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The effect of cellulose chains on the electronic properties of graphene oxide sheets has been studied using the density 
functional theory. The results show that graphene oxide sheets with insulating and semiconducting properties behave as 
semiconductors in the presence of cellulose chains. The large energy band gap of graphene oxide sheets decreases by 
increasing the number of adsorbed cellulose chains. The results provide a new insight into hybrid materials, with higher 
performance, to be used in emerging nanoelectronic devices. 
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INTRODUCTION 

Graphene is a two-dimensional honeycomb 
lattice of C atoms. It has become one of the most 
studied materials of the last decade due to its 
exceptional electrical, mechanical and thermal 
properties.1,2 Owing to its novel structure and 
special properties, graphene is used in many 
applications, ranging from electronics to optics, 
sensors and energy storage systems.1,2 The 
absence of the band gap in graphene is one of its 
main problems, which limits the actual 
applications of graphene. In order to solve this 
problem, several methods, including doping, 
applying electric field, functionalization and 
cutting graphene into ribbons, have been 
developed.3-10 For instance, the addition of O 
atoms to the C framework of graphene is a 
method that is often used to open the band gap.9,10 
The first product of chemical functionalization of 
graphene layers by O functional groups is called 
graphene oxide (GO). GO is a monolayer of 
graphene with various oxygen functional groups, 
such as hydroxyl, epoxy, carbonyl and carboxyl 
groups.11,12 The unique properties of GO make it 
an attractive material for  applications  in  sensors,  
 

 
catalysis, composites, transparent paper-like 
materials and nanoelectromechanical systems. 

Due to the presence of O functionalities, GO 
can easily disperse in organic solvents, water and 
different matrices. This is a major benefit when 
combining the material with polymer or ceramic 
matrices to enhance their mechanical and 
electrical properties.11,12 Recently, it was reported 
that nanomaterials prepared by hybridizing a two-
dimensional GO sheet and one-dimensional 
nanofibrilled cellulose are much stronger than 
materials made solely from one of the two 
building blocks.11-14 The improvement in the 
mechanical properties of GO sheets with 
nanocellulose motivated us to study the effect of 
cellulose addition on the electrical properties of 
GO. 

With respect to its electrical conductivity, GO 
functions as an electrical insulator.9,15 As an ideal 
structure would be an allotrope of carbon with a 
good band gap value, the reduction of the energy 
band gap of GO is important. In the present work, 
engineering the energy band gap and 
consequently the electrical conductivity of GO 
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sheets by adsorption of cellulose chains has been 
studied using the density functional theory (DFT). 
 
EXPERIMENTAL 

All DFT calculations were performed using the 
generalized gradient approximation (GGA) for the 
exchange-correlation functional proposed by Perdew, 
Burke and Ernzerhof (PBE).16 The OpenMX 3.8 code17 
was employed to calculate the structural and electronic 
properties. The energy cutoff was set to 100 Ry. The 
van der Waals interactions between the adsorbed 
molecules and the sheets were described by Grimme’s 
method.18 All atomic structural models were fully 
relaxed as long as the atomic forces were lower than 
0.001 eV/Å. For calculations of electronic band 
structures and density of states (DOS), 11 k-points 
were assumed along each high symmetry lines in the 
Brillouin zone.  

Supercells of GO sheets were considered as host 
materials for the adsorption of cellulose chains. 
Periodic boundary conditions were applied to the 
supercells. A vacuum width of 20 Å was constructed 
for eliminating the interaction between adjacent images 
of supercells. 
 
RESULTS AND DISCUSSION 

In the present simulations, two models for GO 
sheets are investigated. Figure 1 shows the atomic 

structure of a fully oxidized graphene sheet 
named model I. In this model, each O atom forms 
an epoxy functional group with two C atoms, 
alternating above and below the graphene sheet, 
thereby minimizing the Coulomb repulsion.19,20 
As shown in Figure 1, the GO model I exhibits a 
buckling structure. The effects of this buckling 
are balanced by the alternating O atoms coverage 
and so this structure is considerably more stable 
than that with O atoms coverage only on one side 
of the graphene sheet.19,20 We have considered 
that a supercell contains 32 C and 16 O atoms in 
the present work. Here, the C:O ratio is 2:1. The 
optimized atomic bond lengths are listed in Table 
1. The electronic band structure and DOS of the 
GO model I are presented in Figure 2. The large 
energy band gap of 4.74 eV between the bottom 
of the conduction band and the top of the valence 
band indicates the insulating property of the GO 
model I. Our results are in good agreement with 
those of a previous study, which predicted that the 
GO is a wide band gap insulator.19 The energy 
band gap of the GO model I was estimated to be 
4.09, 6.85 and 6.50 eV from PBE-GGA, PBE0 
and B3LYP hybrid functional, respectively.19  

 
Table 1 

Optimized bond lengths of GO sheets (Å) 
 

Bond Model I Model II 
C1-C2 1.42 1.45 
C2-C3 1.45 1.46 
C4-C5  1.50 
C-O 1.45 1.45 
C-OH  1.46 

 
 
 

 

 

 
Figure 1: (a) Top and (b) side views of GO model I 
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Figure 2: Electronic band structure and DOS of GO model I 

 
 
 

 
 

 
Figure 3: (a) Top and (b) side views of GO model II 

 
 

 
Figure 4: Electronic band structure and DOS of GO 

model II 

Figure 5: Atomic structure of a cellulose chain 
 

 
 

Figure 6: (a) Top and (b) side views of adsorbed cellulose chain on GO model II 
 
A supercell of GO containing 32 C, 8 O and 4 

H atoms has been also studied (Fig. 3). This sheet 
has a C:O ratio of 4:1. In the atomic structures of 
the GO model II, one epoxy and one hydroxyl 
group per 8 C atoms are distributed randomly on 
both sides of the graphene sheet. The electronic 
band structure and DOS of this model of GO are 

plotted in Figure 4. Here, an energy band gap of 
0.99 eV indicates the semiconducting properties 
of the GO model II. It was shown that removing a 
selected number of O atoms from the fully 
oxidized graphene sheet was accompanied by a 
reduction of the energy band gap.19,21 As 
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expected, the energy band gap of the GO model II 
was smaller than that of the GO model I.    

The atomic structure of cellulose was taken 
from X-ray and neutron fiber diffraction 
experiments.22-25 A chain of cellulose was cleaved 
from bulk cellulose (Fig. 5). In each supercell, 
two cellobiose units (C6H10O5)2 were placed. 

It was found that cellulose chains prefer to 
locate parallel to the surface of GO sheets. As an 
example, the most stable adsorption configuration 
of cellulose on the GO sheet model II is presented 
in Figure 6. To evaluate the stability of the 
structures, binding energy was calculated: 

)( cellulosesheet+cellulosesheetb EEEE +−=            (1) 
where Esheet+cellulose is the total energy of the GO 
sheet with adsorbed cellulose chains, Esheet and 
Ecellulose denote total energies of the isolated GO 
sheet and cellulose chain, respectively.  

The negative values of the binding energy 
reveal stable structures. The binding energies of 
the most stable structures are -0.9 and -0.6 eV for 
the GO sheets model I and model II, respectively. 
A more negative value of binding energy 
indicates a stronger interaction between the chain 
and the sheet. For the GO model I, the binding 
strength is found to be stronger than for the GO 
model II. This is attributed to the hydrogen bond 
density, which has an important role in the 
binding strength between the GO sheet and the 
cellulose chain. Systematic molecular dynamics 
modeling was performed to provide quantitative 
evidence of the effect of hydrogen bond density.12 
The results confirmed that there is a cascade of 
formation, breaking and reformation of hydrogen 
bonding between the GO sheet and the cellulose 
chain, which defines the strength of the binding 
between them.12 The hydrogen bond can form 
between the sheet and the chain only when one 
hydroxyl groups from the cellulose chain comes 

in close contact with the hydroxyl or oxygen 
groups of the GO sheets (i.e. –OH to –OH or –OH 
to –O). The abundant oxygen groups in the GO 
model I can significantly increase the number of 
hydrogen bonds and consequently the binding 
strength between the GO sheets and the cellulose 
chain.  

To understand the effect of cellulose chains on 
the electronic properties of GO sheets, the 
electronic band structures and DOS of these 
sheets with adsorbed cellulose chains were 
calculated. As seen in Figure 7 and Figure 8, the 
adsorption of cellulose chains on the GO sheets 
causes the appearance of additional states in the 
forbidden energy region between the conduction 
and valence bands. The GO sheets model I and 
model II with adsorbed cellulose chains behave as 
semiconductors with energy band gaps of 1.35 
and 0.35 eV, respectively. A comparison between 
the energy band gaps of the GO sheets before and 
after cellulose adsorption indicates that the band 
gaps decrease with the adsorption of cellulose 
chains. The ability of band gap engineering 
through the encapsulation of cellulose into carbon 
nanotubes was investigated in a previous study.25 
It was found that the energy band gap of carbon 
nanotubes with semiconducting properties 
decreased as a result of the encapsulation of 
cellulose into them.25 Hence, cellulose adsorption 
is an effective method to change the electronic 
properties of carbon based nanostructures. 

In order to study the effect of the number of 
adsorbed cellulose chains on the energy band gaps 
of GO sheets, two cellulose chains were 
considered above and below the sheets. As an 
example, two cellulose chains adsorbed in each 
supercell of the GO model I are shown in Figure 
9. 

 

  
Figure 7: Electronic band structure and DOS of GO 

model I with adsorbed cellulose chain 
Figure 8: Electronic band structure and DOS of GO 

model II with adsorbed cellulose chain 
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Figure 9: Side view of two cellulose chains adsorbed on GO model I 

 
 
 

  
Figure 10: Electronic band structure and DOS of GO 

model I with 2 cellulose chains 
 

Figure 11: Electronic band structure and DOS of GO 
model II with 2 cellulose chains 

 

  
Figure 12: Partial DOS of GO model I with adsorbed cellulose chain 

 
The electronic band structures and DOS of the 

GO model I and model II in the presence of two 
cellulose chains are plotted in Figure 10 and 
Figure 11, respectively. Here, the number of 
states and DOS peaks around the Fermi level 

increases by increasing the number of adsorbed 
cellulose chains. The calculated energy band gaps 
of the GO model I and model II in the presence of 
two cellulose chains are 0.89 and 0.23 eV, 
respectively. It means the energy band gaps of 
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GO sheets decrease by increasing the number of 
cellulose chains. 

Partial DOS was studied to identify the 
contribution of cellulose chains. As an example, 
partial DOS of C and O atoms for the adsorption 
systems of cellulose chains and the GO model I is 
shown in Figure 12. It is observed that DOS peaks 
below the Fermi energy (between 0 and -2.7 eV) 
are mainly formed by the O and C atoms of the 
cellulose chains. The results clarify the main role 
of cellulose chains on the electronic properties of 
GO sheets.  
 

CONCLUSION 

In the present project, changing the energy 
band gap of GO sheets by adsorption of cellulose 
chains was investigated using the density 
functional theory. The GO sheets showed 
semiconducting properties in the presence of 
cellulose chains. The energy band gap of the GO 
sheets decreased as a result of cellulose 
adsorption on their surface. The results provided a 
way to change the electronic properties of GO 
sheets. Hybrid materials made from GO sheets 
and cellulose chains have potential applications in 
future nanoelectromechanical devices. 
 
REFERENCES  
1 M. S. Dresselhaus, G. Dresselhaus and R. Saito, 
Carbon, 33, 883 (1995), https://doi.org/10.1016/0008-
6223(95)00017-8 
2 M. Sharon, M. Sharon, H. Shinohara and A. 
Tiwari, “Graphene: An Introduction to the 
Fundamentals and Industrial Applications”, Wiley, 
2015, https://www.wiley.com/en-us/Graphene%3A+ 
An+Introduction+to+the+Fundamentals+and+Industria
l+Applications-p-9781118842560 
3 A. Z. AlZahrani and G. P. Srivastava, Appl. Surf. 
Sci., 256, 5783 (2010). 
https://doi.org/10.1016/j.apsusc.2010.03.088 
4 S. Jalili and R. Majidi, J. Comp. Theor. Nanosci., 3, 
664 (2006), https://doi.org/10.1007/BF03246145 
5 R. Majidi and K. Ghafoori Tabrizi, Fuller. 
Nanotube Car. N., 19, 532 (2011), 
https://doi.org/10.22061/JMNS.2015.486 
6 R. Majidi and A. R. Karami, Mol. Phys., 111, 3194 
(2013), https://doi.org/10.1080/00268976.2013.775514 
7 R. Majidi, Nano, 8, 1350060 (2013), 
https://doi.org/10.1142/S1793292013500604 

8 A. Nourbakhsh, M. Cantoro, T. Vosch, G. Pourtois, 
F. Clemente et al., Nanotechnology, 21, 435203 
(2010), https://doi.org/10.1088/0957-
4484/21/43/435203 
9 K. A. Mkhoyan, A. W. Contryman and J. Silcox, 
Nano Lett., 9, 10583 (2009), 
https://doi.org/10.1021/nl8034256  
10 Z. Zljivancanin, A. S. Milosevic, Z. S. Popovic and 
F. R. Vukajilovic, Carbon, 482, 52 (2013), 
https://doi.org/10.1016/j.carbon.2012.12.008 
11 S. Stankovich, D. A. Dikin, G. H. B. Dommett, K. 
M. Kohlhaas, E. J. Zimney et al., Nature, 442, 282 
(2006), https://doi.org/10.1016/j.carbon.2012.12.008 
12 Y. Li, H. Zhu, J. Wan, Z. Liu, O. Vaaland et al., 
NPG Asia Mater., 7, e150 (2015), 
https://doi.org/10.1038/am.2014.111 
13 N. V. Medhekar, A. Ramasubramanian, R. S. Ruoff 
and V. B. Shenoy, ACS Nano, 4, 2300 (2010), 
https://doi.org/10.1021/nn901934u 
14 B. Wicklein, A. Kocjan, G. Salazar Alvarez, F. 
Carosio, G. Camino et al., Nature Nanotechnol., 10, 
277 (2015), https://doi.org/10.1038/nnano.2014.248 
15 Y. Gui, Z. Yufen and Y. Xunwang, J. Semicond., 
34, 083004 (2013), https://doi.org/10.1088/1674-
4926/34/8/083004 
16 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. 
Rev. Lett., 77, 3865 (1996), 
https://doi.org/10.1016/j.ijmecsci.2019.02.018 
17 T. Ozaki, Y. Shiihara, H. Kino, M. Toyoda, J. Yu 
et al., User’s Manual of OpenMX Version 3.8; 
<http://www.openmx-square.org>. 
18 S. Grimme, J. Comput. Chem., 27, 1787 (2006), 
https://doi.org/10.1002/jcc.20495 
19 M. Lundie, Z. Sljivamcanin and S. Tomic, J. 
Mater. Chem. C., 3, 7632 (2015), 
https://doi.org/10.1039/C5TC00437C 
20 Z. Sljivamcanin, A. S. Milosevic, A. S. Popovic 
and F. R. Vukajlovic, Carbon, 54, 482 (2013), 
https://doi.org/10.1063/1.4948321 
21 C. Zhang, D. M. Dabbs, L. M. Liu, I. A. Aksay, R. 
Car et al., J. Phys. Chem. C, 119, 18167 (2015), 
https://doi.org/10.1021/acs.jpcc.5b02727 
22 Y. Ohashi, Phys. Chem. Min., 10, 217 (1984), 
https://doi.org/10.1007/BF00309314 
23 Y. Nishiyama, P. Langan and H. Chanzy, J. Am. 
Chem. Soc., 124, 9074 (2002), 
https://doi.org/10.1021/ja0257319 
24 H. R. Taghiyari, R. Majidi and A. Jahangiri, 
CERNE, 22, 215 (2016), 
https://doi.org/10.1590/0104776020162222146 
25 R. Majidi, H. R. Taghiyari and O. Ori, Fuller. 
Nanotube Car. N., 25, 646 (2017), 
https://doi.org/10.1021/nl025967a 

 


