
Contents lists available at ScienceDirect 

Chemical Engineering Journal 

journal homepage: www.elsevier.com/locate/cej 

Synergetic effects of metals in graphyne 2D carbon structure for high 
promotion of CO2 capturing 
Mohammad Hossein Darvishnejada, Adel Reisi-Vanania,b,⁎ 

a Department of Physical Chemistry, Faculty of Chemistry, University of Kashan, Kashan, Iran 
b Institute of Nano Science and Nano Technology, University of Kashan, Kashan, Iran 

H I G H L I G H T S    

• CO2 capture behavior of co-decorated GY by Sc and Cr atoms was investigated.  

• In SCGY, synergetic effect of Cr and Sc atoms causes that Eads improves ∼0.505 eV.  

• Increasing of Eads due to insertion of one or two metal atoms is ∼3 to 12 times more than PGY.  

• The best system can capture up to 19 CO2 molecules with Eads of −0.516 eV/CO2.  

• CO2 storage capacity of the best system is 55.66 wt%.  
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A B S T R A C T   

Structural and electronic properties of co-decorated graphyne (GY) by Sc and Cr atoms toward CO2 capture are 
investigated by DFT-D3 method. First, different configurations of Sc-Cr co-decorated GY (SCGY) are considered 
to find the best site and side of GY for SC and Cr atoms and structural, magnetic, and electronic properties of 
them are investigated. Then, the adsorption behavior of the best configurations toward CO2 capture is followed. 
Results show that in single Sc or Cr decorated GY, the best site for metals is the center of the 12-membered ring 
(H1) and Eads are −4.856 and −2.414 eV, respectively. In SCGY, the best site for Cr and Sc are H1 and H3 sites, 
but they lie in the opposite sides and Eads improves about 0.505 eV. In brief, Edas of CO2 for pristine GY (PGY), Sc- 
GY, Cr-GY, Sc-Cr-GY, Sc-Sc-GY, and Cr-Cr-GY are about −0.242, −0.717, −1.502, −0.795, −2.970 and 
−1.754 eV, respectively. Increasing of Eads due to the insertion of one or two metal atoms for some systems is 
about 3 to 12 times more than PGY, surprisingly. The best system can capture up to 19 CO2 molecules with of 
−0.516 eV/CO2 that is CO2 storage capacity of 55.66 wt%. These results show that co-decorated GYs with 
various metals, due to having synergistic effects, can be used as promising candidates for the CO2 capture, 
storage, detection, and removal applications in the future.   

1. Introduction 

In recent years due to the great consumption of fossil fuels and in
dustrial activities, production of carbon dioxide in the atmosphere is 
rising dramatically. CO2, the most important greenhouse gas, is the 
main cause of global warming [1,2]. So, one of the major challenges to 
protect the environment is the capture, storage, and conversion of CO2  

[3–5]. Recently, one of the novel approaches to CO2 capture and sto
rage is the use of developed solid materials such as two-dimensional 
(2D) nanomaterials. For example, hexagonal boron nitride [6,7], 
carbon nitride [8,9], aluminum nitride [10], graphene [11,12], bor
ophene and phosphorene [13,14] nanostructures have been widely 

considered by researchers for CO2 capture and storage. Among these 2D 
nanostructures, graphene families due to the large surface area, high 
adsorption capacity, tunable electronic properties, uniformly dis
tributed pores and capable of surface modification is a promising can
didate for CO2 capturing [15,16]. 

A new member of the graphene family, which was suggested by 
Baughman et al. in 1987, is graphyne (GY) [17]. It has the same sym
metry as grapheme but its carbon hybridization type is different from 
graphene. GY consists of sp and sp2 carbon atoms, also in its lattice 
structure, benzene rings connected by acetylenic bonds (–C≡C–)  
[17–19]. With different ratio of –C≡C– bonds, various structures of GY 
are formed, such as α-, β-, γ-, 6,6,12-, 14,14,14, 14,14,18 and so on  
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[18,20–22]. Among all types of GYs, γ-GY has some benefits such as 
higher stability and semiconductor property, and is used and studied 
more than other types [23]. Newly studies have shown that the GY 
family has physical, chemical and electrical performance more than 
graphene, and these systems can be frequently proposed for some 
technological applications such as optics [24–27], transistors [28], 
hydrogen storage [29–31], electrode in batteries [32,33], separation/ 
purification membranes for gas purification [34], gas sensor [35,36] 
and catalysis [37–39]. 

Recent researches show that GY can be a promising candidate for 
the storage, capture, and conversion of gases [40–45]. One of the ef
fective ways to increase gas capture and storage is the surface mod
ification or surface functionalization; because, dispersion and specific 
interactions affected by chemical functional groups of the carbon frame 
can better adsorb small gas molecules [46]. For this purpose, re
searchers modify the surface by non-metal doping or metal decoration. 
GY based materials properties such as structural, electronic, optical, 
magnetic, and other properties can be tuned by doping with non-metal 
and decoration with transition metal atoms [47–49]. For example, in
teraction between GY and some of the 3d transition metals (Sc to Cu) 
was investigated using DFT by Ren et al. The results demonstrate that 
electronic and magnetic properties of GY are tuned by TM atoms. These 
results show that TM decorated GY nanostructures are profitable for 
magnetic and spintronic applications, potentially [50]. Mofidi and 
Reisi-Vanani investigated the interaction between Li, Ti, Fe and Ni- 
decorated GY with Sarin toxic gas [42]. The results showed that these 
compounds have great potential for sensing and capturing sarin. Ad
sorption of several gas molecules such as O2, CO2, CO, NH3, CH4 and 
NO on the PGY and Mn-decorated GY was considered by Lu et al., 
computationally [51]. Their results specify that there are chemical in
teractions between Mn-decorated GY and all of these small molecules 
except O2. So, it can be said that the adsorption of these molecules 
significantly improves by adding Mn atoms to GY sheet. Zhang and Wu 
employed DFT calculations to evaluate the Ni, Cr and Pd-decorated GY 
as versatile materials for energy storage. The analysis of the electronic 
properties of these structures demonstrates that they are promising 
structures for energy storage [49]. The interaction between Sc and Ti- 
decorated graphdiyne with formaldehyde was considered by Chen et al., 
theoretically [52]. The results exhibit that these materials have a good 
electronic response and can be used as high efficient detectors of for
maldehyde. 

In this work, we investigate structural, magnetic and electronic 
properties of co-decoration of GY by two metals (Sc and Cr) for the first 
time, systematically to specify: (i) the synergetic effect of Sc and Cr 
atoms on the structural, electronic and magnetic properties of GY; (ii) 
adsorption behavior of single CO2 onto various SCGY systems; (iii) the 
maximum number of CO2 captured on the SCGY sheet. The results show 
that Sc and Cr atoms have a synergetic effect to promote capture and 
storage of CO2 onto GY, dramatically and these systems can be sug
gested as suitable candidates for CCS technology. 

2. Computational details 

All calculations related to geometry optimization, adsorption of 
transition metals, capture of CO2, electronic properties, and charge 
distribution were carried out by spin-polarized DFT method using 
DMol3 module [53] implemented in Materials Studio software. All 
calculations were done with the generalized gradient approximation 
(GGA) method with Perdew-Burke-Ernzerhof (PBE) [54] as ex
change–correlation functional, as well the double numerical plus po
larization (DNP) basis set [55]. The DFT semi core pseudo-potential 
(DSPP) was applied for the relativistic effect to treat the core electrons, 
which replaces a single effective potential instead of the core electrons. 
For dispersive intermolecular interactions and long-range Van der Walls 
forces, DFT-D3 method proposed by Grimme was used in all calcula
tions [56–58]. In all calculations, we used a 2 × 2 supercell for sample 

of GY in which a vacuum space of 20 Å in z direction applied in order to 
avoid the interlayer interactions. To integrate the Brillouin zone, we 
used a 7 × 7 × 1 gamma centered Monkhorst-Pack mesh of k-grid 
sampling. Without imposing any symmetry limitations, all atoms were 
allowed to relax. The values of 10−5 Ha, 2 × 10−3 Ha Å−1, 5 × 10−3 Å 
and 5.0 Å were chosen as energy tolerance accuracy, maximum force, 
displacement and global orbital cut-off radius, respectively. Estimation 
of adsorption energy (Eads), when transition metal atoms adsorbed on 
the GY sheet, was done using the following equation: 

= +E E E E( )ads GY TMsGY TMs (1) 

in which ETMs, EGY, and EGY-TMs are the total energy of TM atoms, intact 
GY and TM decorated or co-decorated GY, respectively. For estimation 
of the adsorption energy of CO2 onto decorated GY, we used two fol
lowing equations, first for the average binding energy (Eads) and the 
second for the energy of each step (Es): 

= +E E E nE n[ ( )]/ads nCO COTMs GY 2 TMs GY 2 (2)  

= +E E E E( )s nCO n CO COTMs GY 2 TMs GY ( 1) 2 2 (3) 

where ETMs-GY-nCO2, ETMs-GY-(n-1)CO2, ETMs-GY, and ECO2 are the total en
ergy of the complex of TMs decorated or co-decorated GY and nCO2, 
TMs decorated or co-decorated GY and (n-1) CO2, TMs decorated and 
co-decorated GY and isolated CO2 molecule, respectively. Also, the 
number of adsorbed CO2 molecules has been shown with n in these 
equations. To better understand the adsorption behavior of Sc and Cr 
atoms or CO2 molecule onto PGY and decorated or co-decorated GY, 
Hirshfeld charge analysis was done in all calculations. 

3. Results and discussion 

3.1. Structural and electronic properties of the PGY and single Sc or Cr- 
decorated GY and evaluation of CO2 adsorption on them 

In our previous work, we studied single atom decoration of GY by all 
of the 3d and 4d series of transition metals, and the adsorption behavior 
of those systems has been brought and discussed in details [59]. Then, 
the adsorption behavior of CO2 onto all of them was investigated. Re
sults showed that for single Sc or Cr atom decoration of GY, during the 
optimization process and for all of seven examined sites, TM atom only 
would gradually move to H2 (center of hexagonal) or H1 sites. The 
optimized structures and the calculated structural properties of Sc and 
Cr-decorated GY in H1 and H2 sites have been brought in Fig. 1 and  
Table 1. 

According to Table 1, the H1 site is more desirable than the H2 site 
for Sc and Cr decoration, energetically and high values of Eads show that 
their adsorption mechanisms are chemisorption. These results are in 
good agreement with the previous theoretical study [47,50,60,61]. 
Also, the results show that PGY is a semiconductor with a spin-de
generated direct-band-gap of 0.432 eV, in which a maximum of the 
valence band and minimum of conduction band are exactly at the 
gamma point. It is consistent with other works [41,62]. As well, the 
spin-up and spin-down band structure of the Sc-decorated GY are the 
same with a band gap of zero, so this system has no magnetic moment. 
It shows semi-metallic properties because of crossing its conduction 
band with the Fermi level. Our findings also show that the adsorption of 
Cr atom on GY induces spin splitting of the band structures with a band 
gap of zero and produces the magnetic moment for Cr-decorated GY. 
Also, the Cr-decorated GY structure shows semi-metallic properties, 
which is in agreement with other works [50,60]. Charge values of the 
Sc and Cr atoms, when GY is decorated with them in the H1 site, are 
about 0.584 and 0.431 e, respectively. Because, Sc and Cr atoms give 
part of their 4s electrons to the empty π* states of the GY. 

Fig. 2 shows the spin-polarized partial density of state (PDOS) dia
grams of the intact GY, Sc, and Cr-decorated GY (in H1 site). In these 
images, contributions of Csp and Csp2, as well Sc and Cr metals, besides 
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the total system have been figured, separately. The analysis of PDOS 
gives insight information about the binding mechanism and interaction 
between Sc and Cr atoms with PGY. In all of the PDOS plots, the Fermi 
level was set to zero. It is seen that for PGY, a major contribution in the 
states close to the Fermi level is related to the 2p orbitals of Csp2 and Csp 

atoms (Fig. 2 (a)), and 2 s orbitals have no contribution in this region. 
As shown in Fig. 2 (b) and (c), there is no symmetry between DOS 
image related to spin-up and spin-down states for Csp2, Csp, and Cr 
atoms in Cr-decorated GY, while spin-up and spin-down diagrams of Sc- 
decorated GY are the same, and no spin polarization observes. So, un
like Sc-decorated GY, Cr-decorated GY has magnetic property. Also, Sc 
and Cr atoms have relative low ionization potentials, so they easily 
donate some of their 4s electrons to the carbon frame. A part of this 
donated electrons transfers to the empty π* bands of the GY sheet and 
other part back-donates to 3d orbitals of the Sc and Cr atoms [49]. The 
interaction between Sc or Cr atoms with the GY sheet was augmented 
by hybridization between C 2p orbitals and Sc and Cr 3d orbitals. PDOS 
diagrams also confirm that unlike PGY, for Sc and Cr decoration of GY, 
the crossing of conduction bands with the Fermi level confirms that 
these systems show semi-metallic character and conductivity with zero 
band gaps. 

3.2. Evaluation of the structural and electronic properties of the Sc-Cr co- 
decorated GY (SCGY) 

Recently, co-doped GYs family for improving their practical appli
cations has been suggested by researchers [11,31,63,64]. Here, with 
respect to our previous work, that reveals Cr-decorated and Sc- 

decorated GY have the highest interaction energy with CO2 among 
other 3d TMs decorated GY systems [59], we chose Sc and Cr atoms for 
consideration of co-decorated GY by them, perhaps their synergy causes 
great improvement in not only CO2 adsorption but also other structural 
and electronic properties of GY [65–69]. First, to find the best sites for 
co-decoration and the most stable structures, we investigated some of 
the possible configurations, namely, we fixed Cr in the H1 site and 
changed Sc position in seven different sites around Cr atom. These sites 
contain H1, H2 (center of rings), B1, B2, B3 (top of three types of 
bonds), T1 and T2 (top of two types of carbons). Also, we selected three 
different configurations of GY for Sc and Cr atoms, namely up-up, up- 
down and down-up sides, therefore 21 different initial structures were 
created that called S1-S21 in Fig. 3 and Table 2. Also, in the structures 
S22-S25, we put two Sc or two Cr atoms in two adjacent H1 sites (once 
in the same sides and the other in opposite sides). Then, designed 
configurations were optimized without any constraint. Optimized 
structures and some results have been presented in Fig. 3 and Table 2. 
However, some of the final and optimized structures are similar, such as 
S2 and S3 with the same results. But, some of them are almost alike 
with small differences and with almost near adsorption energies such as 
S9, S11, S12, S14, S15, S17 and S21. 

Investigation of the results in Table 2 shows that after geometry 
optimization, for the most of SCGY structures H1 and H3 sites (H3 is the 
position of Sc atom (white atom) in S9 structure in Fig. 3 or corner of 
the 12-membered ring) are more favorable than other sites for Cr and 
SC atoms, respectively (S9, S11, S12, S14, S15, S17 and S21). After 
that, the H1 site for two decorating metals is the best site (S2 and S3). It 
seems that the large size of the acetylenic ring organized by the Csp2 and 
Csp bonds and existence of the inhomogeneous π-bindings between 
various hybridized carbon atoms in GY causes that metal atoms can 
approach better to the GY plane and form stronger interactions with 
carbon atoms. Also, when two different metals lie on opposite sides, the 
configuration is more stable than they are on the same sides. Also, using 
from Sc and Cr atoms as decorating metals is better than using from two 
similar metals. Therefore, it can say that configurations with Sc and Cr 
atoms in H3 and H1 sites and opposite sides are the most stable con
figurations (S2, S3, S9, S11, S12, S14, S15, S17 and S21). Comparison 
of Eads of these nine configurations reveals that stability of the struc
tures with two metal atoms in opposite sides of an acetylenic ring (H1 
or H3) is almost equal to when two metal atoms are in opposite sides 
and two adjacent H1 hollow sites. Of course, the first is a little more 
stable than the latter. Generally, S9 configuration with Eads of the 
second metal (Sc) about −5.361 eV is the most configuration among all 
of them. With respect to this adsorption energy and Eads of the first 
metal (Cr) that was about −2.414 eV, one can say that adsorption 
mechanisms of these metals on the GY sheet are chemisorption. In 
absence of Cr atom, Eads of Sc on GY is −4.856 eV, so it is expected that 
when Sc and Cr atoms were adsorbed on GY, sum of the adsorption 
energy will be −7.270 eV, while it is about −7.775 eV in the most 
stable configuration (S9) (Tables 1 and 2). It seems that Sc and Cr have 
a synergetic effect about −0.505 eV (!) on this Eads. Even, for S22 to 
S25 structures with two equal metal atoms, this synergetic effect is 
seen. This finding can be used when it is necessary to improve the 
adsorption energy of the metals on carbon frames in practical appli
cations. 

It seems that when the first metal atom binds to the carbon frame, 
charge transfer happened between them and metal atom gives some of 
the 4 s electrons to the carbon frame, then back donation of some of 
these electrons to empty 3d orbitals of metals is done. Besides, hy
bridization of 3d orbitals of metal atoms with π/π* states of carbon 
atoms takes place (Tables 1 and 2). So, Eads of the metal atom to GY 
sheet is partly high. When the second metal atom approaches to metal 
decorated GY, the carbon frame is electron-rich. Therefore, it can better 
bind to second metal atoms and further charge transfer happens be
tween them. There is a difference between SCGY systems from the 
viewpoint of Eads when two metal decorating atoms are the same (S22 

Fig. 1. Optimized structures of single Sc and Cr atoms decorated GY in H1 and 
H2 sites from top and side views. 

Table 1 
The most favorable sites, the distance between Sc or Cr atoms and GY sheet (d 
in Å), adsorption energy (Eads), band gap (Eg), Fermi energy level (Ef) (in eV) 
and Hirshfeld charge transfer of Sc and Cr atoms in various sites (e).        

Structures Site d Eads Eg Charge of TM  

PGY – – – 0.432 – 
Sc-decorated GY H1 1.252 −4.856 0.000 0.584 
Sc-decorated GY H2 1.724 −3.965 0.000 0.271 
Cr-decorated GY H1 0.663 −2.414 0.000 0.431 
Cr-decorated GY H2 1.462 −0.456 0.372 0.127 
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to S25) or different (S1 to S21). It is seen that for the first systems with 
similar decorating metal atoms, up-up configurations are more stable 
than up-down ones, while for the latter with different decorating metal 
atoms, up-down configurations are more stable (Table 2). 

Fig. 4 demonstrates spin-polarized electronic band structure dia
grams for more stable structure of SCGY. However, PGY is a semi
conductor with a direct band gap of 0.432 eV, but the insertion of metal 
atom causes that its electronic band structure changes and its conduc
tion bands cross the Fermi level and all of these systems find semi- 
metallic character due to this metal insertion [50]. As shown in Fig. 4, 
unlike S9 and S22, which spin-up and spin-down states are the same 
and no spin polarization is observed, for S24 system, a spin-polarized 
electronic band structure obtained. So, it can say S9 and S22 structures 
have no magnetic moment but S24 shows magnetic character. Also, the 
S24 structure shows semi-metallic properties, which is in good 

agreement with an earlier theoretical work [50]. 
Fig. 5 shows the spin-polarized PDOS diagrams of the S9, S22 and 

S24 structures that were segmented to Csp, Csp2, Sc and Cr atoms, as 
well total of these systems. Higher adsorption energy and type of dec
orating metals of the structures (Table 2) are reasons for selection of 
these structures (S9, S22 and S24) for further investigation. As shown 
in Fig. 5, in S9, S22 and S24 structures, the states near the Fermi level 
are mostly composed of 3d orbitals of Sc and Cr atoms and 2p orbitals of 
the Csp and Csp2 atoms. Also, s orbitals have no significant contribution 
to the states near the Fermi level. As well, the Sc and Cr 4s orbitals 
participate in non-bonding states higher than the Fermi level. This topic 
confirms Sc and Cr atoms donate part of their 4s electrons to the empty 
π* bands of the GY. Furthermore, significant overlaps between π/π* 
states of the carbon atoms and 3d and 4s orbitals of the Sc and Cr atoms 
indicate that there are strong interactions between metal atoms and GY 

Fig. 2. PDOS images of: (a) intact, (b) Sc-decorated, and (c) Cr-decorated GY systems.  
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Fig. 3. Optimized structures of SCGY from top and side views.  
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sheet. Unlike S24, the spin-up and spin-down states of the S9 and S22 
structures are similar, exactly and their PDOS images are symmetric. 
While, for S24 contributions of spin-up states are different from spin- 
down states. So, it can say that S24 has magnetic property, but S9 and 
S22 don’t show magnetic properties. 

3.3. Capture of the single CO2 molecule onto PGY and Sc or Cr-decorated 
GY 

Our previous results for single CO2 capture by intact GY and Sc or 
Cr-decorated GY reveal that for intact GY, H1 site and horizontal or
ientation is the best configuration with Eads of −0.242 eV, and for Sc 
and Cr-decorated GY, top of TM and almost horizontal orientation are 
the best configurations with Eads of −0.717 and −1.502 eV, respec
tively. Adsorption behavior of these systems was studied in details in 
our previous work [59]. Our results (adsorption energies) are similar to 

or even better than those of the recent theoretical studies about CO2 

adsorption on the Fe-doped penta-graphene (−0.157 eV), pristine 
phosphorene (−0.170 eV), P-doped graphene (−0.100 eV), C2N 
monolayer (−0.200 eV) and TM atoms adsorbed on the single and 
double-vacancy graphene [14,70–73]. Fig. 6 shows the spin-polarized 
PDOS diagrams of the CO2 adsorbed on pristine and Sc or Cr-decorated 
GY that were segmented to Csp, Csp2, CO2, Sc and Cr atoms, as well total 
of the systems. 

As shown in Fig. 6 (a), for the CO2 adsorbed onto the PGY system, p 
orbitals of the Csp and Csp2 atoms form the states close to the Fermi 
level. While, the contribution of s and p orbitals of CO2 in the states near 
the Fermi level is almost zero. Also, there is a low overlap between CO2 

and GY orbitals in the bonding states region and under the Fermi level, 
which confirms a weak interaction between CO2 and PGY. These images 
show that the system still is semiconductor even after CO2 adsorption; 
however band gap has slightly changed (0.427 against 0.432 eV in 

Table 2 
Initial adsorption sites of Sc and Cr atoms, Side of TMs, Average distance between Sc–GY (d1) and Cr–GY (d2), Adsorption energy (Eads), and Hirshfeld charge of Sc 
(Q1) and Cr (Q2) in SCGY structures.           

Structures Initial Sc site Initial Cr site Side of TMsa d1 (Å) d2 (Å) Eads
b (eV) Q1 (e) Q2 (e)  

S1 H1 H1 U-U 1.171 0.772 −5.100 0.594 0.371 
S2 H1 H1 D-U 1.474 0.671 −5.352 0.585 0.393 
S3 H1 H1 U-D 1.562 0.458 −5.352 0.584 0.393 
S4 H2 H1 U-U 1.726 0.676 −4.835 0.559 0.309 
S5 H2 H1 D-U 1.675 0.629 −4.444 0.722 0.414 
S6 H2 H1 U-D 2.049 0.587 −4.210 0.721 0.410 
S7 B1 H1 U-U 1.618 0.518 −4.926 0.555 0.269 
S8 B1 H1 D-U 2.071 0.648 −4.437 0.722 0.415 
S9 B1 H1 U-D 1.263 0.714 −5.361 0.590 0.355 
S10 B2 H1 U-U 0.905 0.526 −5.191 0.600 0.360 
S11 B2 H1 D-U 1.528 0.620 −5.354 0.589 0.356 
S12 B2 H1 U-D 1.388 0.587 −5.355 0.590 0.356 
S13 B3 H1 U-U 1.991 0.368 −4.635 0.577 0.281 
S14 B3 H1 D-U 1.882 0.265 −5.355 0.590 0.356 
S15 B3 H1 U-D 1.721 0.443 −5.356 0.589 0.357 
S16 T1 H1 U-U 0.851 0.489 −5.188 0.601 0.360 
S17 T1 H1 D-U 1.543 0.613 −5.351 0.593 0.354 
S18 T1 H1 U-D 1.523 0.633 −5.285 0.593 0.354 
S19 T2 H1 U-U 1.754 0.651 −4.926 0.555 0.269 
S20 T2 H1 D-U 1.747 0.524 −4.440 0.722 0.415 
S21 T2 H1 U-D 1.278 0.698 −5.356 0.590 0.356 
S22 H1-H1 – U-U 1.041–1.043 – −4.937 0.616–0.616 – 
S23 H1-H1 – U-D 1.587–1.586 – −4.465 0.547–0.546 – 
S24 – H1-H1 U-U – 1.035–1.036 −2.872 – 0.442–0.443 
S25 – H1-H1 U-D – 0.687–0.686 −2.772 – 0.402–0.396 

a Up (U) and Down (D) sides of the SCGY sheet. 
b Adsorption energy of second metal (Sc) to Cr-decorated GY.  

Fig. 4. Electronic band structure of: (a) S9, (b) S22, and (c) S24 systems.  
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absence of CO2). Insertion of decorating Sc and Cr atoms causes sub
stantial changes in PDOS images (Fig. 6 (b) and (c)). For instance, the 
peaks of CO2 molecule show a shift to lower energy (negative shift). It is 
seen that in CO2 adsorbed on Sc-GY, the bonding states are built by the 

C 2p orbitals of the GY and CO2 molecule. Also, the p orbitals of the Csp, 
Csp2, and Sc 3d orbitals form the states close to the Fermi level and CO2 

has no contribution in them. But, in CO2 adsorbed on Cr-GY, not only 
the p orbitals of the Csp, Csp2, and Cr 3d orbitals both also the p orbitals 

Fig. 5. PDOS images of: (a) S9, (b) S22, and (c) S24 structures; each row is related to similar species.  
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of CO2 participate in the states near the Fermi level. It seems that there 
are significant overlaps between the π states of the CO2 and carbon 
atoms of GY, as well Cr 3d orbitals. But, for the CO2-SC-GY system, 
these overlaps between states of CO2 with states of the Sc-GY system are 
very lower. This topic confirms that Eads of CO2 on Cr-decorated GY is 
two times higher than it for Sc-decorated GY (−1.502 and −0.717 eV). 

In the next section, we will consider the synergetic effect of co-dec
orating with these two metals onto CO2 adsorption behavior. 

3.4. Capture of the single CO2 molecule on SCGY 

In the following, we studied the single CO2 adsorption behavior on 

Fig. 6. PDOS images for adsorption of CO2 onto: (a) pristine, (b) Sc-decorated, and (c) Cr-decorated GY systems.  
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the SCGY structures. We put a single CO2 molecule in vertical and 
horizontal directions on top of the Sc and Cr atoms in SCGY. Then, full 
geometry optimizations were done. The optimized structures with the 
best positions and orientations of the single CO2 have been shown in  
Fig. 7. For this section, we consider S9, S22 and S24 for CO2 capturing 
that were the best structures of SCGY and for nomination of them, we 
added an excess number after their names (Fig. 7). 

Some of the structural properties of one CO2 adsorbed on SCGY 
structures have been displayed in Table 3. Adsorption energy values in  
Table 3 show that among the sub-structures related to S9 structure, S91 
is the most stable in which, the adsorption energy of CO2 in adjacent of 
the Sc atom with horizontal direction is more favorable than when CO2 

adsorbed on the Sc-decorated GY, namely simultaneous presence of Sc 
and Cr atoms on GY improves Eads of CO2 on the Sc-decorated GY (Eads 

about −0.795 compared to −0.717 eV). On the other hand, in S93 and 
S94 that CO2 lies in adjacent to the Cr atom, Eads decreases dramatically 
in comparison with when it lies onto Cr-decorated GY (−0.424 against 

−1.502 eV); namely, Sc has a decreasing effect on the Eads. Also, among 
the sub-structures related to S22, S223 is the most stable sub-structure. 
In S223, Eads of CO2 onto the Sc atoms is about 4 times more than Eads 

of CO2 onto Sc-decorated GY. These results indicate that simultaneous 
presence of two Sc atoms in the same side that CO2 is horizontally along 
two metal atoms so that each O atom is almost top of an Sc atom (S223 
in Fig. 7) causes a synergetic effect happens and binds CO2 to the 
carbon frame, strongly (−2.970 against −0.717 eV). 

But in the S243 sub-structure, concern to S24, that is the best of 
them, energetically, it is seen that Eads of CO2 onto the Cr atoms on the 
same side hasn’t considerable increasing compared to when it is cap
tured by Cr-decorated GY. These results indicate that the simultaneous 
presence of two Cr atoms in S243 cannot create a synergetic effect to 
promote Eads of CO2 to GY framework. Generally and based on the re
sults in Table 3, the CO2 adsorption energies on S91, S223, and S243 
sub-structures are very better than recent theoretical study about CO2 

capture on N, S dual-doped graphene [11]. 

Fig. 7. The best optimized structures for adsorption of CO2 onto SCGY from two views.  
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Fig. 8 shows the spin-polarized PDOS diagrams of the CO2 adsorbed 
on S91, S223, and S243 sub-structures that were segmented to Csp, 
Csp2, CO2, Sc and Cr atoms, as well total DOS of system. As shown in  
Fig. 8 (a), the bonding states have been composed of C 2p orbitals of GY 
and CO2, and Sc and Cr 3d orbitals, but the contribution of Cr atom is 
more than Sc atom. Also, the states near the Fermi level were composed 
of p orbitals of Csp, Csp2, and 3d orbitals of Sc and Cr atoms in S91, but 
the CO2 has no contribution in the states near the Fermi level. Fur
thermore, for Sc and Cr atoms, PDOS images reveal that Sc and Cr 3d 
and 4s orbitals donate part of their electrons to the empty π* bands of 
the carbon atoms of GY and some of these electrons back-donate to 3d 
orbitals. But, this back-donation in Cr atom is more than Sc atom (or Sc 
4s orbitals donate less electron than Cr 4s orbitals to the empty C π* 
bands of GY; this is consistent with electron configuration of Cr: [Ar] 
3d5 4s1). More contribution of 3d states of Cr atom in bonding states in 
three sections of Fig. 8 confirms this conclusion. Also, this topic is in 
agreement with more positive charge of Sc than Cr in Table 3. 

Because of less electron donation of Cr, in S91 that Cr is on the 
opposite side of Sc, its influence on the Eads of CO2 is slight 
(−0.795 eV). So, it can be concluded that CO2 adsorption energy onto 
S91 is approximately equal to the Sc-decorated GY structure 
(−0.717 eV). While, for S223 that there are two Sc atoms on the same 
side, Eads of CO2 is the most among all of them (−2.970 eV). Also, in 
S243 that there are two Cr atoms, because they are on the same side, 
adsorption energy is partly high (−1.754 eV) and more than S91. It 
seems that there are many determining factors for Eads such as electron 
donation of a metal atom, position, and side of a metal atom, as well 
spatial orientation and site of the CO2 molecule. 

There is another attractive point in Table 3. In the structures that 
electron transfers to CO2 molecule and its charge is negative such as 
S221, S223 and S224, Eads are more than other structures, dramati
cally, (−2.258, −2.970 and −2.305 eV, respectively) that all of them 
are related to co-decoration with two Sc atoms. While, previous work 
obviously shows that in single Sc and Cr decorated GY, Eads of CO2 is 
almost twice for Cr compared to Sc atom (−1.502 against −0.717 eV)  
[59]. This confirms that the synergetic effect of two Sc atoms is more 
than two Cr atoms or even one Sc and one Cr atom. In these three 
structures, the angle of adsorbed CO2 changes dramatically and from 
linear molecule coverts to an angular one. 

As shown in Fig. 8 (b) and (c), the states near the Fermi level have 
been composed of the p orbitals of the Csp, and Csp2 and 3d orbitals of Sc 
and Cr atoms in S223 and S243, respectively. But, CO2 molecule in the 
S223 structure has a larger contribution near the Fermi level than S91 
and S243. In S223, CO2 adsorption energy onto the Sc atoms is ap
proximately 4 and 1.5 times of the CO2 adsorption energies onto S91 

and S243, respectively. These results show that simultaneous presence 
of two Sc atoms in S223 compared to Sc and Cr atoms in S91 and two 
Cr atoms in S243 has a more synergetic effect on the adsorption energy 
of CO2 (−2.970 eV against −0.795 and −1.754 eV, respectively). 

Fig. 9 displays the difference in electron density distribution images 
of S91, S223 and S243 structures to confirm the above results about the 
CO2 adsorption. As shown in Fig. 9, especially (b) and (c) sections, there 
is significant charge transfer between the GY surface, CO2 molecule, Sc 
and Cr atoms that is consistent with their strong interactions. For this 
reason, the mechanism of the CO2 adsorption in the presence of two Sc 
or two Cr atoms in S223 and S243 structures is much stronger than the 
S91 structure. This evidence is along with the results of the Hirshfeld 
charge analysis in Table 3. Also, these strong charge transfers and high 
adsorption energies cause considerable deformation in CO2 structure 
adsorbed on the S223 structure, namely C–O bond length in S223 
further increases than S91 and S243 (1.278 against 1.173 and 1.195 Å, 
respectively). Also, the O–C–O angle in S223 is further decreases than 
S91 and S243 (130.4° against 176.5° and 139.0°, respectively). 

In Fig. 10 overall comparison among the best structures for ad
sorption of CO2 from the various category of intact and modified GY has 
been shown. It is seen that decoration with Sc and Cr atoms is a good 
approach to improve Eads of CO2, generally. But depending on the type 
and number of decorating atom(s), this promotion is different. Dec
oration of GY by one Sc or Cr atom improves Eads of CO2 about 3 and 
6.2 times compared to intact GY. But simultaneous decoration with Sc 
and Cr atoms hasn’t much effect on it. Surprisingly, however decoration 
with a Cr atom is more effective than an Sc atom (∼2 times), but co- 
decoration with two Cr atoms only promotes Eads ∼ 1.2 times compared 
to single Cr-decorated GY, while this growth for using two Sc atoms 
compared to single Sc atom decoration is ∼4.1 times. 

3.5. Capture capacity of CO2 onto PGY and S223 structures 

An important feature in identifying CCS of materials is the max
imum CO2 capture capacity of them [73]. So, to obtain the maximum 
number of CO2 molecules adsorbed on the PGY and S223 structures, we 
added CO2 molecules step by step onto these structures and optimized 
them. We use Eads and Es to monitor CCS of these systems. Some of the 
obtained results have been reported in Table 4. We continued CO2 

addition up to reach the adsorption energy of step (Es) to less than 
0.1 eV as a criterion. For comparison, first, we added CO2 molecule onto 
PGY. It is seen that PGY can only store three CO2 molecules with Eads of 
−0.249 eV/CO2 that is about 18.63 wt% of CO2 capture capacity 
(Table 4). Furthermore, the S223 structure can hold 19 CO2 molecules 

Table 3 
The capture of one CO2 on the S9, S22 and S24 structures; distance between CO2 and GY (d1), CO2 and decorating atoms (d2) (in Å), Eads and band gap (Eg) (in eV), 
average C-O bond length of CO2 (Ɩ), C-O-C angle and Hirshfeld charge of Sc (Q1), Cr (Q2) and CO2 (Q3) (in e).              

Structure CO2 site I.O. F.O. d1 d2 Ɩ Angle Eads Q1 Q2 Q3  

S91 Top 0f Sc H H 3.032 1.395 1.173 176.5 −0.795 0.478 0.352 0.194 
S92 V H 3.056 1.452 1.173 176.4 −0.794 0.478 0.351 0.195 
S93 Top 0f Cr H H 3.095 2.793 1.175 179.7 −0.203 0.589 0.327 0.021 
S94 V H 2.859 2.011 1.174 179.1 −0.424 0.583 0.345 0.112 
S221 Top 0f Sc H Angular 2.427 1.182 1.325 113.2 −2.258 0.471 & 0.474 − −0.454 
S222 V H 2.918 1.952 1.175 176.0 −0.774 0.451 & 0.551 − 0.204 
S223 Bet 1a H Angular 2.612 1.558 1.278 130.4 −2.970 0.448 & 0.450 − −0.373 
S224 Bet 2b H Angular 2.549 1.196 1.317 114.2 −2.305 0.458 & 0.482 − −0.434 
S225 Bet 3c V H 2.709 1.878 1.174 176.7 −0.785 0.447 & 0.554 − 0.195 
S241 Cr H Oblique 2.612 2.121 1.174 179.8 −0.248 − 0.381 & 0.381 0.152 
S242 V H 2.802 2.056 1.175 178.5 −0.410 − 0.381 & 0.382 0.138 
S243 Bet 1 H H 2.733 2.115 1.195 139.0 −1.754 − 0.382 & 0.374 0.138 
S244 Bet 2 H H 2.884 2.314 1.174 179.0 −0.352 − 0.389 & 0.385 0.073 
S245 Bet 3 V V 3.211 2.891 1.174 179.8 −0.182 − 0.398 & 0.391 0.045 

a The single CO2 between two decorating atoms with horizontal orientation along them. 
b The single CO2 between two decorating atoms with horizontal orientation across them. 
c The single CO2 between two decorating atoms with vertical orientation.  

M.H. Darvishnejad and A. Reisi-Vanani   Chemical Engineering Journal 406 (2021) 126749

10



with an average adsorption energy of −0.163 eV/CO2 that is about 
55.66 wt% for CO2 capture capacity. These results show that the si
multaneous presence of two Sc atoms in S223 can promote CCS in GY 

structure, extremely. For PGY and S223 with maximum CO2 capture 
capacity, the optimized structures have been displayed in Fig. 11. 
However, the simultaneous presence of two Cr atoms or one Cr and one 

Fig. 8. PDOS images of the CO2 adsorbed onto: (a) S91, (b) S223, and (c) S243 structures.  
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Sc atom can also promote the CO2 capture capacity of GY, but their 
influence isn’t so much. 

4. Conclusions 

To evaluate co-decoration of GY by Sc and Cr atoms, we examined 
Sc atom in various sites of Cr-decorated GY, in which Cr was put in the 
H1 site. Also, co-decoration of GY by two Sc atoms or two Cr atoms was 
evaluated. The results show that H1 site is more favorable than other 
sites for Cr atom, but Sc atom lies in H3 site and the opposite side of Cr. 
When, Sc and Cr lie in two adjacent 12-membered rings, H1 sites and 
opposite sides are more favorable than others for them. Generally, from 
the viewpoint of energy, using Sc and Cr atoms as decorating metals is 
better than using from two Sc or Cr atoms. Therefore, it can say that 
configurations with Sc and Cr atoms in H3 and H1 sites and opposite 

sides are the most stable configurations and among these configura
tions, S9 with Eads of the second metal (Sc) about −5.361 eV is the most 
configuration, while, Eads of Sc on GY is −4.856 eV. It seems that Sc 
and Cr have a synergetic effect of −0.505 eV (!) on this Eads. From the 
viewpoint of Eads, there is a difference between co-decorated GY sys
tems with two similar (S22 to S25) or different metal decorating atoms 
(S1 to S21). For the first systems, up-up configurations are more stable 
than up-down ones, while for the latter it is contrariwise. Among three 
types of co-decorated GY, namely Sc-Cr, Sc-Sc, and Cr-Cr systems, only 
for the third one (such as S24) spin-up and spin-down states are dif
ferent and spin polarization is observed and it shows a magnetic 
property. Also, the most adsorption energies of second metal for Sc-Sc 
and Cr-Cr co-decorated GY systems are related to S22 and S24 struc
tures (about −4.937 and −2.872 eV, respectively) that are more than 
when these metals are added to PGY. 

Evaluation of the adsorption behavior of CO2 onto SCGY demon
strates that the highest Eads of CO2 is related to S223 structure in which 
it is about ∼4 times compared to single Sc-decorated GY (−2.970 
against −0.717 eV). Calculations revealed that S223 can capture and 
store up to 19 CO2 molecules that are equal to 55.66 wt% of the system. 
In brief, Edas of CO2 for PGY, Sc-GY, Cr-GY, Sc-Cr-GY, Sc-Sc-GY, and Cr- 
Cr-GY are about −0.242, −0.717, −1.502, −0.795, −2.970 and 
−1.754 eV, respectively. These findings show that co-decoration of GY 
and graphdiyne with various metals can be used as not only the subject 
of research works but also the promising candidate for the CO2 capture, 
detection, and removal applications in the future. 
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Fig. 9. The difference electron density images of (a) S91, (b) S223, and (c) S243 structures; blue and red colors represent depletion and accumulation of charges, 
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Comparison of the best structures for CO2 capturing competition.  

Table 4 
Eads and Es (in eV), and maximum CO2 capture capacity (wt. %) in PGY and S223 structures.            

Structure No. of CO2 Eads
Es Wt.% Structure No. of CO2 Eads

Es Wt.%  

PGY 1 −0.242 −0.242  S223 9 −0.777 −0.448  
2 −0.193 −0.174  10 −0.702 −0.298  
3 −0.249 −0.343 18.63 11 −0.669 −0.330  
4 −0.206 −0.089  12 −0.635 −0.265  

S223 1 −2.970 −2.970  13 −0.612 −0.336  
2 −1.835 −0.700  14 −0.579 −0.151  
3 −1.342 −0.356  15 −0.560 −0.298  
4 −1.096 −0.358  16 −0.557 −0.508  
5 −0.918 −0.205  17 −0.542 −0.302  
6 −0.971 −1.236  18 −0.528 −0.188  
7 −0.881 −0.342  19 −0.516 −0.163 55.66 
8 −0.819 −0.382  20 −0.504 −0.027  
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