Bulgarian Chemical Communications, Volume 46, Number 3 (pp. 576 — 579) 2014

Adsorption of toxic gases by an open nanocone coupled with an iron atom
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Density functional theory (DFT) calculations were used in order to study the adsorption of some toxic gases in the
air by an open nanocone coupled with an iron atom (FeCNC). The BSSE (basis set superposition error) counterpoise
correction (CP) was included during the geometry optimization for all systems. The results indicated that the effect of
inclusion of BSSE-CP correction during the optimization is very important in the adsorption of some toxic gases by

FeCNC.
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INTRODUCTION

Carbon nanotubes (CNTs) have attracted
considerable interest since their discovery by
lijima [1]. These nanomaterials have quickly
developed into some of the most fundamental
structures in nanotechnology and nanoscience
due to their specific structures and unique
properties. Many promising applications,
including energy storage, nanoelectronic
devices, chemical probes, biosensors, gas
sensors, etc., have been reported in the
literature  [2-4]. In recent years, the
investigation of the adsorption of different
gases on CNTSs has been found to be one of the
most momentous subjects, and a number of
researches have been performed on these
systems [5,6]. For example, the physisorption
of He, Ne, Ar, Kr, Xe and CHa in cylindrical
pores, single-walled carbon  nanotubes
(SWNTs) and SWNT bundles has been
inspected both experimentally and theoretically
[7-17]. In addition to carbon nanotubes, a new
form of carbon nanostructure, namely, carbon
nanocone (CNC) has been discovered wherein
a single pentagonal ring or community of
nearly pentagonal rings defines a conical apex
[18-21], i.e., a single walled carbon nanocone
(SWNC) consists of a single layer of graphene
sheet twisted into a cone. The cones can be
classified by their disclination angle, which is
defined as the angle of the sector removed from

* To whom all correspondence should be sent:
E-mail: Hadizadeh.mh@gmail.com

the flat sheet to form a cone [22]. CNCs with a
disclination angle of 19°, 39°, 60°, 85° and
113° have been detected in the carbon samples
in the pyrolysis of hydrocarbons [23]. Both
SWNTs and SWNCs are tube-like made of
single graphene sheets with hollow spaces
inside. The SWNCs have larger internal pore
space and surface area than SWNTs, and
therefore gas storage on CNCs has some
advantages compared with that in CNTs [24].
These materials are useful for many practical
applications, such as gas storage and adsorption
processes [21].

Within this work, density functional theory
(DFT) calculations are performed to investigate
the electronic and structural properties of a
representative model of FeCNC. To this aim,
the structural models of FeCNC with toxic
gases were optimized to reach the minimum
energy levels (Fig.1). The subsequent
adsorption energy between FeCNC and the
toxic gases was investigated. The adsorption
energy was calculated at the same level with
and without correction for the basis set
superposition error (BSSE) using the Boys-
Bernardi counterpoise (CP) technique [25].

COMPUTATIONAL DETAILS

The main model of this work is a conical
structure with 39° disclination angle, in which
the apex tips are saturated by iron atoms. A
number of toxic gases in the air (carbon
monoxide, carbon dioxide, chlorine, carbonyl
chloride, hydrogen sulfide, sulfur dioxide,
cyanogen) each one separately, were adsorbed
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on the structure of an open nanocone coupled
with the iron atom (Fig. 1).

Fig. 1. Optimized absorptive structures of FeCNC
with: (3) CO (b) CO; (c) H2S (d) COCl; () Cl (f) C2N,
(g) SO

All calculations were performed using the
Gaussian 98 plan package [26]. GaussView
3.07 [27] was utilized to build molecular
structures, display  molecular  geometry
convergence and generate molecular graphics
of all related species. The full geometry
optimizations of all complexes were carried out

using density functional theory (DFT) with the
Beck’s three parameter hybrid functional (B3)
with the Lee-Yang-Parr correlation functional
(LYP) called as B3LYP [28,29] with the basis
set LANL2DZ [30]. For comparison, the two-
layered ONIOM hybrid method [31] of
calculations was also attempted.

The  two-layered ONIOM(B3LYP/6-
311++G(d,p):B3LYP/LANL2DZ)  approach
applied on the structure of FeCNC with toxic
gases, two sections of CNC/toxic gas and iron
atom were treated as the high and low levels of
theory, respectively. The following relations
were used in order to investigate the adsorption
energy of toxic gases in the air by FeCNC :

Et(llb)s:EFeCNC'gaS — Ecne — Ere— Egas 1)
Et(lzb)sz EFeCNC-gas - EFeCNC - Egas (2)

RESULTS AND DISCUSSION

Based on the results calculated from Eqgs.(1)
and (2), it can be concluded that the amount of
adsorbed sulfur dioxide is higher than that of
other gases, but there is an important difference

between the quantities of ES,)S and Efli)s in spite

of the fact that the two systems are not very
different (Table 1).

Table 1. The distance between FeCNC and toxic gases (D), bond length of toxic gas solely (L), bond length of adsorbed
toxic gase (L/), uncorrected adsorption energy ( E®,E®) and corrected adsorption energy ( E*®,E*?)

Systen b Lt U Eap Eqp Eqps Eqpe
FeCNC-CO 2065 1187 1.212 -0.3295 -0.0419 -0.2141 -0.0087
FeCNC-CO; 1989 1227 1.235 -0.3322 -0.0446 -0.2303 -0.0075
FeCNC-CI2 2247 2294 4442 -0.4373 -0.1497 -0.3545 -0.1317

FeCNC-COCl; 2095 1965 3.018 -0.4098 -0.1222 -0.2772 -0.0544
FeCNC-H2S 2631 1447 1441 -0.3036 -0.016 -0.2342 -0.0114
FeCNC-SO2 1821 1735 1.830 -0.4451 -0.1575 -0.3016 -0.0788
FeCNC-C2N; 1903 1160 1.264 -0.3400 -0.0524 -0.2365 -0.0137

This shows that in the hybrid systems, there
IS an important effect of the basis set of a
molecule on the basis set of another molecule.

So at a closer look it can be said that such an
interpretation of adsorption may not be true
because the interaction energy between an open
nanocone with an iron atom and the toxic gas
molecules is ignored. Therefore, in order to
assess the basis set superposition error (BSSE)
correction and its impact on the amount of
energy changes during adsorption, the Boys-

Bernardi counterpoise (CP) technique [25] was
used. The quantities of absorbed energy with
respect to interaction energy, named corrected
adsorption energy, are listed in Table 1. In
addition, the difference between corrected
adsorption energy E*® and E*® is less than
the difference between uncorrected adsorption
energy EW and E® for each of the systems. So,
based on the interaction energy between open
nanocone, iron atom and toxic gases, the
chlorine molecule has maximum adsorption
(Fig. 2).
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Fig. 2. Uncorrected adsorption energy E® (series 1), E@
(series 2) and corrected adsorption energy E*® (series
3), E*® (series 4): (1) FeCNC-CO (2) FeCNC-CO:; (3)
FeCNC-Cl, (4) FeCNC-COCI, (5) FeCNC-H.S (6)
FeCNC-SO; (7) FeCNC-C2N;

After adsorption by FeCNC, bond lengths of
toxic gas molecules were also changed, as
indicated in Table 1. Unlike other toxic gases it
was observed that the bond length of hydrogen
sulfide was reduced in consequence of its
adsorption by FeCNC, which was consistent
with the calculated results.

CONCLUSIONS

In this study the structure of open nanocone
coupled with an iron atom was investigated and
its impact on the adsorption of some of the
toxic gases in the air was assessed. The values
of the uncorrected and corrected adsorption
energy of the molecules of the toxic gases and
the FeCNC were compared. Results showed
that in the hybrid systems, there is an important
effect of the basis set of a molecule on the basis
set of another molecule. It was found that the
adsorption of chlorine gas by FECNC is better
than that of other toxic gases while carbon
monoxide has the lowest adsorption among
other gases.
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AZICOPBLIMA HA TOKCHUYHU I'A3OBE C OTBOPEH HAHOKOHYC CBbP3AH C
XEJIE3EH ATOM

M.X. Xanguzane*, M. Xamaganuax

Jenapmamenm no ¢usuxoxumus, Xumuuecku axyrmem, Yuusepcumem ¢ Kawan, Kawan, Upan

IMoctenuna Ha 25 okromBpu 2013 r.; kopurupana Ha 13 sHyapu, 2014 r.

(Pesrome)

W3non3Banu ca u34uciIeHus o Teopusira mrbTHocTHHS Gynkunonan (DFT) 3a n3cnenBanero Ha ajcopOumsaTa Ha
HSIKOM TOKCHYHH T'a30Be OT BB3/IyXa B OTBOPCH HAHOKOHYC ¢ BKItoUeH xeie3eH atoM (FeCNC). BSSE (MHOkecTBOTO
OT CYNEPIIOCUIIMOHHUTE TPEIIKH) € BKIIOYEHO IIPH ONTHUMHU3AIMATA Ha TEOMETPHSITA 3a BCHUKM cucTeMu. Pesynrartute
MOKa3BaT, 4e e(heKThT Ha BKJIIOYBAHE HA TPOTUBOBECHA KOPEKLIMS ITPH ONTUMH3ALUATA € MHOTO Ba)KEH IPH

ancopbOuumsaTa Ha TokcuuHu razose B FeCNC.
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