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Abstract

An ab initio density functional theory (DFT) is employed to explore the effect of adsorption of SOz and HaS gases
on gold-doped small diameter (5,0) zig-zag single-walled carbon nanotubes. Au-SWCNT nanostructures are
extremely sensitive to the presence of both SOz and HaS gases. Charge is transferred from the Au-SWCNT to the
SOz upon the adsorption of the gas molecules onto the Au-SWCNTSs surface. There is a decrease in the energy
bandgap of the Au-SWCNT. As a consequence, the electrical conductivity of Au-SWCNTs/SO; is extremely
enhanced. On the contrary, the adsorption of H»S gas onto the surface of the gold-doped nanotube provokes
charge transfer from HoS to the Au-SWCNT. Another interesting observation is that the energy bandgap of Au-
SWCNT increases upon the adsorption of the H2S gas molecules onto the Au-SWCNT surface, thereby decreasing
the electrical conductivity of the Au-SWCNT/H-zS nanostructure.
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1.0 Introduction

One of the most cherished applications of carbon nanotubes discovered by Iijima in 1991 [lijima, 1991] is CNT-
based gas sensors. CNT sensors exhibit a faster response, higher sensitivity, smaller size and lower working
temperatures [Zhang ez al., 2000], CNT sensors can successfully detect a variety of gases [Kong et al., 2000; Li ez
al., 2003; Novak ¢z al., 2003; Chen and Wang, 2006; Wang ez al., 2007]. These characteristics are some of the merits
of CNT sensors over the traditional gas sensors. Additionally, studies have shown that gold nanoparticles have a
high sensitivity, good electrical conductivity and excellent catalytic activity [Daniel and Astruc, 2004; Zhang ez a/,
2005; Tansil and Gao, 2006; Thaxton ef al., 2006]. To a very large extent, nowadays, gold is being used to modify
and improve the intrinsic characteristics of CNTs.

Syed et. al [Mubeen ¢ af., 2009] have vividly shown in their studies that Au-nanoparticle-modified single-walled
carbon nanotube (SWCNTS) sensors have a good sensitivity to HoS at room temperature. Penza ez, a/ [Penza ef ai,
2007] have pointed out that Pt- and Au-functionalized CNT's are more sensitive by an order of magnitude for NH3
and NO: detection and that the response time of the sensor was reduced. It was reported in Ref. [Zanolli et al.,
2011] that there was gigantic charge transfer in the process of adsorption of NO» and CO on Au-modified CNTs.
The Fermi level, “Er, of the nanotube was also noted to have altered accordingly.

In recent years, [Butler ¢f al., 2013] carbon nanomaterial, graphene due to its excellent properties of being highly
sensitive to the detection of plethora of gas molecules, large sensing area per unit volume, low electronic
temperature noise, fast response time and high chemical stability [Schedin ez @/, 2007; He e/ al., 2012] has become
prominent in gas sensor applications. 2D nanomaterials have excellent surface-to-volume ratio, large
accompanying charge transfer between gas molecules and associated substrates.

Gallium nitride (GaN) nanomaterials are also good candidates for gas sensors because they have outstanding
electronic properties [Chitara ez al., 2010; Barth ez a/l., 2010; Pearton ez al., 2010; Abdulsattar ez a/., 2016; Khan and
Srivastava 2016; Cui ez al., 2017; Yong et al., 2016; Baik et al., 2017]. It has been shown theoretically in Ref. [Cui ez
al., 2017] that Gai2Ni2 nanoclusters are potentially good NO, NO2 and HCN gas sensors. In Ref. [Yong ez al,
2016], it has been demonstrated that cluster-assembled nanowires based on the GappNia cluster can be an
appropriate gas sensor for CO, NO and NO; detection.

Chemical sensors based on single-walled carbon nanotubes (SWCNTSs) are the most efficient techniques for
detecting gaseous molecules [Snow e al, 2005]. Chemical sensors based on SWCNTs are for detecting
contaminant and gaseous molecules, characterized” with a fast response time, high sensitivity and small size at
room temperature [Jhi ez al, 2000]. In Refs. [Zhou ez al., 2010; Yoosefian et al., 2014], adsorption of CH4, CH3OH,
SOz and CO molecules on Pd-doped (5,5) SWCNTSs (Pd/SWCNTSs) have been explored. Due to its strong binding
energy and large charge transfer effects, Pd/SWCNTs, exhibited high sensitivity to these molecules. Besides Pd
nanoparticles, Pt nanoparticles were also used to functionalize multi-walled carbon nanotubes as excellent room-
temperature hydrogen sensors [Star e/ al, 2006; Kumar e al., 2006; Kaniyoor ef al., 2009]. It has been shown in
Refs. [Yeung ¢t al., 2008; Yeung et al., 2007] that electronic structures of gas—Pt/CNTs complexes are powerfully
affected by the presence of NO, NH3, N, CO, CHz, CoHy and Ho gases.

Adsorption of CHs4, CH30H, SO; and CO molecules on Pd-doped (5,5) SWCNTs (Pd/SWCNTs) have been
explored [Zhou ef al., 2010; Yoosefian ef al., 2014]. The current work seeks to employ first-principles calculations
procedures to explore the effects of adsorption of SO2 and HaS gases on gold-doped small diameter (5,0) zig-zag
single-walled carbon nanotubes.

2.0 Methodology

In this work, “ab initio calculations within the density functional theory (DFT) method using the plane wave basis
sets implemented in the Quantum Espresso code [Giannozzi ef al., 2017] has been employed. The generalized
gradient approximation in the Perdew, Burke and Ernzerhof (PBE) form with van der Waals (vdW) correction, as
proposed by Tkatchenko and Scheffler (TS method)” [Tkatchenko and Scheffler, 2009], was chosen to describe
the exchange—correlation energy function. “Grimme van der Waals (vdW) dispersion correction is a necessaty tool
to account for the adverse effects of dispersion forces. We use the ultrasoft pseudopotentials [Rappe ez af., 1990]
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in modelling the interactions between the ions and electrons with Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [Perdew e7 a/., 1996]. The Methfessel-Paxton smearing technique is used in the smearing of
occupation numbers with Gaussian broadening of up to 0.001 Ry [Bjorkman and Granas, 2011].

We adopt the supercell model for (5,0) SWCNT where the nanotube is infinite and continuous. Our supercell
consists of a semiconducting zigzag (5,0) SWCNT and molecular SOz and H»S gases. A zigzag (5,0) SWCNT is
chosen because of its semiconducting property and small diameter size in order to minimize the computational
cost. A plane wave energy cutoff of 30 Ry is used and periodic boundary conditions ate applied. The supercell is
oriented along the x-axis and unit cell geometry with a vacuum space of 14 A thick in both y- and z-directions are
allowed to ensure negligible interactions between the tube and its periodic images with a supercell lattice parameter
of 7.849 A. The structure is optimized with the Broyden-Fletcher Goldfarb-Shanno (BFGS) method [Fletcher,
1987]. Next, we sample with a I'-centred 5x1x1 Monkhorst-Pack scheme [Monkhorst and Pack, 1976] k-point
grid. This is followed by fine 9x1x1 grids for a non-self-consistent field (NSCF) calculations to determine
quantized energy levels and Fermi energy for band structure calculations in the Gamma-Z direction along the tube
axis, charge density analysis, projected density of electronic states (DOS) and partial density of electronic states
(PDOS).

3.0 Results and Discussions

3.1 Geometry Structure of the Nanostructure Models

@) ()

o _» "

Figure 1. Optimized geometric structures of (a) Au-SWCNT/ SOz, (b) Au-SWCNT/HsS nanostructures with a nanotube
diameter of 3.917 A with Au-SWCNT/SO; and Au-SWCNT/H,S separations distance of ~ 2.691 A and 2.524 A
respectively.

The structural geometry and stability of SOz and HaS gases interacting with gold-doped small diameter (5,0) zig-zag
single-walled carbon nanotubes as a composite model in a supercell structure has been studied. We have examined
different structural geometries and stability of SO2 and HS molecular gases interacting with Au-SWCNTs. The
SOz and HoS molecules have been aligned parallel to the Au-SWCNTs along with their side groups towards
and/or away from the Au-SWCNTs. Other structural combinations and otientations notably with the SOz and
H>S molecules curved around the gold-doped nanotube and by flipping the SO2 and H»S molecules through 180°
about their centres have been considered in order to determine the preferred otientations of the Au-SWCNT/SO;
and Au-SWCNT/HzS nanostructure geometries. It has been found that the SOz and H»S molecules prefer to align
with their side groups pointing away from the Au-SWCNTs. We have noted that the enthalpy of formations for
these particular structural arrangements are lower than that of all other orientations examined. These are therefore
energetically more stable and favorable. These orientations are therefore used for this study (Figure 1). The
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molecular structures of Au-SWCNT/SO; and Au-SWCNT/HoS composites shown in Figure 1 are similar to the
stable orientation models reported in literature, [Xiaoxing e¢# al., 2014|. Figures 1(a & b) show the views of the
optimized geometric” structures of Au-SWCNT/SO:2 and Au-SWCNT/H2S nanostructure composites. The
enthalpies of formation for the two configurations are low compare to similar structures in literature, therefore,
energetically stable. Additionally, the negative formation energies imply the configurations (see Fig. 1) ate
thermodynamically favorable for studies. This closely agrees with the results obtained in Ref. [Yoosefian ez af,
2015].

The optimized structures give Au-SWCNT/SO2 and “Au-SWCNT/H.S interaction distances of ~ 2.691 A and
2.524 A respectively with a nanotube of diameter 3.917 A. The interlayer distances calculated are slightly shorter
than the interlayer separations in graphite (ca. 3.35 A). The reason for the shorter distances of interactions in our
nanostructures could be due to the presence of other functional groups on the Au-SWCNT/SO; and Au-
SWCNT/HaS nanostructure composites hence making them polar towards the nanotube during interaction.

Relative to the adsorption distances of ~ 2.691 A and 2.524 A, we calculated the adsorption energies, Eqq, for the
Au-SWCNT/SOz and Au-SWCNT/H;S nanostructure models in this case to be —1.271 and —1.349 respectively.

The adsorption energies, E,4, are determined from the relation:

Eqq = (EAu—SWCNT/SOZ — Equ-swenr — Esoz) 1

where Epy_swent/so,» Eau—swents Eso, represent the total ground-state energy of the Eay_swent/so,
nanostructure, the total energy of E4y,_swenr, the total energy of Egp, respectively and similar procedures for Au-
SWCNT/HsS nanostructure. Quantum Espresso code reports the value of dispersion contribution to total energy
for every step during the geometry optimization process. Accordingly, the dispersion contribution to adsorption
energy is determined using Equation 1 above, by replacing the terms on the right-hand side with the dispersion
contribution quantities for the converged geometry of each structure.

3.2 Electronic Properties

The electronic band structures at high-symmetry k-points for Au-SWCNT/SO: and Au-SWCNT/HzS
nanostructure models are shown in Figure 2. The calculated band gaps for the three nanostructures, Figures 2 (a, b
& ¢), are 0.163 eV, 0.238 eV and 0.318 eV respectively.

Since GGA calculations tend to underestimate energy band-gaps of materials, there is a possibility that our
currently calculated band-gap energies may not be exact in comparison to the experimental values. However, this
difference may not be too significant but the origin could be attributed to the fact that, the exact form of the
exchange correlation used is unknown. The band gaps occur due to mixed hybridization of valence states of O and
Au with that of C atoms in the respective nanostructures.
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Figure 2. Calenlated band structures at bigh-symmetry k-points of the gold-doped nanotube with fermi energy level set at zero
for: (a) Au-SWCNT/SO2, (b) Au-SWCNT, (c) Au-SWCNT/H>S nanostructutes respectively.
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Figure 3. Projected electronic density of states (DOS) for the gold-doped nanotube with fermi energy level set at zero for: (a)
Au-SWCNT/SOz, (b) Au-SWCNT/HsS nanostructutes respectively.
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Figure 4. Partial electronic density of states (p-DOS) for the gold-doped nanotubes with fermi energy level set at zero for: (a)

Au-SWCNT/SO2, (b) Au-SWCNT/H;S nanostructures.
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Figure 5. Total DOS (+-DOS) and projected electronic density of states (DOS) for: (a) Au-SWCNT/ SOz, (b) Au-
SWCNT/ H:S nanostructures superimposed.

Upon further analysis of the electronic band structure plots, Figures 2(a, b & ¢), it is found out that these

nanostructures are narrow and direct band gap materials with band gap values of 0.163, 0.238 and 0.318 ¢V, with

the valance band and conduction band located at the high-symmetry k-points. This then makes them good

candidates for photo physical applications because they are preferred materials for the fabrication of optoelectronic

devices. These new materials have tunable band gaps and may find applications in various fields and are promising

candidates to facilitate the development of band gap engineering for applications in infrared optoelectronics,
nanoelectronics as well as gas sensors. By matching the band structures of (5,0) SWCNT and Au-SWCNTs with
the new modelled nanostructures it is revealed that the new bands are formed as a result of the hybridization of the

O-p and Au-d orbital states in the modelled nanostructures.
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We further analyze the nature of interactions and origin of energy gaps in these nanostructures by way of plotting
the projected electronic density of states (DOS), total DOS (t-DOS) and partial DOS (p-DOS) of the individual
Au-SWCNT/SO; and Au-SWCNT/HzS nanostructures in Figures 3, 4 and 5 respectively. For compatison, the
Fermi energy, Er, level was set as zero on the energy scale of the energy band-gap, E.g., between the occupied
atomic orbitals and the empty atomic bands and same for the DOS, which are shown in Figures 3, 4 and 5. The
total and partial electron density of states (t-DOS and p-DOS) plainly reveal that, the portion of DOS below -2 eV
is due to Au and C atoms even though larger proportion of the contributions is coming from Au atoms only
(Figure 4a). The central portion which is above -2 eV is due to the contributions from O and Au atoms in addition
to the contribution of C atoms (Figure 4a). In Figure 4b, the portion of DOS below -2 eV is due to Au, C and S
atoms even though larger proportion of the contributions is coming from Au atoms only. The central portion
which is above -2 €V is due to the contributions from Au atoms in addition to the contribution of S atoms. The
Figures 3, 4 and 5 show only positive contributions to the total and partial density of states of electrons for the Au-
SWCNT/SO; and Au-SWCNT/H:S nanostructures.
Upon the visualization of the atomic orbitals, we note that the DOS near the energy gaps is essentially of p,
electronic character manifestations of the anti-bonding and bonding of O atoms hybridizing with those of p, states
of gold and carbon atoms, (Figure 4a). From the p-DOS shown in Figure 4a, it can be seen that, the p-orbitals of
oxygen and also p-orbitals of gold are the dominant class of contributors to the valence bands and the conduction
band includes p-orbitals of carbon. Hence, both top of fully filled bands and the bottom of unoccupied bands are
influenced by p-orbital states of oxygen, gold and carbon atoms resulting in the non-covalent n-stacking in Au-
SWCNT/SO2 and Au-SWCNT/H:S nanostructure stackings as seen in Figures 1(a & b). In Figure 4b, the d-
orbitals of gold are the dominant class of contributors to both valence and conduction bands.
3.3 Lowdin Charge Transfer Analysis
Using Léwdin charge transfer method [Léwdin 1950; Lowdin 1970], we calculated the average charge lost by
gold and carbon species to be 0.15¢ and 0.04e respectively as shown in Table 1. We computed the average charge
gained by sulphur and oxygen atoms as 0.89¢ and 0.78e respectively also shown in the table. Next, we expressed
the atoms involved in Au-SWCNT in the form Au,C,, and that of the SO as S, 0y, where x, y, 7 and 7 are the
number of atoms involved. We then multiplied the average charge lost by C in Au-SWCNT by y, added it to the
average charge lost by Au multiplied by x, this then gave us the total charge lost by Au-SWCNT. We multiplied
the average charge gained by S by 7, added it to the charge gained by O multiplied by 7. The algebraic sum of these
two processes gave us the charge transferred from the Au-SWCNT to the SOz. This analysis confirms that there is
charge distribution involving gold, carbon, sulphur and oxygen atoms. In effect, there is charge transfer of 2.45¢
from Au-SWCNT to the SO,. The values presented in Table 1 are the average values for the specific sites. The
spilling parameter of approximately 0.08Ge is not assigned to any atom by Lowdin method. Following similar
procedures, there is a charge transfer of about 2.47¢ from HaS to the Au-SWCNT nanostructure as depicted in
Table 2.

Table 1: Calculation of charge transfer for Au-SWCNT/SO; using Lowdin charge analysis.

Neutral Valence Average Average Charge
Atom Electron (e) charge (e) lost/gain (e)”
S 6.00 6.89 0.89%
O 6.00 6.78 0.78*
Au 1.00 0.85 0.15-
C 4.00 3.96 0.04~

Key: electron lost/gain = —/+
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Table 2: Calculation of charge transfer for Au-SWCNT/HsS using Lowdin charge analysis.

Neutral Valence Average Average Charge
Atom Electron (e) charge (e) lost/gain (e)
H 1.00 0.18 0.82~
S 6.00 5.17 0.83
Au 1.00 1.65 0.65*
C 4.00 4.03 0.03*

Key: electron lost/gain = —/+

4.0 Conclusion

In conclusion, using first-principles calculations based on density functional theoty, the effect of adsorption of gas
molecules, SOz and HaS on the “Au-SWCNT nanostructure surface have been explored. We have obtained the
adsorption geometries, adsorption energies, charge transfer and electronic properties of each molecule on the Au-
SWCNT nanostructure. It is found that SO and H>S gas molecules are chemisorbed on the Au-SWCNT
nanostructures. As a result of the adsorption of SOz and HzS molecules, the electronic properties of the Au-
SWCNT nanostructures exhibit remarkable phenomenal transformations, especially regarding their electrical
conductivities. For the appreciable adsorption energies, the change in the electrical conductivity and the evident
charge transfer, Au-SWCN'T nanostructures can be used as a good sensor to detect” the presence of both SO and
H»S in the environment. The bandgap of Au-SWCNT nanostructures can be deliberately tuned leading to
promising bandgap engineering candidate for applications in infrared optoelectronics, nanoelectronics as well as
gas sensors.
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