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Abstract. In this study, density functional theory (DFT)-based calculation has been performed on activated carbon
sheet doped with silicon atom. In a two-dimensional activated carbon sheet, carbon atoms are replaced by silicon
atom and the structural and electronic properties are investigated. The result of structural analysis explains the
depth of an activated carbon (AC) sheet, total width as well as changes in the bond lengths with the doping of Si
atoms. AcSi1 (single silicon-doped activated carbon) and AcSi2 (double silicon-doped activated carbon) exhibit
lesser binding energy than pristine AC sheet and AcSi3 (triple silicon-doped activated carbon). The result of the
projected density of states (PDOS) explains s–p hybridisation of all the systems. The analysis of crystal orbital
overlap population (COOP) explains the antibonding states in all the systems. There is also a probability to get
higher values of transport properties in pristine sheet and AcSi3 sheet rather than in AcSi1 and AcSi2 sheets.
Keywords. Silicon; activated carbon sheet; Spanish initiative for electronic simulations with thousands of atoms;
density functional theory; projected density of states; crystal orbital overlap population.
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1. Introduction
The structure of carbon was discovered by Rosalind
Franklin using the pyrolysis process of organic materials. It has been classified into two categories, graphitizing and non-graphitizing model [1]. In graphitizing
model, a hexagonal ring of carbon was used and in
non-graphitizing model many hexagonal rings are used
together like activated carbon. Activated carbon (AC)
can be manufactured by any carbonaceous raw material,
and these materials are easily found in different forms
in nature, viz. charcoal, diamond, graphene, amorphous
carbon, carbon nanotubes, nanofibres, activated carbon
etc. AC exhibits a wider scope of research possibly due
to myriad number of applications in fields like, fluid
treatment [2], gold purification [3], waste treatment [4],
metal selection [5], medicine [6], electrodes, sensors [7],
energy storage and conversion systems [8–12]. The AC
structure is in the form of joined hexagonal rings, containing fullerene elements [13]. Materials having this
kind of structure have a larger surface area, because
of which porosity increases and thus they have been
found to be most useful in removing pollutants from
liquids and gases. Thus, AC has a high surface area,
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high porosity with a high level of structural imperfections for adsorbent or chemical reaction and also has
potential applications.
The AC sheet is produced by two processes, either
by physical or by chemical activation. In chemical activation process, materials are initially activated by activating agents such as hydrochloric acid [14], sulphuric
acid [15], phosphoric acid [16], potassium hydroxide
[17], sodium hydroxide [18], etc. Chemical activation is
better than physical process because only lower temperature and shorter duration for activation of raw materials
is needed. Activated carbon is produced from organic
materials such as wood, husk, rice, fruit shells, polymers, lignite, anthracite, petrochemical products and
brown coal [19,20]. Raw materials used for activation
have rich content of carbon, low cost and less inorganic
[21,22]. Here, activation means removing disorganised carbon atoms from the structural sheet (blocks) to
change the diameter of pores. By creating new porosity,
we can enlarge the diameter of pores, carbonation and
activation simultaneously [23,24].
In continuation to our previous work [25], here we
have modelled an activated carbon sheet by introducing a silicon atom at the centre in the place of a carbon
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Figure 1. Equilibrium structures of (a) AC, (b) AcSi1 , (c) AcSi2 and (d) AcSi3 .

atom. In this study, four structures are modelled; activated carbon sheet (AC), AcSi1 sheet with one silicon
atom, AcSi2 sheet with two silicon atoms and AcSi3
sheet with three silicon atoms. All the calculations
have been performed using the computational software
SIESTA, which is based on the density functional theory
(DFT). Nowadays, computational methods are gaining
immense popularity for the theoretical studies on structural and electronic properties of atomic and molecular
clusters.

Table 1. Binding energy and bond lengths of the pristine
sheet with silicon-doped atoms.
System

Fermi
energy,
E F (eV)

Binding
energy,
E b (eV)

C–C bond
length (Å)

AC
AcSi1
AcSi2
AcSi3

− 6.247
− 6.148
− 5.959
− 5.947

8.06
1.34
3.68
5.99

1.35–2.71
1.69–2.98
1.78–3.54
1.86–3.63

2. Computational details
All the calculations have been performed by the computational program SIESTA (Spanish Initiative for Electronic Simulations with Thousands of Atoms) [26,27]. A

generalised gradient approximation (GGA) and normconserving pseudopotential are considered for atomic
orbital [28,29] and double zeta polarised (DZP) basis
sets are taken for valence electrons [30,31]. The systems
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Figure 2. PDOS of (a) AC, (b) AcSi1 , (c) AcSi2 and (d) AcSi3 .

are optimised initially for cut-off values, k-points and
lattice constants respectively, and the respective optimised values are 400 Ry, 1 × 4 × 4, 2.0 Å for all the
systems. With these optimised values, the final optimisation is performed until the Hellmann–Feynman forces
acting at all components of each atom are smaller than
0.001 eV/Å.
3. Results and discussion
AC sheet is a macrostructure obtained by different
sizes of aromatic clusters [32]. AC sheet consists of
45 carbon atoms, hexagonal carbon rings covering a
pentagonal carbon ring and the centre of the sheet
has a little depth. Defects in the carbon sheets are
characterised by the presence of different types of
ring structures on the sheets [33]. Thus, a defectfree sheet consists of all ideal hexagonal rings on
its surface, while the presence of rings with either
less or more than six carbon atoms is defined as a
defect. They are typically formed during the formation or due to excessive heating. So in the present
study we have doped Si atom at the place of carbon
atom in pentagonal carbon ring in the AC sheet. The

configurations of simulated structures of activated carbon with doped structures are shown in figure 1. By
increasing the number of doped Si atoms, depth at the
centre is gradually increased as well as total width
of a sheet changes. The variations in bond lengths
of C–C atoms and Si–C atoms increase as shown in
figure 1.
The bond length values of optimised structures are
given in table 1. The bond length of Si–Si atoms is 2.06
Å in AcSi2 sheet and 2.39, 2.40, 2.69 Å in AcSi3 sheet,
respectively. It is observed that due to the placement
of Si atoms in AC sheet, bond length as well as the
depth at the centre increase. There is also a variation in
total width and height of the system as shown in figure
1. The energy of the highest occupied quantum state
(Fermi energy) of the system is higher in AcSi3 , i.e.
the average velocity of electrons will be higher with
binding energy 5.99 eV. The values of binding energy
of the systems have also been presented in table 1. The
binding energy value is higher in activated carbon (AC)
and smaller in AcSi1 , i.e. a small amount of energy is
required to split AcSi1 into its basic constituents carbon
and silicon atoms. Binding energy of the silicon-doped
activated carbon sheets is calculated by the following
equation:
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Figure 3. COOP analysis of (a) AC, (b) AcSi1 , (c) AcSi2 and (d) AcSi3 .

Binding energy (E b ) = E t (Ac) − E t (Ac-Sin )
−n E t (Si),

(1)

where E t (Ac), E t (Ac-Sin ) and E t (Si) are total equilibrium energies of the AC sheet, pristine sheet doped with
silicon atoms and individual silicon atom respectively,
n represents the number of doped silicon atoms.
The result of the projected densities of states (PDOS)
in figure 2a shows high peaks of 2p orbital electrons of
carbon atoms in the valence and conduction bands. 2s
orbital electrons have high peaks around the Fermi level
(0 eV) and in the conduction band. In figure 2b, the density of states is symmetrically found around the Fermi
level and 2p orbital electrons are showing a higher peak
than 2s electrons of carbon atoms at Fermi level. A similar pattern is observed in the case of 3p and 3s orbital
electrons of Si atom. Similar distribution of orbital electrons is found in figures 2c and 2d with 2Si/3Si-doped
atoms in the AC sheet. There is s–p hybridisation in all
the systems without and with Si atoms.
The crystal orbital overlap population (COOP) analysis is shown in figure 3. Negative Y -axis shows
antibonding and positive Y -axis shows bonding molecular orbital states. The resultant antibonding states are
due to the overlapping of C2s-C2s, C2s-C2p, C2pC2p, Si3p-C2p, Si3p-C2s, Si3s-C2p, Si3s-C2s atomic

orbitals. High peaks of antibonding states are found
in AC due to the overlapping of orbital wave functions of C2s-C2s atomic orbital (shown in figure 3a).
In figure 3b, the Si3p-C2s orbital also indicates a
high peak, but its value is less than the peak found
in AC system. On comparing with Si-doped systems,
the strength of the antibonding states are more than
that of the bonding orbitals states. Hence, it reduces
the crystallinity of AcSi3 and increases the amorphicity.
Since antibonding electrons are weakly bound to
the molecules, they possibly can contribute a lot in
the transport properties of the materials (viz. concentration of electrons, mobility, diffusion and conduction of electrons) compared to the bonding electrons [34]. Therefore, we can say that by increasing the doping of Si atoms in the AC sheet, transport property parameters of the doped systems are
reduced to some extent. In AcSi3 , parameters of transport properties will be a little higher than the single
and double Si-doped pristine sheet. COOP analysis
also exhibits s–p hybridisation between the atomic
orbital.
The difference between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) is known as the forbidden energy gap
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Figure 4. Energy band diagrams of (a) AC, (b) AcSi1 , (c) AcSi2 and (d) AcSi3 .

(E g ) and it plays a significant role in the conduction process [35,36]. The charge transport properties of
molecules depend on the forbidden energy gap. Hence,
it is essential to examine the variations in the forbidden
energy gap and molecular orbital energy level [37–39].
The Fermi energy level of all the systems is located at
0 eV along the Y -axis. The energy band diagrams of
AC and silicon-doped systems along G–Y direction are
shown in figures 4a–4d. In figure 4a, the lowest energy
level of the conduction band and the highest energy level
of the valence band appears between points G and R,
which is observed at 0.58 eV indirect energy gap for
the AC sheet. The forbidden energy gap for AcSi1 is
observed at 0.29 eV, which is showing a small indirect
energy gap between the points U and V (figure 4b). Similarly, in the case of AcSi2 the value of E g is observed
to be 0.19 eV between points U and V (figure 4c). In
AcSi3 , there is an overlapping of valence and conduction bands, which causes higher electrical conductivity
than AC sheet, because there is an indirect zero gap
between points G and Y (figure 4d). Thus, it is clear that
when the number of doped silicon atoms increases in
AC sheet, the band-gap energy reduces by 0.58 eV to 0

eV and enhances the electronic properties. In the previous study, it has also been reported that AC behaves as
a semiconductor material [40].
With this analysis, we can say that AcSi3 sheets
exhibit metallic nature, and AcSi1 and AcSi2 sheets
exhibit semiconducting nature with a very small forbidden energy gap. This analysis also supports the
outcomes of COOP analysis.
4. Conclusions
A theoretical study has been performed on the structural and electronic properties of the activated carbon
sheet with the doping of silicon atom. The structural properties show that by replacing carbon atoms
by Si atoms at the centre of the activated carbon
sheet, the depth at the centre of the sheet gradually
increases and consequently the total width and bond
lengths also change. AC and AcSi3 have higher binding energy, but AcSi1 and AcSi2 systems have lower
binding energy. The result of the projected density of
states explains s–p hybridisation in all the systems. The
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result of COOP analysis shows the strength of antibonding states in all the systems. Hence, there is a
probability of a little higher values of transport properties in AcSi3 sheets than in AcSi1 and AcSi2 sheets.
The energy band diagrams reveal the metallic nature
of AcSi3 sheets, and semiconducting nature of AcSi1
and AcSi2 sheets with very small forbidden energy
gaps.
Acknowledgements
Authors acknowledge University Grants Commission
(UGC), New Delhi, India for a research fellowship
[34009/(NET-DEC.2014)].
References
[1] H Ohenb Marsh and F Rodringuez-Reinoso, Activated
carbon (Elsevier, 2006)
[2] L Cermakova, I Kopecka, M Pivokonsky, L Pivokonska
and V Janda, Sep. Purif. Technol. 173, 330 (2017)
[3] K L L Rees, J S J Van Deventer and R C Dume, Surfaces
Miner. Eng. 14, 728 (2001)
[4] H Yuan, Q Jiao, S Zhang, Y Zhao, Q Wu and H Li, J.
Power Sources 325, 417 (2016)
[5] H Zhang, I M Ritchie and S R La Brooy, Hydrometallur.
72, 291 (2004)
[6] Y Wang, W Shi, S Wang, C Li, M Qian, J Chen and R
Huang, Carbon 108, 146 (2016)
[7] K Qi, R Selvaraj, T A Fahdi, S Al-Kindy, Y Kim, G C
Wang, C W Tai and M Sillanpaa, Appl. Surf. Sci. 387,
750 (2016)
[8] Y Shao, J Xiao, W Wang, M Engelhard, X Chen, Z Nie,
M Gu, L V Saraf, G Exarhos, J G Zhang and J Liu, Nano
Lett. 13, 3909 (2013)
[9] S Y Kim and B H Kim, J. Power Sources 328, 219 (2016)
[10] S Gao, L Zhu, L Liiu, A Gao, F Liao and M Shao, Electrochim. Acta 191, 908 (2016)
[11] W K Chee, H N Lim, Z Zainal, N M Huang, I Harrison
and Y Andou, J. Phys. Chem. C 120, 4153 (2016)
[12] X Yue, W Sun, J Zhang, F Wang, Y Yang, C Lu, Z Wang,
D Rooney and K Sun, J. Power Sources 331, 10 (2016)
[13] A P Terzyk, S Furmaniak, P A Gauden, P J F Harris, J
Wloch, P Kowalczyk and G Rychlicki, J. Phys. Condens.
Matter 19, 406208 (2007)
[14] D Savova, E Apak, E Ekinci, F Yardim, N Petrov, T Budinova, M Razvigorova and V Minkov, Biomass Bioenerg.
21, 133 (2001)
[15] K Li, Y Li and Z Zheng, J. Hazard. Mater. 178, 553
(2010)

Pramana – J. Phys.

(2022) 96:32

[16] F Rozada, L F Calvo, A I Garcia, J Martin-Villacorta
and M Otero, Dye Biosource Technol. 87, 221 (2003)
[17] N Petrov, T Budinova, M Razvigorova, J Parra and P
Galiatsatou, Biomass Bio-Energ. 32, 1303 (2008)
[18] P Sugumaran, V Priya Susan, P Ravicharan and J
Seshadri, Energ. Environ. 3, 125 (2012)
[19] F Derbyshire, M Jagtoyen and M Thwaites Activated
carbon production and applications, Porosity in carbons
edited by J W Patrick (Edward Arnolds, London, UK,
1995) pp. 228–239
[20] W Tongpoothorn, M Sriuttha, P Homchan, S Chanthai,
and C Ruangviriyachai, Chem. Eng. Res. Des. 89, 335
(2011)
[21] W Bae, J Kim and J J Chung, J. Air Waste Manage.
Assoc. 64, 879 (2014)
[22] O Ioannidou and A Zabaniotou, Renew. Sustain. Energy
Rev. 11, 1966 (2007)
[23] Y Xu and D D L Chung, Carbon 39, 1995 (2001)
[24] M Z Alam, E S Ameem, S A Muyibi and N A Kabbashi,
Chem. Eng. J. 155, 191 (2009)
[25] R Kumar, A Kumar, B K Rao, A K Srivastava, M L
Verma and N Misra, Carbon Lett. 31, 483 (2021)
[26] E Artacho, J M Cela, J D Gale, A Garcia, J Junquera, R
M Martin, P Ordejon, D S Portal and J M Soler, SIESTA
3.1 (2011)
[27] http://www.uam.es/siesta
[28] R Kumar, A Kumar and N Misra, AIP Conf. Proc. 2220,
020160 (2020)
[29] R Q Zhang, Q Z Zhang and M W Zhao, Theor. Chem.
Acc. 112, 158 (2004)
[30] J Junquera, O Paz, D S Portal and E Artacho, Phys. Rev.
B 64, 235111 (2001)
[31] C Shen , J Wang, Z Tang, H Wang, H Lian, J Zhang and
C Cao, Electrochim. Acta 54, 3490 (2009)
[32] S Perry, E Hambly, T Fletcher, M Solum and R Pugmire,
Proc. Combust. Inst. 28, 2313 (2000)
[33] S Ghosh and V Padmanabhan, Int. J. Hydrogen Energy
42, 24237 (2017)
[34] T Minami, A Hayashi and M Tatsumisago, Solid Stat
Ion. 177, 2715 (2006)
[35] K Selvaraju, M Jothi and P Kumaradhas, J. Comput.
Theor. Nanosci. 10, 357 (2013)
[36] A Shafiee, M M Salleh and M Yahaya, Sains. Malays.
40, 173 (2011)
[37] P I Djurovich, E I Mayo, S R Forest and M E Thompson,
Org. Elect. 10, 515 (2009)
[38] T Rangel, G M Rignanese and V Olevano, Beilstein J.
Nanotechnol. 6, 1247 (2015)
[39] V Balachandran, A Lakshmi and A Janaki, J. Mol.
Struct. 1006, 395 (2011)
[40] I V Gala, J J López-Penalver, M Sánchez-Polo and J
Rivera-Utrilla, Appl. Catal. B: Environ. 142, 694 (2013)

