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1. Introduction 

SO2 is an important air pollutant that can readily interact 

with water molecules in the air, producing acid rain. 

Therefore, its sensing and removal, even in small 

amounts, is highly desirable [1]. Commonly, transition 

metal surfaces such as Ni [2-4], Cu[5-8], Mo [9], Ru [10], 

Pt [11], and Pd [12] are used to remove SO2 by reducing 

it to sulfur. Data indicate that these precious metals are 

capable of effectively adsorbing and dissociating SO2, but 

their high costs make it essential to explore alternative, 

cheaper catalysts. Very recently, Kumar used oxygen-

defected graphene oxide to detect low concentrations of 

SO2 [13]. It seems that modified graphene has the 

potential to replace expensive metal catalysts in the 

adsorption and decomposition of SO2.  

It has been shown that pristine graphene has a low 

adsorption energy for the SO2 molecule in the gas phase 

[14]. Luo et al. showed that the adsorption energy of SO2 

on the surface of pristine graphene is only -0.3 eV, while 

doping with N and Ti atoms increases the adsorption 

energy to -0.45 eV and -1.62 eV, respectively [15]. Dual 

doping of N and Ti further increases the adsorption energy 

of SO2 to -2.84 eV [15]. Yan et al. used the DFT-D2 

method to model the interaction of SO2 with pristine, Co-

, and Ti-doped graphene, and showed that the interaction 

energy of SO2 with graphene increases from -0.65 eV for 

pristine to -3.63 eV and -4.63 eV, for Co- and Ti-doped 

graphene, respectively [16]. These studies demonstrate 

that modification of graphene by transition metals 

enhances its interaction with the SO2 molecule. 

Louis et al. modeled M-decorated Si-doped 

graphene (with M= Cu, Ag, and Au) to trap SO2 gas [17]. 

They showed that the SO2 adsorption energy is in the 

range of -0.31 eV to -1.98 eV. The complexes are 

thermodynamically stable, with negative ΔG and negative 

ΔH. Zhang et al. modeled the adsorption of SO2 on the 
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Commonly, transition metal catalysts such as Pt and Pd are used to adsorb and 

dissociate SO2 gas. Usually, SO2 adsorption energies on these metals are in the 

range of -1.0 to -1.5 eV, and the barrier energies are in the range of +0.5 to +1.0 

eV. These small values of barrier energies cause that SO2 is readily converted to 

atomic sulfur, and the catalysts surfaces are poisoned by sulfur. In this paper, Pd- 

and Pt-doped graphene quantum dots are proposed as SO2 removal catalysts from 

flue gas emission. SO2 removal catalysts should have high barrier energy to prevent 

sulfur formation from SO2 dissociation, but have moderate SO2 adsorption energy 

to simply adsorb and desorb SO2. Using non-periodic density functional theory, the 

adsorption and dissociation of SO2 on Pd- and Pt-doped graphene quantum dots are 

investigated to test whether these catalysts are suitable for SO2 removal. The data 

show that the adsorption energies of SO2 on Pt- and Pd-doped graphene are in the 

range of -0.6 to -0.8 eV and -0.6 to -1.0 eV, respectively. However, their barrier 

energies are greater than +2.0 eV which is more than twice those on the transition 

metal surfaces. While these catalysts are good candidates for SO2 removal, they are 

not suitable for SO2 dissociation. The high barrier energies, contrary to the pristine 

transition metal surfaces, prevent the poisoning of the surfaces of the studied 

catalysts. 
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surface of the Be, Ca, Sr, and Ba-decorated double 

vacancy graphene [18]. 

In all cases, the alkaline earth metals donate electrons to 

the graphene. They showed that Ba-decorated graphene 

adsorbs SO2 more strongly than the other metals. There 

are also other theoretical studies on the adsorption of SO2 

on the surface of doped graphene  [14, 19-25]. However, 

none of these studies provide information about the barrier 

energy for SO2 dissociation. To obtain detailed 

information about the transition state (TS) structure and 

barrier energy, theoretical DFT methods are promising 

candidates. 

DFT can help us to model new non-synthesized catalysts 

to predict their electronic and geometric properties [26-

38] . In this paper, we utilized non-periodic DFT with a 

numeric basis set to investigate the adsorption and direct 

proportional dissociation of SO2 on the surface of Pt- and 

Pd-doped graphene quantum dots. We chose Pt- and Pd-

doped graphene, as literature data show that Pt and Pd 

pure metals are good candidates for SO2 adsorption and 

dissociation with low barrier energies. Various local 

minima for SO2 on the Pt- and Pd-doped graphene surface 

were identified, and their adsorption energies were 

computed. We also examined the direct dissociation of 

SO2 and SO to SO + O and S + O, respectively, and 

estimated the reaction energies and barrier energies 

involved. The paper is organized as follows: we first 

provide details on the model used, followed by a 

discussion on the geometrical and electronic structure of 

different configurations of SO2 adsorption on the 

graphene surface, and finally, we compare the dissociation 

energies and transition structure 

 

2. Computational methods 

       A 6×6 supercell of graphene was considered to build 

the quantum dots Pt- and Pd-doped graphene. The 

periodic supercell was converted to the non-periodic one, 

and all dangling bonds were capped by hydrogen atoms. 

One of the middle carbon atoms was replaced by a Pt or 

Pd atom, and the catalyst was optimized using rPBE level 

of theory [39]. The PBE functional is a well-known GGA 

functional which has been used in different catalytic 

reaction simulations [40-44]. The optimized size of the Pt-

doped graphene was 14.22 Å × 14.16 Å, and for the Pd-

doped graphene, it was 14.22 Å × 14.18 Å. The optimized 

longest diameters of the above catalysts are approximately 

2.2 nm. The optimized structures are depicted in Fig. 1.  

The valence electrons were represented by a double 

numeric + polarized (DNP) basis set, and the core 

electrons were modeled using a density functional semi-

core pseudopotential [45]. For different configurations of 

reactants, transition states, and products, the basis set 

superposition error (BSSE) was calculated. The maximum 

BSSE in this study was equal to 0.1 eV which is much 

smaller than the barrier energies. On the other hand, the 

BSSE of reactants/products and transition structures 

cancel each other. So, it is logical to ignore the BSSE 

effect on the results, and suppose that the DNP is 

sufficiently large for the calculations.  A spin-unrestricted 

model was used for all calculations. For geometry 

optimizations, tolerances of 10-5 Ha for energy 

convergence, 0.002 Ha/Å for force convergence, and 0.01 

Å for displacement convergence were considered. A 

tolerance value of 10-6 Ha was used for the SCF energy 

convergence. All calculations were performed using the 

Dmol3 code [46, 47]. Frequency analysis was done for the 

reactants and products to test that the structures are in the 

local minima in the potential energy surface.  

The adsorption configurations were presented following 

the notation used by Jiang et al. [48]. In this notation, 

ηi(S)–ηj(O)–ηk(O) represents a configuration in which the 

S atom interacts directly with i C/Pt/Pd atoms, and the two 

O atoms interact with j and k C/Pt/Pd atoms. The 

interaction energy (Eint) is defined as follows: 

Eint=Ecat+SO2 – Ecat  – ESO2           (1) 

Where, Ecat+SO2 is the total energy of the complex of SO2 

and the catalyst, Ecat is the total energy of the pristine 

catalyst, and ESO2 is the total energy of the SO2 molecule 

in the gas phase. 

 

3. Results and discussion 

3.1. Pristine catalysts 

        A 6×6 supercell of pure graphene was considered to 

build the quantum dots Pt- and Pd-doped graphene. The 

periodic supercell was converted to the non-periodic one, 

and all dangling bonds were capped by hydrogen atoms. 

As shown in Fig.1, Pt and Pd form a pyramidal shape, and 

the flat structure of the graphene is converted to a cone. 

This allows that the transition metals of Pt and Pd to be 

placed above the graphene surface, providing a better 

position to interact with adsorbable compounds on the 

catalyst's surface. The average bond lengths of Pt‒C and 

Pd‒C are 1.96 Å and 1.98 Å, respectively, while the C‒C 

bond length is in the range of 1.41 Å to 1.45 Å. 

 

3.2. SO2 adsorption  

Various SO2 orientations on the Pt- and Pd-doped 

graphene surfaces were tested, and three configurations 

were positioned in local energy minima. Fig. 2 shows 

these local minimum configurations for both Pt- and Pd-

doped graphene quantum dots. 
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Fig. 1. The optimized structure of a Pt-doped (up) and Pd-doped (down) quantum dot graphene from side (left) and up (right) 

views. A 6×6 supercell was converted non-periodic and the dangling bonds were capped by hydrogen atoms. 

 

The total energy data show that these configurations are 

close in energy, and their Boltzmann weights are not 

negligible. For both catalysts, the η1(S) configurations are 

less stable compared to the η1(O)η1(O) and η1(S)η1(O) 

configurations. For Pt-doped graphene, the interaction 

energies for the η1(O)η1(O) and η1(S)η1(O) configurations 

are very similar, with a difference of only 0.05 eV. The 

η1(S)η1(O) configuration is the more stable one. On the 

other hand, for the Pd-doped graphene quantum dot, the 

η1(O)η1(O) configuration is the most stable one. The 

difference in total energies of these two configurations is 

approximately 0.2 eV for Pd-doped graphene. 

Using a simplified version of Redhead equation with 

ν=1013 s-1, it is possible to correlate the interaction energy 

with the desorption temperature (in Kelvin) [49]. In this 

simplified equation, the temperature is calculated from: 

Eint(in kJmol-1)=0.25×T. Therefore, the SO2 desorption 

temperatures for the Pt- and Pd-doped graphene quantum 

dots are 370 K and 308 K, respectively.These data show 

that the SO2 adsorption on these catalysts is stable at room 

temprerature, and it is possible to desorb SO2 from the 

surfaces of the catalysts with small energy. However, it 

should be tested whether the SO2 molecule dissociates at 

these temperatures. By calculating the barrier energy of 

dissociation for the SO2 molecule, it is possible to derive 

the dissociation temperature using the simplified Redhead 

equation.  

 

3.3. SO2 dissociation 

Fig. 3 shows the optimized configurations of reactants, 

transition states, and products for the first step of 

dissociation of SO2 on Pt- and Pd-doped graphene 

quantum dots.
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A: η1(S) (Eint = -0.73) 

 

B: η1(O)η1(O)  (Eint = -0.91) 

 

C: η1(S)η1(O)  (Eint = -0.96) 

 

   
A: η1(S) (Eint = -0.55) 

 

B: η1(O)η1(O)  (Eint = -0.80) 

 

C: η1(S)η1(O)  (Eint = -0.61) 

 
Fig. 2. Different optimized configuration of SO2 on Pt-doped (up) and Pd-doped (down) graphene quantum dot catalyst surfaces. Pt-

doped graphene prefers η1(S)η1(O) configuration of SO2 adsorption, while, on Pd-doped graphene quantum dot surface, the 

configuration η1(O)η1(O) is the most stable one. All interaction energies are in eV. 

 

 
Table 1. Barrier energies and TS location for SO2 and SO dissociations on Pt-doped and 

Pd-doped graphene quantum dot catalyst surfaces. All values are in eV. Star means that 

the species is adsorbed on the surface of the catalysts. 

No. reaction M Barrier Energy TS 

location 

1 SO2*SO*+O* Pt +2.24 0.90 

2 SO*S*+O* Pt +2.18 0.90 

3 SO2*SO*+O* Pd +2.95 0.89 

4 SO*S*+O* Pd +2.69 0.67 

 

 

Table 1 shows that the TS locations for both catalysts are 

greater than 0.5, indicating the structures of the first TS 

are more similar to the products than the reactants. The 

separated oxygen tends to interacts only with the Pt/Pd, 

while the separated SO interacts with both transition metal 

and the connected carbon atom. The barrier energies for 

the first step of SO2 dissociations are 2.24 eV for Pt-doped 

graphene and 2.95 eV for Pd-doped graphene (see Table 

1). Using the simplified Redhead equation, the 

corresponding dissociation temperatures of SO2 to SO + 

O are 864 K for Pt- and 1138 K for Pd-doped graphene 

quantum dots, which are significantly higher than the 

desorption temperatures required to simply desorb intact 

SO2 from these catalysts. Therefore, it can be concluded 

that SO2 dissociation does not occur on the surface of 

these doped graphene catalysts, and instead, they are good 

candidates for trapping SO2 in molecular form. This is in 

contrast to pristine transition metal catalysts, where low 

SO2 dissociation barriers lead to poisoning of the surface. 

On the Pt- and Pd-doped graphene catalysts, SO2 can be  
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Fig. 3. Reactants (left), transition states (middle) and products (right) for SO2 dissociation to SO + O on Pt-doped (up) and Pd-doped 

(down) graphene quantum dot catalysts. All interaction energies are in eV.  

 

 

readily adsorbed, stored, and transported without 

dissociating. This means that SO2 can be simply adsorbed, 

reserved, and transported on the surface of Pt- and Pd-

doped graphene catalysts. 

We have also studied the second step of SO2 dissociation, 

which is the conversion of SO to S + O on the surface of 

both catalysts. Fig. 4 shows the optimized structure of the 

reactant SO, TS, and the product S + O on the surfaces of 

Pt- and Pd-doped graphene quantum dot catalysts. Table 

1 presents the locations of the TS structures and their 

corresponding barrier energies. Similar to the first step of 

SO2 dissociation, in the second step, the locations of TS 

structures are above 0.5, indicating that these structures 

for both catalysts resemble the products. Similarly, like in 

the first step, the barrier energies for the second step 

exceed 2.0 eV, suggesting SO cannot be dissociated into 

S + O on these catalyst surfaces.   

 

4. Conclusion 

Non-periodic density functional theory was used to 

investigate the adsorption and dissociation of SO2 on the 

surfaces of both Pd- and Pt-doped graphene quantum dots 

in cluster mode. The data indicate that the adsorption 

energies of SO2 on the surfaces of Pt- and Pd-doped 

graphene quantum dots range from -0.6 eV to -0.8 eV and 

-0.6 eV to -1.0 eV, respectively. However, their barrier 

energies (SO2 to SO + O, and SO to S + O) exceed +2.0 

eV, more than twice those on the surfaces of pristine 

transition metals. 

Data show that these catalysts are promising catalysts for 

SO2 storage and transporting by moderately 

adsorption/desorption energies and high barrier energy of 

SO2 to S conversion. In contrast to the pristine transition 

metal surfaces, these high barrier energies prevent surface 

poisoning in the studied catalysts. So, it is suggested that 

the idea is developed for the periodic doped graphene, 

which can be more readily synthesized.   
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Fig. 4. Reactants (left), transition state (middle), and products of SO dissociation to S + O on Pt-doped (up) and Pd-doped (down) 

graphene quantum dot catalysts. All interaction energies are in eV.  
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