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ABSTRACT: Graphdiyne (GDY) is a new carbon allotrope, composed of sp- and sp2-
hybridized carbon atoms, which has a larger specific surface area and a unique pore
structure in comparison with graphene. Based on a first-principles analysis, the effect of Ti
modification on the adsorption of methane (CH4) by a GDY system was studied. The
results indicated that modification with a Ti atom can significantly improve the CH4
adsorption properties of GDY. The macropore position on the alkyne chain is the most
stable adsorption site. A GDY system modified using a single Ti atom (Ti-GDY) can
adsorb 16 CH4 molecules on both sides, and the average adsorption energy can reach
−0.225 eV/CH4. Furthermore, a GDY system modified using two Ti atoms (2Ti-GDY) can adsorb 24 CH4 molecules. The average
adsorption energy is approximately −0.223 eV/CH4, and the CH4 storage capacity is 55.24 wt %. In the system, Ti and GDY are
mainly connected by 2p−3d interactions between the C and Ti atoms. Hybridization between the CH4 molecule and the substrate,
in addition to the 1s H and 3d Ti orbitals, also includes electrostatic interactions. The Ti atom is in a unique macropore position
along the alkyne chain, providing sufficient adsorption space and adsorption sites for CH4. The positive electroconductivity of the
CH4 surface decreases after adsorption, reducing the influence of repulsion between the CH4 molecules and inducing strong
electrostatic interactions with the negatively charged GDY, all of which are beneficial for increasing the amount of adsorption.

1. INTRODUCTION

The rapid socio-economic development in recent decades has
been accompanied by a growing demand for energy. Traditional
coal and petroleum fuels have thus been rendered insufficient to
meet the energy needs of the society. Moreover, fuel combustion
produces multiple pollutants such as carbon dioxide (CO2) and
carbon monoxide (CO). These gases are harmful and have
serious effects on the natural environment and human health.
Natural gas is a better choice owing to its abundant reserves, low
price, and low levels of CO2 emission from combustion. Natural
gas is mainly composed of CH4 (>95%), with the remaining
components being a mixture of small gas molecules (including
H2S, CO, and N2).

1 Compared to coal, CH4 can reduce CO2
emissions by more than 50%. Moreover, the combustion of one
CH4 produces approximately 3.1-fold the amount of heat
produced by the combustion of a hydrogen (H2). Therefore,
from the viewpoint of commercial value and practical
application, natural gas is more advantageous than hydrogen.
Currently, natural gas is stored as liquefied natural gas2

compressed to 200−300 bar at room temperature, compressed
natural gas,3 or adsorbed natural gas.4,5 Owing to the high cost
and high storage and transportation risks associated with the first
two cases, increased attention has been paid to a variety of
natural gas-adsorbing materials.
In recent years, research on CH4 storage materials has mainly

focused on molecular sieves,6 activated carbon,7 and metal−

organic frameworks (MOFs).8−10 Among these, MOFs show
better adsorption performance and find greater application
prospects, and therefore, they have received increased attention.
For example, Zhao et al.11 found that the F-modified Zr-based
MOF has a storage capacity of 16.043 wt % at room temperature
and high pressure, thus showing good thermal stability.
Spanopouls et al.12 reported that the weight and bulk density
of the Cu-modified tbo-MOF for CH4 storage under standard
conditions can reach 26.6 wt % and 221 cm3/cm3, respectively.
Moreover, Cu improves the storage properties of MOFs. Two-
dimensional materials have also been widely explored as CH4
storage materials owing to their light weight and high structural
ordering. Moradi et al.13 evaluated the adsorption performance
of Na-modified BC3 nanosheets on CH4 based on the first-
principles method and found that the adsorption capacity
reaches 18.1 wt %. Liu et al.14 studied the energy storage
performance of a two-dimensional TiB4 single-layer film and
found that the adsorption energy of a single CH4 was −0.41 eV
and that the storage capacity reaches 10.14 wt %. Furthermore,

Received: December 30, 2019
Revised: February 27, 2020
Published: March 26, 2020

Articlepubs.acs.org/JPCC

© 2020 American Chemical Society
8110

https://dx.doi.org/10.1021/acs.jpcc.9b12009
J. Phys. Chem. C 2020, 124, 8110−8118

D
ow

nl
oa

de
d 

vi
a 

Y
u-

H
on

g 
C

he
n 

on
 A

pr
il 

26
, 2

02
0 

at
 0

1:
56

:5
1 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenhui+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuhong+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingxia+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaocong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yingjie+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meiling+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cairong+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cairong+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.9b12009&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/124/15?ref=pdf
https://pubs.acs.org/toc/jpccck/124/15?ref=pdf
https://pubs.acs.org/toc/jpccck/124/15?ref=pdf
https://pubs.acs.org/toc/jpccck/124/15?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b12009?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


Ghanbari et al.15 calculated the adsorption properties of CH4 on
the surface of Ag-modified graphene and found that the
adsorption energy of CH4 is −0.166 eV, which indicates
physical adsorption, thereby increasing the conductivity after
adsorption. Rad et al.16 studied the adsorption properties of
NH3 and CH4 molecules on the surface of Pt-modified
graphene. Their findings indicate that the adsorption energy
of CH4 after Pt modification increases to −0.485 eV, the charge
transfer increases, and the distance between molecules is
shortened. Tanaka et al.17 studied the adsorption of CH4 on
isolated carbon nanotubes and found that the weight density
reaches 19.8 wt % at room temperature. Furthermore, Chen et
al.18 found that the adsorption energy of Li-modified carbon
nanotubes adsorbing CH4 is approximately −0.464 eV, which
allows for the effective separation of non-hydrocarbons in
biogas. In 2012, the U.S. Department of Energy’s (DOE)
Advanced Research Projects Agency-Energy (ARPA-E) pro-
posed a CH4 storage target for vehicles. Under standard
conditions, the weight and bulk density of CH4 should be greater
than 50 wt % and 350 cm3/cm3 (adsorbent),19 respectively.
However, most of the stored CH4 materials are currently unable
to meet these requirements.
In 2010, Li et al.20 synthesized a two-dimensional material

called graphdiyne (GDY), which is a new allotrope composed of
sp and sp2 hybrid carbon atoms. GDY has unique nanoscale
pores, a two-dimensional layered conjugated framework
structure, and semiconductor properties.21−23 Consequently, it
has received extensive attention both at home and abroad;
moreover, it exhibits excellent characteristics for use in lithium
batteries,24−26 solar cells,27,28 photocatalysis,29,30 gas separation
and storage,31,32 and so forth. Lu et al.33 studied the adsorption
of Mn-modified graphyne (GY) on small gas molecules and
noted that the adsorption energy of CH4 was only −0.19 eV.
Chen et al.34 performed density functional theory calculations
and found that the adsorption energy for formaldehyde
molecules on Sc- and Ti-modified GDY was −2 to −2.59 eV.
It was found that Sc and Ti atomic modification improved the
adsorption properties of formaldehyde molecules on GDY.
Zhao et al.35 reviewed the interactions betweenGDY and several
materials such as metal oxides and metal nanoparticles. It is
believed that GDY can be used as both an electron acceptor and
an electron donor, exhibiting excellent charge and electron
transport properties.Moreover, GDY has a larger specific surface
area and richer carbon chemical bonds compared to graphene
and a unique pore structure, all of which provide more storage
space and a greater number of adsorption sites for molecular
adsorption. However, there are only a few studies on the
adsorption properties of CH4. Therefore, based on the density
functional theory, the adsorption performance of GDY on CH4
and the effect of Ti modification on the adsorption performance
of a GDY system were considered in the present study. The
adsorption energy, adsorption distance, charge transfer, charge
difference density, and density of states of the system were also
analyzed and discussed. It was found that Ti modification can
improve the adsorption performance of CH4 by GDY.

2. CALCULATION MODEL AND METHODS
The calculations were conducted using the CASTEP software
package36 in Materials Studio 8.0, based on the first-principles
pseudopotential plane-wave method derived from the density
functional theory. Furthermore, the generalized gradient
approximation (GGA) in a Perdew−Burke−Ernzerhof (PBE)
exchange-associative functional37 was used along with the

ultrasoft pseudopotentials to describe the interaction between
electrons and ions. Because the GGA functional may under-
estimate the weak adsorption energy, the van der Waals
correction (DFT-D)38 method was used in calculation. As the
convergence criterion for structural optimization, the force of
each atom was less than 0.01 eV/Å and the self-consistent field
convergence threshold was 1.0× 10−6 eV/atom. To improve the
accuracy and ensure the convergence of the calculation results,
the cutoff energy of the system and the K-point were tested. The
cutoff energy of the plane wave was set to 500 eV, and the K-
point sampling in the Brillouin zone was set to 6 × 6 × 1. This is
basically consistent with the parameters of GDY described in
previous research.31,39 The calculation of the GDY unit cell
satisfies the periodic boundary conditions. To reduce the
interaction between layers caused by the periodic boundary
conditions, the vacuum layer was selected to be 20 Å for the two-
dimensional GDY structural model. For the calculation of two-
Ti-modified GDY systems, the vacuum layer was too small
owing to a large amount of adsorbed and layered CH4
molecules; the vacuum layer was thus increased to 30 Å. By
comparing the total energy of the system under different vacuum
layers, it was evident that the size of the vacuum layer has little
effect on the total adsorption energy of the system.
The binding energy (Eb) of the Ti atom on the Ti-modified

GDY system was defined as follows

= − ++E E E E( )b Ti GDY GDY Ti (1)

The average adsorption energy (Ead ) and continuous
adsorption energy (Ead) of the CH4 molecules are defined as
follows

= − −+ + +E E E iE i( )/iad CH Ti GDY Ti GDY CH4 4 (2)

= − −+ + − + +E E E Ei iad CH Ti GDY ( 1)CH Ti GDY CH4 4 4 (3)

where EGDY, ETi, and ECH4
represent the total energy of the GDY

system, a free Ti atom, and a free CH4 molecule, respectively.
Here, ETi+GDY represents the total energy of the metal Ti atom-
modified GDY system, whereas EiCH4+Ti+GDY and E(i−1)CH4+Ti+GDY

indicate the total energy of i and the (i − 1) CH4 molecules
adsorbed into the Ti-modified GDY system, respectively.

3. RESULTS AND DISCUSSION
3.1. GDY Structure and CH4 Adsorption Properties.

The cell structure of GDY is shown in Figure 1a. The lattice
constant obtained through structural optimization was a = b =
9.44 Å, which is basically consistent with the theoretically
predicted lattice parameter of a = b = 9.48 Å.40 There are three

Figure 1.GDY geometry structure: (a) GDY cell; (b) GDY adsorption
of CH4 (gray and white spheres represent C andH atoms, respectively).
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types of bonds in the cell model of GDY, namely, the C−C bond
on the benzene ring, the CC acetyl bond, and the C−C bond
between the benzene ring and acetyl bond. The calculated bond
lengths were 1.430, 1.232, and 1.392 Å, respectively, which agree
well with the bond length measured during the experiment.20,41

Moreover, the calculated direct band gap using the GGA/PBE
functional was 0.456 eV, which coincides well with that
measured within the range of 0.44−1.47 eV.42−44 Therefore,
this shows that the calculation model was well designed, and the
calculation parameters were correctly set.
Different GDY systems are selected as the initial positions of

the CH4, including the central pore position of the benzene ring,
the C−C bridge position on the benzene ring, the C top position
on the benzene ring, the C−C bridge position where the
benzene ring is connected to the acetylene bond, the bridge
position on the CC alkyne bond, and the macropore position
on the alkyne chain (shown as positions 1−6 in Figure 1a,
respectively) when considering the different orientations of the
CH4 molecules (1, 2, or 3 H toward the substrate). A total of 18
adsorption structures were obtained after the structural
optimization. The most stable structure for adsorption was the
macropore position of the alkyne chain (as shown in Figure 1b).
The three Hs in CH4 were oriented toward the GDY, and the
adsorption energy was −0.120 eV. In comparison with the
storage and transportation standards of CH4, the adsorption
energy is small and a practical application is difficult to achieve.
3.2. Single-Ti-Atom-Modified GDY. 3.2.1. Adsorption

Configuration of GDY Modified by a Single Ti Atom. The
modification of two-dimensional materials by alkali metals,
alkaline earth metals, and transition metals can improve the
adsorption properties of gas molecules. In this study, a variety of
metal-modified GDYs were selected for the adsorption
calculation of CH4. The calculated binding energies of GDY
modified with metal Li, Na, K, Ca, Mg, Sc, Mn, Co, Ni, Cu, and
Zn were small (−0.132 to −0.558 eV), whereas the binding
energies of GDYmodified by the transition metals Ti, V, Fe, and
Cr were larger (−0.633, −0.612, −0.724, and −0.720 eV,
respectively). However, compared to the Ti-modified GDY
structure, the other three structures underwent a large
deformation and two-dimensional structural collapse, and the
Ti atom was the lightest. Therefore, in this study, the evaluation
of GDY was based on Ti atom modification. The adsorption
properties of a single Ti atom at six different adsorption sites of
GDY (shown as 1−6 in Figure 1a) were first investigated. By
comparing the binding energy of Ti and the structural stability of
the system in a Ti-modified GDY system (Ti-GDY), it was
determined that the most stable adsorption site was a large pore
position of the alkyne chain, which was along the plane of GDY,
and the binding energy was −5.351 eV (as shown in Figure 2).

This position is the same as the Ti modification position in the
adsorption of formaldehyde molecules of Sc- and Ti-modified
GDY.34 Concurrently, the absolute value of the binding energy
of Ti atoms was greater than the cohesive energy of Ti atoms
(−4.85 eV);45 the Ti atoms were thus less prone to
agglomeration in the GDY model. However, the Ti atoms
placed at adsorption sites 1−5 underwent large deformations in
the optimized structure, and the binding energy range was
−5.351 to −3.802 eV.
Based on the analysis of the Mulliken charge population (as

presented in Table 1), the Ti atom in the charge of the Ti-GDY
system was transferred by 1.76 e to the base GDY, which
occurred owing to a strong ionic interaction. Figure 3 shows the
partial wave state density (PDOS) of the Ti-GDY system. It can
be seen that the valence band of the system is below the −7.481
eV energy level and is mainly composed of the s and p orbitals of
C; the conduction band is within the range of −7.481−12 eV,
which originates from interaction between the p orbital of the C
atom and the d orbital of the Ti atom, indicating that there was a
strong 2p−3d interaction between the C and Ti atoms. This is
related to the Ti-modified GDY studied by Lin46 as a catalyst for
CO oxidation on the effect of Ti atoms on GDY. Because the Ti
atom provides additional electrons to GDY, the conduction
band of the system moves below the Fermi level, thereby
transforming the GDY from a semiconductor to a metal.

3.2.2. CH4 Adsorption Properties of Ti-GDY.The most stable
structure of the CH4molecule adsorbed in the Ti-GDY system is
shown in Figure 4a. The adsorption energy of the system was
−0.633 eV, which is higher than the adsorption energy of Li-
modified carbon nanotubes adsorbing CH4

18 and Ag and Pt-
modified graphene on the CH4 molecule.15,16 Moreover, the
adsorption energy was much greater than that of the Mn-
modified GY on the CH4 molecule,33 indicating that the
modification of the Ti atom significantly improved the
adsorption properties of the CH4 molecule. Furthermore, to
study the CH4 storage of the system, CH4 molecules were added
to the system. It was found that the system could adsorb up to
eight CH4 molecules on one side (Figure 4). The analysis found
that the first two CH4 molecules were located above the Ti atom
and were closer to the GDY substrate. Owing to the balance of
the repulsion between the CH4 molecules and the adsorption
between the molecules and substrate, the third CH4 molecule is
adsorbed at the center of the benzene ring position and the
fourth CH4 molecule is adsorbed near the Ti atom; in addition
to an increase in the number of adsorbed CH4 molecules, owing
to a limitation of the adsorption space, the CH4 molecule
gradually moves above the large hole position of the unmodified
alkyne chain; the symmetry was destroyed when they adsorbed
the seventh CH4 molecule. In addition, the gas molecules were
stratified when they adsorbed the eighth CH4 molecule. When
the ninth CH4 molecule was placed on one side, the adsorption
energy was positive, indicating that the gas molecules failed to
adsorb on the substrate. By analyzing the Mulliken charge
population (Table 1), it was found that the C atom was
negatively charged, whereas the four H atoms were positively
charged in the CH4 molecule. There was a large repulsion
between molecules that made it difficult for multiple CH4
molecules to aggregate at the same adsorption site. This is
consistent with the adsorption of CH4 on the Li-modified
graphene given by Xue et al.47 who used H2 and CH4 mixed
adsorption to reduce the repulsive forces between CH4
molecules. However, GDY has a unique macropore position
on the alkyne chain, where the modified Ti atom is on the GDY

Figure 2. Most stable structures of single-Ti-modified GDY (gray and
silver spheres represent C and Ti atoms, respectively).
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plane, providing a sufficient adsorption space for CH4. In the Ti-
GDY system, the modified Ti atom was positively charged,
whereas GDYwas negatively charged, causing it to react strongly
and interact electrostatically with the CH4 of the negatively
charged center and the positively charged surface. Therefore, the
influence of the repulsion between the CH4 molecules was
reduced. The Ti-GDY system finally adsorbed eight CH4
molecules on one side and the adsorption structure exhibited
an arc shape.
Table 2 lists the average adsorption energy Ead (eV),

continuous adsorption energy Ead (eV), distance between C

atoms in CH4 and GDY or Ti, dC‑GDY (Å), dC‑Ti (Å), and
adsorption capacity PBW (wt %) of CH4 in the Ti-GDY system.
It was found that the adsorption energy decreases when the
adsorption position of CH4 is far from the Ti atoms and
increases when the adsorption position of CH4 is closer to the Ti
atoms. This shows that Ti atoms affect its adsorption properties
and play an important role in the adsorption of CH4molecules in
the system. Moreover, the distance between the CH4 molecule
and the substrate also affects the magnitude of the adsorption
energy. When the seventh CH4 molecule, which is far from the
Ti atom and is at the largest distance fromGDY, is adsorbed, the
continuous adsorption energy is minimal. The Ti-GDY system
absorbs eight CH4 molecules on one side, the average
adsorption energy of which is −0.228 eV/CH4, and the

Table 1. Mulliken Charge Population before and after Adsorption of One CH4 Molecule in the Ti-GDY System

before adsorption (e) after adsorption (e)

atom S P d charge s p d charge

H1 0.73 0.27 0.88 0.12
H2 0.73 0.27 0.67 0.33
H3 0.73 0.27 0.75 0.25
H4 0.73 0.27 0.75 0.25
C 1.51 3.59 −1.10 1.45 3.65 −1.10
C1 1.05 3.22 −0.27 1.06 3.25 −0.31
C2 1.10 3.10 −0.20 1.11 3.11 −0.23
C3 0.95 3.14 −0.08 0.95 3.15 −0.10
Ti 2.04 5.55 2.64 1.76 1.85 5.38 2.67 2.09

Figure 3. Partial state of the density map of the Ti-GDY system
(PDOS).

Figure 4. Geometry of CH4 molecule adsorption by Ti-GDY: (a−h) indicate 1−8 CH4 adsorption on one side, respectively.

Table 2. Average Adsorption Energy Ead (eV), Continuous
Adsorption Energy Ead (eV), Distance betweenCH4 andGDY
or Ti, dC‑GDY (Å), dC‑Ti (Å), and Adsorption Capacity PBW
(wt %) of CH4 in the Ti-GDY System

number of
CH4 Ead (eV) Ead (eV)

dC‑GDY
(Å)

dC‑Ti
(Å)

PBW
(wt %)

1 −0.633 −0.633 2.312 2.452 5.73
2 −0.391 −0.149 3.479 4.154 10.83
3 −0.310 −0.149 3.393 5.790 15.42
4 −0.282 −0.195 3.256 4.420 19.55
5 −0.253 −0.141 2.880 9.020 23.30
6 −0.254 −0.259 3.766 7.286 26.71
7 −0.224 −0.039 4.053 7.959 29.84
8 −0.228 −0.262 3.265 5.537 32.71
16 −0.225 49.29
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adsorption amount reaches 32.71 wt %. It can thus be calculated
that Ti-GDY can adsorb 16 CH4 molecules on its both sides (as
shown in Figure 5), in which case the average adsorption energy

is −0.225 eV/CH4, and the adsorption capacity is 49.29 wt %,
which is close to the requirements for DOE (50 wt %).
Meanwhile, it is much larger than both the two-dimensional Na-
modified BC3 nanosheet (18.1 wt %)13 and energy storage
properties of a TiB4 monolayer film (10.14 wt %).14

By analyzing the population of Mulliken before and after
molecular adsorption, the charge transfer between atoms can be
obtained and the interaction between the substrate and
molecule during the adsorption process can be analyzed.
Table 1 shows the layout of the Mulliken charge before and
after the adsorption of one CH4molecule in the Ti-GDY system.
Here, C, H1, H2, H3, and H4 represent C and H atoms in the
CH4 molecule, whereas H2 is a H atom facing upward in the
CH4 molecule (Figure 4a), which lost 0.06 electrons. The
remaining H atoms in the CH4 molecule gained electrons,
whereby the nearest H1 atom from the benzene ring gained the
most electrons (0.15 e), whereas the other two H atoms gained
electrons (0.02 e). The charge in the C atom did not change; the
CH4 band had a weakly negative charge, whereas the positive
charge on the surface decreased. Moreover, the molecules were
polar, and the positive charge of H1 atoms near the substrate
significantly reduced, weakening the repulsion between CH4
molecules. Furthermore, the modified Ti atom underwent a
large charge transfer (loss of electrons, 0.33 e) before and after
the adsorption of CH4 molecules. In addition, C1, C2, and C3
are the C atoms with the most charge transfer in the GDY
structure (the positions of which are shown in Figure 1a), and
they all gained electrons. Consequently, the electronegativity of
GDY was enhanced, and the electrostatic interaction with CH4
molecules was strengthened, creating favorable conditions for
adsorption. In addition, after the adsorption of CH4, the
interaction between the Ti atom and substrate was enhanced
owing to the increased charge transfer between the Ti atom and
GDY. Only a limited amount of charge in the Ti-GDY system
was transferred to the H atom of the CH4 molecule, which later
interacted with the H atom.
Figure 6 shows the charge differential density map of the Ti-

GDY system after adsorbing one CH4 molecule. The yellow and
blue areas represent the loss and gain of the electrons,
respectively. In the yellow region, the Ti atom loses electrons,
whereas the H atom in the CH4 molecule gains electrons in the
blue region. Moreover, the adsorption of CH4 molecules is
mainly affected by the Ti atoms, which is consistent with the
Mulliken charge population analysis shown in Table 1.
To further explore the interaction between the substrate and

CH4 molecule, the PDOS of the CH4 molecular system

adsorbed by the Ti-GDY system was analyzed. As shown in
Figure 7a, the PDOS adsorbing one CH4 molecule in the Ti-
GDY system showed an increase in the DOS peak of the Ti atom
compared to the pre-adsorption state, where the energy range
was−8.551 to−0.942 eV. Therefore, the adsorption of the CH4
molecule increased the interaction between the Ti atoms and
substrate, which is similar to the results of the Mulliken charge
population analysis. Similarly, the peak value of the total DOS
valence band was improved, whereas a minor change in the DOS
of the C atom occurred in the GDY, which can be attributed to
the hybridization between the 3d orbit of Ti and the 1s orbit of
H. Therefore, the interaction between the d orbital of Ti atoms
and the s orbital of the H atom, and the p orbital of the C atoms
in the first to the eighth CH4 molecules adsorbed by Ti-GDY
was further analyzed (see Figure 7b). It is evident that within the
interval of−8.415−7.119 eV, the 1s orbital of H overlapped with
the 3d orbital of Ti, and the broadening of the energy band for
the CH4 molecule indicates that the CH4 molecule interacted
with the Ti atom. Elsewhere, the DOS peak of the second CH4
molecule was lower than that of the first CH4 molecule and
shifted to the right relative to the 1s orbit of the H atom of the
first CH4 molecule. This indicates that the interaction between
the second CH4 molecule and the Ti atom was slightly weaker
than that of the first CH4 molecule, which subsequently shows
that the adsorption energy of the second CH4 molecule was
smaller than that of the first CH4 molecule. Moreover, with an
increase in the CH4 molecule, the shift in the DOS peak for the
CH4 molecule was also consistent with the change in adsorption
energy; when the adsorption energy reduced, the DOS peak
shifted to the right, and when it increased, it shifted to the left. In
the interval −6.75 to −4.57 eV, the peak of the seventh CH4
molecule was significantly lower than that of several other CH4
molecules, indicating that the interaction between the 1s orbital
of H and the 3d orbital of Ti in the seventh CH4 molecule was
significantly weakened. Minimal adsorption energy therefore
occurred, which also resulted in a delamination after the
adsorption of the eighth CH4 molecule.

3.3. Adsorption CH4 Properties of Two-Ti-Atom-
Modified GDY. To investigate the maximum CH4 storage
capacity of the system, the performance of a two-Ti-atom-
modified GDY (2Ti-GDY) system for CH4 storage was further
studied. Considering the symmetry of the system and the storage
space of CH4, the Ti atoms were placed in the macropores of the
acetylene chain symmetrical to the first Ti atom. The optimized
structure is shown in Figure 8. Noticeably, the two Ti atoms
were substantially in the same plane as the GDY substrate, but
the GDY structure was slightly deformed. Furthermore, the
binding energy of the second Ti atom added to the system was
calculated to be approximately −6.488 eV, and the average
binding energy was close to −5.913 eV. Moreover, the binding
energy of the second Ti atom was larger than that of the first Ti
atom, meaning that the interaction between the second Ti atom
and GDY was stronger than that of the first atom.

Figure 5. Geometry of single-Ti-modified GDY both-sided adsorption
of CH4 molecules: (a) top view and (b) front view.

Figure 6.Charge difference density map of CH4 molecules adsorbed by
the Ti-GDY system.
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The 2Ti-GDY system was able to adsorb 12 CH4 molecules
on one side, the optimized geometry of which is shown in Figure
9a−l. Owing to the mutual repulsion between the CH4

molecules and the limitation of the adsorption space, when
the seventh CH4molecule was adsorbed, the gas molecules were
stratified, that is, the first six CH4 molecules were adsorbed into
the first layer close to the Ti atoms, resembling the adsorption of
a single Ti atom.However, because the addition of the second Ti
atom increases the adsorption site of CH4, the interaction
between Ti atoms and CH4 was greater than the mutual
repulsion between CH4 molecules. Thus, six CH4 molecules
were adsorbed in the second layer, and the final adsorption

Figure 7.Density of state of adsorption of CH4molecules in the Ti-GDY system: (a) Ti-GDY absorbing one CH4molecule and (b) Ti-GDY absorbing
1−8 CH4 molecules.

Figure 8. Most stable structures of double-Ti-modified GDY.

Figure 9. Geometry of 2Ti-GDY adsorbed CH4 molecules: (a−l) indicate 1−12 CH4 adsorption on one side, respectively.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.9b12009
J. Phys. Chem. C 2020, 124, 8110−8118

8115

https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b12009?fig=fig9&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b12009?ref=pdf


structure exhibited a semi-arc shape. Table 3 shows the
adsorption properties calculated under these conditions.

Evidently, the second Ti atom increased the adsorption site
and activity of the substrate to the CH4 molecule, which makes
up for the disadvantage of the small amount of adsorption
energy of the CH4 molecule far from the Ti atom, or the lack of
absorption, when the single Ti atom was modified by GDY. The
2Ti-GDY system thus adsorbed up to 12 CH4 molecules on one
side, and the average adsorption energy was approximately
−0.226 eV/CH4, whereas the adsorption capacity reached 38.16
wt %. Notably, the adsorption energy was similar to that of a
single-Ti-atom modification, but the adsorption capacity was
significantly enhanced. It can thus be calculated that the 2Ti-
GDY system can adsorb 24 CH4 molecules on both sides, with
the optimized geometry shown in Figure 10. The adsorption

structure exhibited an ellipsoidal shape with an average
adsorption energy of approximately −0.223 eV/CH4 and an
adsorption capacity of 55.24 wt %. Markedly, this adsorption
capacity exceeds that of the DOE standard (50 wt %), the
adsorption amount of CH4 by the MOF under metal
modification (16.024−26.6 wt %),11,12 and the CH4 storage
properties of Li-modified carbon nanotubes (19.8 wt %).17

A simultaneous analysis of the Mulliken charge population
before and after molecular adsorption revealed that when the
2Ti-GDY system adsorbed 24 CH4 molecules, the two Ti atoms

lost electrons (0.8 and 0.79 e, respectively) and a large charge
transfer occurred with the GDY. Moreover, the interaction was
enhanced, and the quantity of the base GDY charge layout was
−3.35 e. In addition, the negative charge was enhanced, which is
favorable for the adsorption of CH4 molecules with a positive
charge on the surface. Concurrently, the CH4 molecule closer to
the Ti atom gained electrons (approximately 0.20 e) and a large
charge transfer occurred between the Ti atoms, resulting in a
strong interaction, which caused a large adsorption energy.
However, during this process, the CH4 molecule far from the Ti
atom lost electrons (approximately 0.03 e), resulting in a CH4
molecule with a weak positive charge, leading to minimal
adsorption energy. Evidently, the adsorption of CH4 molecules
was mainly affected by Ti atoms, which is consistent with the
adsorption of CH4 molecules by the Ti-GDY system.
Figure 11 shows the changes in the average adsorption energy

Ead and continuous adsorption energy Ead of CH4 molecules in
Ti-GDY and 2Ti-GDY systems. Based on the average adsorption
energy, it is evident that the two-Ti-atom modifications
significantly increased the adsorption capacity and energy. The
adsorption energy of 24 CH4 molecules in the 2Ti-GDY system
and 12 CH4 molecules in the Ti-GDY system was equivalent.
Furthermore, based on the relationship of continuous
adsorption energy, it is clear that the continuous adsorption
energy of CH4 in the 2Ti-GDY system was relatively stable;
however, there was a significant variance in the continuous
adsorption energy in the Ti-GDY system. This resulted from the
reduced distance between the CH4 molecule and the modified
Ti atom owing to the two-Ti modifications, subsequently
increasing the continuous adsorption energy and adsorption
amount of the CH4 molecule. Moreover, the unique pore
structure of GDY provided a special modification position (in
the two-dimensional plane) for the modified Ti atom. In
addition, the two-dimensional structure provided sufficient
adsorption space for the CH4 molecules, and thus, the
adsorption of CH4 by the Ti-modified GDY system attained
better adsorption energy and capacity.

4. CONCLUSIONS

In this study, the properties of GDY and Ti-modified GDY
systems for the adsorption of CH4 molecules were investigated
based on the first-principles density functional theory. It was
found that GDY weakly adsorbs CH4 molecules. Moreover, the
most stable adsorption site was the macropore position of the
alkyne chain, with an adsorption energy of −0.120 eV.
Moreover, Ti-atom modification can significantly improve the
adsorption properties of GDY on CH4. The most stable
adsorption site was the macropore position of the alkyne chain,
and the adsorption energy of a single CH4 molecule was −0.633
eV. The Ti-GDY system was able to adsorb 16 CH4 molecules
on both sides, with the average adsorption energy reaching
−0.225 eV/CH4 and an adsorption capacity of 49.29 wt %. The
2Ti-GDY system was capable of adsorbing 24 CH4 molecules
with an average adsorption energy of approximately−0.223 eV/
CH4 and a capacity of 55.24 wt % for storing the CH4 molecules.
Moreover, it should be noted that the adsorption of CH4
molecules by the GDY system is mainly affected by Ti atoms,
and the interaction between Ti and GDY was mainly a 2p−3d
interaction between C and Ti atoms. In addition to the
hybridization of the 1s orbital of H and the 3d orbital of Ti, the
CH4 molecule and the substrate also included electrostatic
interactions. Furthermore, GDY has a unique macropore

Table 3. Average Adsorption Energy Ead (eV), Continuous
Adsorption Energy Ead (eV), Distance between the C Atom
and GDY in CH4 dC‑GDY (Å), and Adsorption Capacity PBW
(wt %) of CH4 in the Ti-GDY System

number of CH4 Ead (eV) Ead (eV) PBW (wt %) dC‑GDY (Å)

1 −0.555 −0.555 4.89 2.250
2 −0.518 −0.481 9.33 2.459
3 −0.404 −0.175 13.37 3.271
4 −0.350 −0.188 17.06 3.509
5 −0.325 −0.228 20.46 3.236
6 −0.305 −0.203 23.58 3.849
7 −0.277 −0.110 26.47 3.124
8 −0.260 −0.142 29.15 4.227
9 −0.244 −0.118 31.64 6.028
10 −0.234 −0.140 33.96 3.442
11 −0.231 −0.202 36.13 3.250
12 −0.226 −0.168 38.16 7.164
24 −0.223 55.24

Figure 10. Geometry of 2Ti-GDY both-sided adsorption of CH4
molecules: (a) top view and (b) front view.
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position in the alkyne chain, and thus, themodified atomTi is on
the GDY plane, which provides sufficient adsorption space and
sites for CH4. In the Ti-GDY system, the modified Ti atom was
positively charged, whereas GDY was negatively charged (the
negative charge of GDY was further enhanced after the
adsorption of CH4). Therefore, GDY has a strong electrostatic
interaction with the CH4 molecule possessing a negative electric
center and a positively charged surface. In addition, the decrease
in the positive charge on the CH4 surface after adsorption also
reduced the influence of the repulsion between CH4 molecules,
creating a favorable condition for enhancing the adsorption
capacity. Therefore, we strongly believe that Ti-modified GDY
will become one of the most promising materials in the storage
and transport of CH4.
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