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Carbon nanodots, one of the last members of the nanocarbon family, show superior properties, such as low-cost production, 
good conductivity, and optical properties, nontoxic behavior, high biocompatibility, and eco-friendly nature. 
Understanding the effect of metal doping on the modification of the electronic structure of carbon nanodots is critical for 
enlarging its potential applications. In the present study, in terms of structural, energetic, and electronic analyses, X-doped 
carbon nanodot structures (X = B, N, Si, Al, Co, Au, Pd, and Pt) and their SO2 adsorption abilities were examined 
comprehensively by employing DFT. Results depict that embedding the heavy impurity metals (Pd, Pt) to the nanodot 
structures does not improve the SO2 sensing ability of carbon nanodot materials relatively. However, the doping of the 
low concentrated metals to the carbon nanodots may be one of the best ways for enhancing the SO2 trapping ability of the 
carbon nanodot materials since the calculated results having high adsorption energy values indicate SO2 gas molecule is 
easily adsorbed on the surface of doped carbon nanodots. This means higher adsorption capability compared to pure ones. 
Thus, it is suggested that the doped carbon nanodots consisting of B, Si, and N impurity atoms may be good candidates 
for effective SO2 sensing (adsorptions). 
Keywords: nanomaterials, Lowden charges, doped carbon nanodots (carbon quantum dots), new type carbon-based 
materials, SO2 sensing. 
 

1. INTRODUCTION∗ 
  Sulfur dioxide (SO2) is considered one of the 

widespread gaseous pollutants [1] due to its toxic effect on 
Earth's atmosphere. Industrial complexes [2], power plants 
[3], volcanoes [4], households [5], and sulfur-bearing fossil 
fuels in automobile engines [6] are the main sources of this 
gas. SO2 coupling with air in the atmosphere leads to the 
formation of acidic rains [7]. Some problems, such as 
corroding metals and buildings [8], acidizing rivers and 
lakes [9], and destroying soil [10] and vegetation [11] are 
the consequence of these acidic rains. 

In terms of environmental safety and industrial control, 
their monitoring has been considerably increased for 
detecting sulfur dioxide. This has been recently led to the 
development of many SO2 trapping systems. 
Chromatography [12], electrochemical analysis [13], and 
spectroscopy [14, 15] are some of the techniques used for 
SO2 sensing. On the other hand, high-cost production, time-
consuming, and the need for sophisticated measuring types 
of equipment are one of the disadvantages of these methods 
[16]. Alternatively, chemical sensors [17] have been 
developed. On the other hand, this technique has some 
drawbacks, such as lack of selectivity, high working 
temperatures, and high response times. To overcome this, 
nanomaterials were incorporated into these new sensor 
systems. In recent years, carbon-based materials including 
carbon nanoparticles [18], carbon nanofibers [19], carbon 
nanotubes(CNT) [20], fullerenes [21], graphenes [22], and 
especially carbon dots [23] have been using as sensing 
materials owing to their high sensing capability. Iijima [24] 
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conducted a study of CNT-based chemical sensors by using 
Density Functional Theory (DFT) technique. CNT-based 
sensors have superior properties, such as faster response, 
higher sensitivity, smaller size, and lower working 
temperature when compared to traditional sensors. 
Nagarajan et al. [25] examined the adsorption ability of SO2 
upon hydrogenated graphene nanosheets and nanotubes. It 
was suggested in their studies that for monitoring different 
types of small gas molecules, such as NO2 and SO2, the chair 
typed graphene nanosheets and nanotubes, with edges 
saturated by hydrogen atoms can be preferred. Even with 
their advantages, some performance problems, such as 
selectivity to determine gaseous substances may be seen in 
these systems. Embedding or doping of impurity atom(s) is 
one of the techniques that get better sensing ability and 
selectivity. Yoosefian et al. [26] conducted a study of SO2 
adsorption on Pt-doped and Au-doped single-walled carbon 
nanotube (SWCNT). SO2 adsorbed on Au/SWCNT and 
Pt/SWCNT indicate strong chemisorptions. Kim et al. [27] 
studied the adsorption of SO2 on boron and nitrogen-doped 
graphene. SO2 weakly interacted with N-doped graphenes 
with low adsorption energies and long distances between 
SO2 and graphynes whereas SO2 indicated strong 
adsorptions with B-doped graphenes. 

In this paper, the ab initio based DFT technique used for 
the material investigation at the atomic/nanoscale level has 
been employed for elucidating the details of SO2 adsorption, 
dopant effects, charge transformation, and crystal 
arrangements of  pure and N-doped carbon nanodot particles 
(N = B, N, Si, Al, Co, N, Au, Pd, and Pt). 



 
 

2. METHODS 
CNDs are small parts of graphene sheets with quasi-

zero-dimensional (0D). Ideal CNDs consist of only a single 
atomic layer. In the present study, CNDs that include 7 
hexagonal rings and a total of 36 atoms were modeled with 
one single layer. The edges of the structure are saturated 
with 12 hydrogen atoms to eliminate the edge effects. To 
investigate the carbon-based materials at the 
atomic/nanoscale level, the DFT method was preferred by 
employing the Quantum Espresso (QE) packages that is a 
software program for atomic or nanoscale material 
modeling. The plane-wave projector-augmented wave 
method was implemented with the Broyden–Fletcher–
Goldfarb–Shanno (BFGS) algorithm that is one of the ways 
for numerical optimizations. The PAW-PBE potential in the 
generalized gradient approximation (GGA) was used in the 
geometric optimizations. 1 × 1 × 1 k mesh point grids were 
preferred to optimize the structures. The adequate energy 
cutoff convergence criterion was chosen with a value of 
200 Ry. The value of mixing beta is 0.5, which is used for 
improving convergence. The optimization is stopped and 
completed when differences between energies and total 
forces for successive structures become less than 10−4 Ry 
and 10−3 Ry/a0, respectively. Energy and energy gradient 
convergences were preferred as 1 × 10−6 Hartree and 
5 × 10−5 Hartree/a0, respectively. The optimizations were 
done in a tetragonal supercell of 12 × 12 × 20 Å. A large 
vacuum space along z-direction in the unit cell was 
preferred to avoid spurious image interactions. Moreover, 
the effect of the van der Waals (vdW) was regarded in the 
structure calculations by employing the empirical correction 
scheme of Grimme’s DFT-D3 technique [28]. With the 
interatomic potentials of the C6⋅R−6 form, dispersion effects 
consisting of a dispersive force modification are taken into 
account for GGA-PBE pseudopotentials. This provides easy 
energy decomposition to vdW and electronic parts during 
optimizations. Furthermore, the vdW corrections are 
described as simple pair-wise force fields, which are used in 
several popular DFT functional for structure optimizations.  

3. RESULTS AND DISCUSSION 

3.1. Doped carbon nanodots 
The physical and chemical properties and performance 

of CND can be modified by introducing impurity (dopant) 
atoms since those strongly depend upon the bonding 
configurations of doped CND [29]. Embedding impurity 
atoms to structures with low concentrations, such as less 
than atomic 1 % has been of great interest for experimental 
purposes [30]. In the president study, dopant atoms were 
initially located at the center position of the CND structures 
and the doped structures were optimized to find the best 
energetic structures. Fig. 1 indicates the top-viewed 
geometric modeling of doped CND. The structures of all 
CNDs are not importantly distorted by the introduction of 
impurity atoms. This can be explained by the strong bonding 
strengths between CND atoms. Similar results were seen in 
the study [31]. The N, Si, and Pd dopings affect the first 
neighbors of the defect site and the second neighbors, 
leading to the changes of C–C distances. The third 
neighbors were distorted little. Thus, the distortions are 

mainly restricted to the second neighbors. Moreover, results 
depict that Al, Au, Co and Pd impurity atoms lead to weak 
interactions with the CND surfaces, see Fig. 1. 

Fig. 1. The model of doped carbon nanodots(CND) with 
substitutional impurity atom 

The optimized structures reveal that the studied 
impurity atoms except for N, Au, and Pt occupy the near 
central positions of the hexagonal ring of CND structures. 
In the study of Gecim et. al. [32], similarly with the Pt atom,  
Ga and Ge atoms occupied the central position of the 
graphene structures. Table 1 indicates the interaction 
tendencies of the impurity atoms upon CND surfaces. In 
addition, the dopant ability, Edoped is given as 

𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = −𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎+𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑+𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑑𝑑, (1) 

where Eall, Edopant, and Esurface mean the lowest energy values 
of all substrate, dopant atom, and CND surface, 
respectively. Nitrogen-doped carbon nanodot shows the 
strongest doping tendency, see Fig. 2. This may be related 
to the high relative electronegative value of this element that 
allows easiness for adequate attractive forces on carbon and 
hydrogen atoms. To analyze the charge transfers between 
CND and the impurity atoms, a Lowden charge analysis 
[29] of the transferred electrons was used. The charge gain 
or loss are calculated according to the difference between 
the Lowden charge of impurity atoms in the structures and 
free impurity atoms. 

Table 1. The doping tendency and charge loss of the given dopant 
atoms upon the carbon nanodot surface. Positive charge 
means charge gainings 

Dopants B N Si Al Au Co Pd Pt 
Edoped, eV 0.34 3.03 0.38 0.44 2.12 0.02 0.79 1.29 
∆q, e – 0.04 0.28 – 0.19 0.47 0.25 0.11 – 0.11 0.01 

   B-doped  CND N-doped CND Si-doped CND 

   Al-doped CND Co-doped CND Au-doped CND 
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Fig. 2. The doping ability of each given atoms to carbon nanodot 
surface 

Positive charge means charge gaining. The analysis 
indicates that although the Al atom among doped structures 
has the biggest relative charge gain, it could not provide 
adequate doping tendency due to its relatively heavy mass. 
On the other hand, B, Pd, and Si atoms lose their charges 
relatively slightly after the interactions with the surfaces. 

3.2. SO2 adsorption 
The adsorption characteristics of SO2 were investigated 

to understand the details of the adsorption ability upon the 
studied CNDs. The geometric structures of SO2 adsorptions 
on the CNDs are shown in Fig. 3. 

Fig. 3. The model of SO2 adsorbed carbon nanodots (CND) with 
substitutional impurity atom 

It is expected that metal-doped carbon structures lead to 
an increase in the value of SO2 adsorption strength since in 
the previous studies [34], the metal addition but not all 
metals to the carbon structures may enhance the adsorption 
ability of S and N atoms. The SO2 is adsorbed on the center 
of the surface of the pure CNDs. This is seen in the study 
conducted by Mirzaei et al. [35]. Their study indicated that 

the gas molecule was located almost at the middle of the 
surface, approving the appropriate size of the surface for 
such molecular adsorption process. In the present study, 
results indicate that different types of configurations, such 
as S-atom, O-atom and both of them were found in the SO2 
adsorptions of the metal-doped structures. As a comparison 
of SO2 adsorption on pure CND surface, Al, Pt, and Au 
doped CNDs show similar SO2 adsorption characteristics 
(O-down adsorptions). This can be explained by the weak 
interactions of SO2 on the surfaces doped by Al and Au 
atoms. On the other hand, pure, N, Pt, and Co-doped CNDs 
indicate different adsorption characteristics (S-down 
adsorptions), Pd and Si show both S and O-down 
adsorptions and in the B-doped CNDs, SO2 dissociation is 
observed. 

Furthermore, the CND surfaces are not affected 
considerably due to the SO2 adsorptions. This is because 
CNDs have strong carbon bondings. Thus, important defects 
and distortions on the surface were not observed. On the 
other hand, The geometric structures of SO2 are distorted 
importantly in the B and N doped CNDs. In addition, the 
SO2 traping ability, Etrap is given as 

𝐸𝐸𝑑𝑑𝑠𝑠𝑎𝑎𝑑𝑑 = −𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎+𝐸𝐸𝑆𝑆𝑆𝑆2+𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑑𝑑 ,  (2) 

where Eall, ESO2 and Esurface mean the lowest energy values of 
all substrate, SO2 molecule and CND surface, respectively. 
Table 2 indicates the SO2 interaction strength on the carbon 
nanodot surfaces. As compared to doped carbon nanodot 
particles, pure CND shows low adsorption  
ability.  

Table 2. The SO2 trapping values of the given structures 

Material Pure B N Si Al Co Au Pd Pt 
ESO2, eV 0.01 6.44 4.53 5.39 3.21 2.14 0.80 1.61 2.46 

This shows that impurity atoms with low concentrations 
can improve the SO2 trapping ability of the carbon nanodot 
particles significantly. Furthermore,  the SO2 trapping trends 
of the structures are given in Fig. 4. The best trends for SO2 
adsorption are seen in the structures doped by B, Si, and N 
impurity atoms. The impurity atom is very important for 
enhancing SO2 sensing. This was seen in the study of the 
interaction of SO2 onto boron Ni-decorated B12P12 
nanoclusters [36]. It may be concluded heavy doped metals 
such as Pd and Pt are not efficient as light metals to enhance 
the SO2 trapping ability of the CND surfaces. 

 
Fig. 4. The SO2 sensing ability of the doped and pure carbon 

nanodots 
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4. CONCLUSIONS 

A computational material study based on the first 
principle calculations was applied for the investigation of 
the doped carbon nanodots and their SO2 trapping abilities 
at the nanoscale level. Quantum Espresso software package 
that is used for ab initio material modeling technique was 
preferred. In terms of microstructural evaluation, impurity 
atoms and SO2 molecules do not provide adequate driving 
forces to alter the geometric structures of the CNDs 
considerably. This leads to limit the formation of more 
defects and distortions on the structures. Results indicate 
that all impurity atoms except for N and Pt are located in the 
near central positions of the hexagonal ring of the CND 
structures. The highest doping tendency was seen in the N-
doped structures. This may be due to the high charge 
sharing/mass ratio, allowing for strong bonding formation 
between them. Furthermore, It was found that the SO2 
trapping strengths of these carbon-based nanomaterials are 
in the order B > Si > N > Al > Pt > Co > Pd > Au > pure. 
This indicates that the introduction of impurity atoms with 
low concentrations to the structures may be one of the 
efficient ways that improve the adsorption ability of the 
carbon nanodot structures. On the other hand, when 
compared to light metals, heavy metals are not good 
candidates that enhance the SO2 trapping ability of the 
CNDs. Hence, this investigation suggests furthering 
experimental studies that B, Si, and N doped carbon 
nanodots can be used as an adsorbent that helps control and 
capture SO2 harmful gases. In future work, for improving 
adsorption ability, the effect of the different arrangements 
of carbon structures, such as pristine, fullerene-like cages 
and nanotubes may be studied. For instance; see the studies 
[37-38]. Moreover, another nanoparticles [39-40] may be 
studied for this subject. 
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