposites are displayed in Figure 4a and 

Figure 4b. There is very little ELF value in the interface denoted by the deep blue region, shown 

in Figure 4a and Figure 4b (right panel). Deformed ELF is also observed at the interface of the 

nanocomposite, particularly at the hydrogen atom of the cellulose and nylon-6. This is further 

clarified by calculating the difference between the ELF of the nanocomposites and their 

isolated constituents (Figure 4c and Figure 4d). The difference in the ELF provides a clear 

description of the electronic redistribution compared to the CDD in Figure 3a and Figure 3b. 

 
Figure 4. The ELF of the (a) biphenylene/cellulose and (b) biphenylene/nylon-6 nanocomposites. (c) and (d) 

denotes the difference in the ELF of the nanocomposites and their isolated constituents. The isosurface in the 

depletion and accumulation region is set to 0.02 and 0.0001, respectively.   

The electronic band structure of the unit cell and the 3x3x1 supercell of the biphenylene 

network are shown in Figure 5a and Figure 5b. The electronic band of the biphenylene shows 

multiple bands across the Fermi energy, indicating its metallic nature in agreement with the 

dI/dV experiment and computational results [19,24,45]. The n-type Dirac cone is also observed 

just above the Fermi energy roughly at 0.5 eV, in accord with the report of Luo et al.[23]. 

Figure 5c and Figure 5d display the band structure of biphenylene/cellulose and 

biphenylene/nylon-6 nanocomposite. The flat bands of the nylon-6  and cellulose states appear 

roughly at -1.3 eV and 3.3 eV. This indicates that the wide bandgap of the cellulose and nylon-

6 is maintained in the nanocomposites. In both cases, the metallicity of the nanocomposites is 

mainly represented by the biphenylene network. 

The DOS of the biphenylene network, cellulose, and nylon-6 is displayed in Figure 6a. 

The measured bandgap of cellulose and nylon-6 is 4.9 and 4.7 eV, respectively. The calculated 

bandgap of the cellulose and nylon-6 is in good agreement with the existing reports [46,47]. 

The flat bands of the cellulose and nylon-6 create sharp peaks in the DOS, proving its insulating 

properties. The electronic landscape of the biphenylene network in Figure 6a shows states at 
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the Fermi energy. This result agrees well with the recent experimental and theoretical studies 

of the biphenylene network [19,23].   

 
Figure 5. The electronic band structure of the (a) unit cell and (b) 3x3x1 supercell of the biphenylene network. 

(c) and (d) shows the band structure of biphenylene/cellulose and biphenylene/nylon-6 nanocomposites, 

respectively. The Fermi energy is taken as the reference (EFermi = 0 eV). 

Figure 6. The electronic density of states of the (a) constituents, (b) biphenylene/cellulose, and (c) 

biphenylene/nylon-6 nanocomposite.  
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The DOS of the nanocomposites is displayed in Figure 5b and Figure 5c. Here, there is 

no apparent hybridization of the orbital characters between the constituents of the 

nanocomposites and no broadening of DOS peaks. However, the states of nylon-6 and cellulose 

appear to have shifted to higher energy relative to the Fermi level. These findings further 

confirmed the weak interaction between the orbitals of the biphenylene with the adsorbed 

cellulose and nylon-6. The biphenylene network dominates the DOS of the nanocomposites 

near the Fermi energy. This is mainly due to the minimal structural deformation of the 

biphenylene network and negligible charge redistribution. This behavior is similar to 

graphene/polymer and SWCNT/polymer nanocomposite in which the electronic structures of 

graphene and SWCNT are well maintained in the polymer composite [39,40].  

The results presented provide new insights into the bonding mechanism and electronic 

structure of the biphenylene network and polymer composite. The weak attachment of the 

cellulose and nylon-6 on the biphenylene network implies that polymers can be utilized for the 

non-covalent functionalization of the biphenylene network. Hence, the properties of the 

biphenylene network and polymers can be combined to fabricate novel and multifunctional 

such as demonstrated in the following reports of graphene and SWCNT-based polymer 

composite [5,11,15,48,49]. Although DFT theory has limitations, it is proven to give valuable 

trends in fundamental chemical interactions and predict the electronic properties of novel 

materials [9,50,51].  

4. Conclusions 

First-principles density functional theory is utilized to give insights into the synergetic 

interaction and electronic structure of biphenylene/cellulose and biphenylene/nylon-6 

nanocomposites. The calculations revealed that the cellulose and nylon-6 can spontaneously 

physisorbed on the biphenylene network. The nanocomposites' calculated binding energy, 

electron localization function, and charge transfer analysis support this claim. The synergetic 

interaction of cellulose on the biphenylene is noted to be stronger than the nylon-6. The 

difference in the binding energy of the nanocomposites is mainly due to the difference in the 

interface area, a key feature of physisorption. The electronic DOS of the nanocomposites, 

particularly near the Fermi energy, resembles that of the biphenylene network. The finding here 

predicts that the adsorption of the cellulose and nylon-6 gives negligible changes in the 

biphenylene network's atomic configuration and, therefore, its electronic structure. This study 

provides a preliminary understanding of the biphenylene network and polymer 

nanocomposites. The results discussed will serve as a reference for the non-covalent 

functionalization of the biphenylene network. 
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