The catalytic performance of metal-free defected carbon catalyst
towards acetylene hydrochlorination revealed from first principle
calculations
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ABSTRACT: The defected carbon materials as a metal-free catalyst shown superior stability and catalytic performance in the
acetylene hydrochlorination reaction. Through DFT calculation, for the first time several different defected configurations comprising
mono, di-vacancies, and Stone Wales defect on single-walled carbon nanotubes (SWCNTSs) have been used as a direct catalyst for
acetylene hydrochlorination reaction. These defective sites on SWCNTSs are the most active site for acetylene hydrochlorination
reaction compared to pristine SWCNT. The different configuration of defects have different electronic structure, which specify that
mono-vacancy defect, have more states adjecent to the Fermi level. The reactant acetylene (C2Hz) adsorbed strongly than hydrogen
chloride (HCI) and expected to be the initial step of the reaction Acetylene adsorbed strongly at mono-vacancy defected SWCNT
compared to other investigated defects. The reaction pathways analysis revealed that mono- and di-vacancy defected SWCNT has a
minimum energy barriers and shows extraordinary performance towards acetylene hydrochlorination. This work suggests the
potential of metal-free defected carbon to catalyze acetylene hydrochlorination and provide a solid base for future developments in
acetylene hydrochlorination.

32, Recent research verified that these defects improve the

1. INTRODUCTION physical and chemical properties of carbon materials?®®. The
Vinyl chloride is polymerized to obtain polyvinyl chloride existence of mono and di-vacancy in SWCNT has been verified
experimentally by Krasheninnikov et al®. and Jin et al®.
Similarly, the Stone-Wales (SW) defect (5-7-7-5 configuration)

is also observed in carbon materials®®>%, The SW defects are

(PVC) which is important chemicals to manufacture
engineering plastics:®. Moreover, acetylene hydrochlorination

is the most important chemical process for obtained vinyl

chloride. The industrial catalyst used worldwide for acetylene deliberately constructing into carbon materials to obtained

it H ih37
hydrochlorination is supported mercury. However, mercury is a positive functionality™.

In this research by applying first principles, DFT calculations
we for the first time use defected SWCNT catalyst that

toxic material to human health and environment'3. Recently the

use of mercury in the PVC industry has been banned in the

Minamata accord signed in Japan®®, Therefore, the exploration illustrated exceptional catalytic performance for acetylene

of less expansive and most active catalysts to replace mercury hydrochlorination reaction. We have studied three kinds of

is an important task.

The nanostructured carbon (NC) for example carbon
nanotube, graphene, and nanodiamond are reported to be active
metal-free catalysts in several catalytic reactions such as
oxidative dehydrogenation®**, oxygen reduction reaction'>8,
and CO: electoreduction reaction etc’®?2, Moreover, with
doping or creating defects, we can further tune the properties of
these carbon materials®*28, Vacancies in carbon materials are
the most active sites for reactant molecules adsorption.
SWCNTSs and graphene have different types of defects like
vacancies, dangling bonding, and Stone-Wales (SW) defects?®
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defects in SWCNTSs, i.e., a SW defect (i.e., a 5-7-7-5 defect
formed by bond-rotation), a mono-vacancy (i.e., missing a
single C-atom), and di-vacancy (i.e., missing two C-atoms). The
interactions between reactants molecules i.e., acetylene (C2H2),
hydrogen chloride (HCI) and the defected SWCNT are
examined. Furthermore, the reaction mechanism is explored for
acetylene hydrochlorination and the mono- and di-vacancy sites
are determined to be the most active site from the calculated
energy barrier among other defects. Our current research sheds
the light on the potential catalytic ability of metal-free defected



carbon systems towards acetylene hydrochlorination reaction in
the PVC industry.

2. COMPUTATIONAL METHODS

Density functional theory (DFT) in the form of the Vienna ab
initio simulation package (VASP)%*¥“° has been used for all
calculations. The Revised Perdew Burke Ernzerhof (RPBE)
functional has been employed to define the exchange-
correlation energy*. A 1x1x3 k-points and 400 eV energy
cutoff have been used for the optimized structures. To described
Van der Waals's corrections to the DFT calculations, we
included the DFT-D3 correction method of Grimme*2,

The adsorption energy (Eass) was calculated using the
following equation 1:

Eads = Ead-state - (Ereactants + ESWCNT) (1)

In equation 1, Ead-state, Ereactant, and Eswcnr are the total energies
of the SWCNT with reactant adsorption, the isolated C2H2 or
HCI, and the clean SWCNT respectively.

A 16 x 16 x 12 A® hexagonal supercell of SWCNTs was used
for x, y, and z-direction. SWCNTs are periodic z-direction
whereas the distance between neighboring cells is 12.5 A. For
the edge calculation, we used a finite tube of both armchair and
zigzag SWCNTSs saturated with hydrogen atoms at the edges.
The force convergence criterion was set to 0.05 eV/A in an
optimized structure. The climbing image nudged elastic band
(CI-NEB) method*® was used to find a minimum energy path
along the reaction pathways. The scheme of Bader was used for
charge analysis*“®,

3. RESULTS AND DISCUSSION

In the current research, we explore the role of metal-free
defected SWCNT for acetylene hydrochlorination reaction. We
comprehensively studied the effect of mono-, di-vacancy and
Stone wales defects in SWCNTs, which shows excellent
performance as a metal-free direct catalyst for acetylene
hydrochlorination reaction as shown in Figure 1.

Figure 1. The optimized configuration of (a) pristine, (b) mono-vacancy, (c) di-vacancy, (d) Stone Wales defect, (e) armchair edge and (f)

zigzag edge in SWCNTSs respectively. The red circle represents the defective sites in SWCNTSs.




Armchair and zigzag SWCNT saturated with hydrogen at the
open ends are also considered for edge calculation. We have
remove one hydrogen to creat a defect the edge of these
SWCNTSs.
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(d) Stone Wales defect in SWCNTS respectively. The Spin-up
(1) and spin-down (]) states indicate positive and negative

values, respectively. The Fermi level (Er) is set to zero.

Firstly, due to its unique geometry, it is expected that
electronic structures with different defects should have different
characteristics. Therefore we have calculated and plotted TDOS
of pristine, mono-vancancy defect, di-vacancy defect and Stone
Wales defect in SWCNTSs as shown in Figure 2. It is revealed
from Figure 2 that mono and di-vacancy defects in SWCNT has
more states adjacent to Fermi level compared to pristine and
Stone Wales defect. Particularly, pristine and Stone wales
defected SWCNTSs has insignificant contributing states around
the Fermi level. The electronic structure have direct influence
on the reactivity of different defects. As it is clear from Figure
S1 that the LUMO and HOMO orbitals of C2H2 are mainly
situated on the two carbons. Consequently, the C>H: adsorption
mostly taking place through the interactions between two

carbon atoms with the active center.

The comparison among defective sites in SWCNT and the
pristine site for reactants (C.H2 and HCI) adsorption and energy
barrier results excellent reactive of defective site. First, the
adsorption energy of the reactants (C2Hz and HCI) are calculated.

Table 1: List of adsorption energy (eV) and charge |Q| on
CoHz.and HCI.

Defect in | CzoHz-adsorption | |Q] on | HCI- Q] on

SWCNTs CzH2 adsorpti | HCI
on

pristine -1.1 -0.02 -0.15 +0.01

mono- -2.65 +0.2 -0.83 +0.32

vacancy

di-vacancy -1.63 +0.09 -0.3 +0.02

Stone Wales | -1.27 +0.13 -0.22 +0.014

armchair -1.97 +0.02 -0.17 +0.009

edge

Zigzag edge | -2.44 +0.03 -0.11 +0.003

Figure 2. The total density of states (TDOS) of (a) pristine
SWCNTSs, (b) mono-vacancy defect, (c) di-vacancy defect, and
3

Our DFT calculation specified that defective sites in

SWCNTSs has stronger adsorption energy compared to pristine




SWCNT. The adsorption energy of Cz2H> and HCI is listed in
Table 1. C2H2 and HCI adsorbed readily on defective sites
however, C2H> adsorption energy is stronger than HCI as it is
clear from Table 1. The corresponding structures of C2H2 and
HCI adsorbed on SWCNTSs are shown in Figure 3. From Table

litis clear that defective sites in SWCNTSs are stable adsorption
sites for C2H2 adsorption compared to pristine SWCNT.

Figure 3. Optimized structure of (a-f) C2Hz adsorption and (g-1) HCI adsorption on pristine, mono-, di-vacancy, Stone Wales defect

armchair edge and zigzag edge defected SWCNTSs respectively. The grey, white, green and magenta color represents carbon atoms in

SWCNT, hydrogen atoms, chlorine atoms and carbon atoms in acetelyne molecule respectively.

We also considered other adsorption sites for C2H2 and HCI
on these defective SWCNTSs. However, defective sites are more
stable for reatant adsorption. According to the Bader charge
analysis, the charge is transferred from C:H: to defective
SWCNT whereas in pristine SWCNT the charge is transferred
from the support to C:H.. Therefore, CoHz is a “Janus”
molecule, which can accept and donate an electron and is
consistent with previous literature study*®#’. Furthermore, it is
very important to elaborate carefully the reaction pathway on
pristine and defective SWCNTSs as shown in Figure 4. Acetylene
hydrochlorination is taking place in five steps along the reaction
path. These steps are C2Hz adsorption (shown “A” in Figure 4),
HCI interaction with CzH. (B), the activation of HCI (C), the
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product vinyl chloride formation and desorption (D, E, and F).
As it is clear from Table 1 that C2H: adsorbed strongly
compared to HCI on pristine and defective SWCNTSs therefore
the first step of reaction pathways is C2H adsorption. This step
is exothermic and is a barrier-less process, as it is clear from
Figure 4. On the next step along with this reaction process HCI,
attacks on adsorbed CzH2, which is also an exothermic process.
The bond distance between carbons in C2H2 with H, Cl, in states
B indicated in Figure 4 is listed in Table S1. In the next step,
vinyl chloride is formed by passing through the first transition
states (C, TS1). As it is clear from Figure 4 that defective,
SWCNTSs have the lowest energy barrier on this step.
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Figure 4. The reaction pathway of acetylene hydrochlorination. TS1 and TS2 signify the transition states. The zero points for
energy represents the reactants (HCI and C2Hz) in the gas phase and defected SWCNT. The adsorption energy and the barrier are

measeured in eV. The structures A, B, C, D and F on these reaction pathways are also included.

The final step of reaction path is product desorption from the C (TS1) and E (TS2) and energy barrier indicated in Figure 4

support which also needs to surmount an energy barrier (E, is listed in Table S2 and Table S3.

TS2) The bond distance between carbon in C2Hz with H, CI, in
5



Our DFT calculation clearly has shown that the product vinyl
chloride is easily desorbed from the mono and di vanancy
defected SWCNTs compared to other defective sites in
SWCNTSs. A comparison of the energy barriers for acetylene
hydrochlorination in the rate-limiting step obtained with
different catalysts is listed in Table S4 where metal-free

defected SWCNTSs has minimum energy barrier.

Hence defective sites in SWCNTs show good catalytic
performance compared to pristine SWCNTs regarding
adsorption energies and reaction barriers. Whereas, among all
defective SWCNT, mono- and di-vacancy in SWCNT shows
excellent performance towards acetylene hydrochlorination

reaction.

4. CONCLUSIONS

In this work, several different defected configurations
comprising mono-, di-vacancies, and stone wales defect on
single-walled carbon nanotubes (SWCNTS) have been used as
a direct catalyst for acetylene hydrochlorination reaction. The
defective sites in SWCNTSs are the most active site for acetylene
hydrochlorination reaction compared to pristine SWCNT. The
reactant acetylene (C:H:) adsorbed strongly than hydrogen
chloride (HCI) and expected to be the initial step of the reaction
Acetylene adsorbed strongly at mono-vacancy defected
SWCNT compared to other investigated defects. The reaction
pathways analysis revealed that mono- and di-vacancy defected
SWCNTs have a minimum energy barriers and shows
remarkable performance towards acetylene hydrochlorination.
This work suggests the potential of metal-free defected carbon
to catalyze acetylene hydrochlorination and provide a solid base
for future developments in acetylene hydrochlorination.
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