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a b s t r a c t
Volatile organic compounds (VOCs) are a class of air pollutants which seriously affect the ecological environment and threaten human health. Adsorption of VOCs is considered as a promising technology for
VOCs enriching, separation and utilization. In this work, density functional theory (DFT) calculations
are employed to investigate the adsorption properties of typical VOCs molecules onto C2N monolayer
and Al-doped C2N system due to the huge specific surface and porous structure of newly-reported holey
two-dimensional C2N. The results demonstrate that three typical VOCs: formaldehyde, benzene and trichloroethylene, can be absorbed onto pristine C2N monolayer with weak adsorption energy, while the
adsorption ability can be improved with the formation of a strong chemical bond. Especially for the
formaldehyde molecule, the best adsorption capacity on the Al-doped C2N surface with adsorption
energy of 2.754 eV, nearly 5 times larger than the pristine C2N system. The PDOS analysis and electronic
distribution results also show that doped Al atom can act as a bridge to link VOCs molecules with C2N
monolayer and strengthen their interaction, which can significantly enhance the adsorption capacity.
Therefore, Al doped C2N monolayer is demonstrated to be a promising adsorbent for VOCs enriching
and utilization.
Ó 2018 Elsevier B.V. All rights reserved.

1. Introduction
During the past few decades, rapid modernization and urbanization have gained great success in China. However, environmental pollution problems are emerging during these progresses and
trigger public awareness of environmental protection. Volatile
organic compounds (VOCs) are those organic compounds with a
Reid vapor pressure of over 10.3 Pa at ambient temperature
(293.15 K) and pressure (101.325 kPa) [1], which are ubiquitously
present in the urban air. Long-term exposure to high concentrations of VOCs can cause serious carcinogenic, mutagenic, and teratogenic effects to human being by irritating the eyes, skin and
nasopharyngeal membranes [2–4]. Moreover, they are closely
related to the photochemical air pollution due to the formation
of photochemical smog and secondary organic aerosol (SOA) [5].
They are classified as a major contributor to atmospheric air pollution. In fact, the removal of VOCs is urgent to mitigate the air pollution and protect human health.
At present, the research on VOCs treatment has become one of
the hottest topics in the field of environmental protection. There
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are various technologies to treat VOCs, such as biodegradation
[6], combustion [7], photocatalytic oxidation [8,9] as well as
adsorption [10,11]. Among these technologies, adsorption has the
advantages of being simple and low-cost with a wide application
range and high efficiency. Therefore, it is widely used for the
removal and separation of VOCs in industry and internal living
areas. Various adsorbents have already been reported, such as zeolites [12], activated carbon [12], graphene [13] and metal organic
frameworks (MOF) [14], however, these materials still could not
satisfy all the requirements for actual applications due to some
internal drawbacks. As for the typical adsorbents, the zeolites are
affected by impurities such as sulfur dioxide, hydrogen sulfide,
chlorine hydride and ammonia in atmosphere, causing irreversible
transformations in the structure, thus reducing the adsorption
capacity [15]. For activated carbon, the poor regenerative capacity
and the high cost in the post processes limit its wide application in
industry [15]. While for the relatively new adsorbents, such as
graphene and metal organic frameworks (MOF), the main problems is the stability [16]. The corresponding functional group in
graphene or MOF would reunion or collapse at high temperatures,
which reduces the adsorption capacities. Therefore, new efficient
adsorbents are highly desirable for VOCs treatment.
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Recently, a new type of layered material, two-dimensional (2D)
holey C2N, has been synthesized using a simple wet-chemical reaction [17]. Recent studies have shown that C2N monolayer is a new
promising 2D material, and has wide applications in catalysis
[18,19], molecular sieves [20–22], optics devices [23,24], electronics [25–30] as well as photocatalysis [24,25,31–34]. Similar to
other 2D carbon nitrides, the atomic structure of the porous C2N
monolayer also has periodically distributed uniform pores and
high specific surface area, which make it being a promising candidate for absorbing VOCs. Thus, this C2N two-dimensional monolayer is considered for typical VOCs adsorptions. Formaldehyde
(H2CO) [35,36], benzene (C6H6) [35,37] and trichloroethylene
(C2HCl3) [35] are three typical VOCs, which can be released from
building materials, interior decoration, consumer products as well
as in industrial applications [3,35–37]. These three VOCs are ubiquitously present in the atmosphere and closely related to our daily
life. Therefore, the adsorptions of formaldehyde, benzene and trichloroethylene on C2N monolayer deserves to be investigated in
detailed.
However, normally pristine 2D materials sometimes cannot
meet the demand of practical application and functionalization is
necessary to some extent. It was reported that through doping
metal atoms into 2D materials, such as graphene, MoS2 and BN,
could significantly increase the adsorption capacity for gas molecules. For example, recent studies show that the adsorption capacity of CO [38] and H2 [39,40] will be enhanced after doping Al
atoms into graphene. Furthermore, Al doped MoS2 can increase
the adsorption capacity of NO2 and NH3 [41], as well as for the
adsorption enhancement of H2CO [42], hydrogen [43], carbon dioxides [44] and cyanogen chloride [45] on Al doped BN monosheet.
Therefore, doping Al into the 2D C2N monolayer is also expected
to enhance the adsorption capacity of gas molecules.
In this work, density functional theory (DFT) calculations are
employed to measure the adsorption configurations and characteristics of three typical VOCs molecules (H2CO, C6H6 and C2HCl3) on
pristine and Al-doped C2N monolayers to investigate the potential
for VOCs removal. Besides, projected electronic density of states
(PDOS) and Mulliken analysis are also adopted to further illuminate the doping effect of Al element on the atomic structures, properties, as well as adsorption performance. This study can provide
an alternative for design of new adsorbents for the VOCs enriching
and utilization, and further for the photocatalytic degradation
afterwards.
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calculation of phonons, GGA-PBE function in CASTEP modules is
employed. The calculation method is linear response, with the
q-vector grid spacing for interpolation of 0.05/Å and convergence
tolerance of 105 eV/Å2. As for dispersion, the separation value is
set as 0.015/Å.
To understand the doping possibility of Al atom into C2N, binding energy of an Al atom with C2N Eb-Al is calculated and defined as:

EbAl ¼ EAlþC2N  EAl  EC2NV

ð1Þ

where EAl+C2N, EAl and EC2N-V denote the energies of the systems of
Al-doped C2N, a free Al atom in the same vacuum slab and a pristine
C2N layer with a vacancy defect, respectively. To understand the
adsorption properties of VOCs on C2N monolayer, the adsorption
energy of three typical VOCs molecules (H2CO, C6H6 and C2HCl3)
adsorbed onto C2N Eb-voc is also calculated and defined as:

EadVOC ¼ EC2NþVOC  EC2N  EVOC

ð2Þ

where EC2N+VOC, EC2N and EVOC denote the energies of the system
with a VOC molecule adsorbed onto C2N with or without Al dopant,
the energy of the C2N layer with or without dopant and a VOC molecule in the same vacuum slab, respectively.
3. Result and discussion
3.1. The structure optimization of pristine/Al-doped C2N monolayer
The structure of 2D porous C2N monolayer is initially studied,
and the optimized structure is shown in Fig. 1a. Previous work
already reported that a C2N unit cell can be considered as a 2D honeycomb lattice of benzene rings connected through nitrogen atoms
with distributed pores in a fused aromatic network structure,

2. Calculation methods
Spin-unrestricted density functional theory (DFT) calculations
are performed by using the modules DMOL3 [46,47] in Materials
Studio software. The generalized gradient approximation (GGA)
with Perdew-Burke-Ernzerhof (PBE) is employed as the
exchange-correlation functional [48]. The DFT + D method with
the Grimme scheme is adopted to consider the van der Waals
forces [49]. The vacuum space is set as 30 Å in order to minimize
the interlayer interaction. The Brillouin zone is sampled by using
9  9  1 or 11  11  1 k-point grid based on Monkhorst-Pack
mesh generation. The former was used for geometry relaxation
and the latter for density of states (DOS) analysis as calculation
of the electronic properties require a dense k-point grid for accurate results. All atoms are allowed to relax. Relativistic effects are
accounted for using an all electron relativistic core treatment,
which processes all the electrons in the system. A double
numerical plus polarization (DNP) basis set is employed as recommend by reference [46]. An energy convergence tolerance of 105
Ha (1 Ha = 27.2114 eV) is used, and the maximum allowed force
and displacement are 0.002 Ha/Å and 0.005 Å, respectively. In the

Fig. 1. (a) Top view of the optimized C2N unit cell. The grey and blue balls in this
and following figures represent C and N atoms, respectively. (b) Band structure of
the pristine C2N monolayer. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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including 12C atoms and 6N atoms [18,21,27]. The optimized lattice parameters are a = b = 8.325 Å, and the bond lengths are
obtained as 1.337, 1.426 and 1.473 Å for the CAN, CAC(1) and
CAC(2) bonds as shown in Fig. 1a, respectively, which are in good
agreement with early reported results (1.34, 1.43 and 1.47 Å for the
CAN, CAC(1) and CAC(2) bonds) [18]. Furthermore, the electronic
structure of the pristine monolayer C2N is also considered. The
results showed that this monolayer material exhibited semiconducting behavior with a band gap of 1.67 eV at C point (Fig. 1b),
which is consistent with the previously theoretical result (1.66
eV) and the experimental result (1.96 eV) [26].
Therefore, the calculation method for pristine C2N monolayer
has been confirmed, and the adsorption of VOCs on C2N monolayer
is investigated. To avoid high work load, the 2  2  1 supercell of
C2N monolayer consisted of 48C atoms and 24N atoms is selected
to study the adsorption behaviors of H2CO, C6H6 and C2HCl3 molecules. The optimized structure for the 2  2  1 C2N supercell is
shown in Fig. 2.
It has been reported that aggregation of doped metal atoms on
2D materials surface would reduce the gas molecule adsorption
capacity [39]. To avoid the aggregation, strong binding between
metal atoms and 2D materials is required, and the binding energy
should be larger than the cohesive energy of the metal [39].
Therefore, the doping position of Al atoms into C2N monolayer is
investigated. As shown in Fig. 2, there are five possible sites
(d1-d5, d1-d4 are substitution position and d5 is vacancy position)
of an Al atom doping based on the highly symmetrical structure.
After geometry optimization, it is found that the Al atom prefers
to be doped at d1 site, which replaces a N atom near the hole.
The relaxed atomic structure is shown in Fig. 3. In order to calculate the binding energy of the Al atom on the C2N monolayer based
on Eq. (1), the total energies of C2N monolayer with a vacancy at d1
and an isolated Al atom in the same slab are also calculated. In this
way, the binding energy of an Al atom on the C2N monolayer Eb-Al
is obtained as 4.57 eV, which is stronger than the cohesive energy
of Al 3.39 eV [50] in experiment, and 3.64 eV [51] by using LDA
(Local Density Approximation) and 3.23 eV [50] by using VMC
(Variational Monte Carlo) in DFT study. Therefore, the aggression
of Al atoms can be prevented, and Al atoms have good dispersion
into the C2N monolayer surface. As shown in Fig. 3, Al-doped C2N
causes slight distortion of the atomic structure, and the bond
lengths of CAC(1) bonds, CAC(2) bonds and CAN bonds are
obtained as 1.411, 1.382 and 1.346 Å, respectively, which are
slightly different from those before Al doping (they are respectively

Fig. 2. Top view of the geometric structure of C2N (2  2  1 supercell) monolayer.
d1–d4 are four possible doping sites for the Al atom. For VOCs molecule adsorption
on pristine C2N monolayer, five different high symmetry adsorption sites are
considered: hollow-I (H1), hollow-II (H2), hollow-I, corner-I (C1), corner-II (C2)
and vacancy (V). Atoms 0–9 are the selected atoms for Mulliken analysis.

Fig. 3. Top view of the geometric structure of the Al-doped C2N. The pink ball is Al
atom. Atoms 0–9 are the atoms near the doped Al atom and selected for Mulliken
analysis. For the VOCs molecule adsorption, six probably adsorption sites near the
doped Al atom are considered: hollow-I (H1), hollow-II (H2), hollow-III (H3),
corner-I (C1), corner-II (C2) and vacancy (V), respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

1.426, 1.473 and 1.337 Å). However, the AlAC bonds are 1.873 Å,
which are much larger than the CAC bonds and CAN bonds. This
indicates that the AlAC bonds prefer to be disrupted in the chemical reactions due to their weak bonding.
In considering the Al doping, the corresponding binding energy
Al at the most stable position N site is 4.57 eV, indicating that this
is a process of energy reduction, which indicates that the doping
reaction is an exothermic reaction and is thermodynamically
favourable. In experiment, Morozova et al. reported that the spark
plasma sintering technique and heat processing technology was
used to prepare Al-doped Mg2Si, and the doping concentration
can be controlled by adjusting the experimental parameters, such
as the number of Al chips (0, 1, 2. . .) [52]. We believe this technology can be adopted in the C2N system due to the similar resistance
to effect of heat of this carbonitride material. Regarding to the stability of C2N with one vacancy, the density of phonon states (DOPS)
of the system with N site vacancy is calculated and shown as Fig. 4.
The lack of imaginary frequency confirms the stability of this
structure.
To understand the strong binding between the Al atom and C2N
layer, electron transfer between them is also discussed through
Mulliken analysis. Since the doping mainly affects the charge

Fig. 4. The density of phonon states (DOPS) of the C2N with N site vacancy.
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distribution near the doping site, the atomic charges of the doped
Al atom and 9 atoms near the doped Al atom (sites 1–9 in Fig. 3)
are also analyzed. For comparison, the atomic charges of the 9
atoms before doping are also calculated. Table 1 lists the atoms
charges of these 9 atoms in the pristine C2N and Al doped C2N systems. From the table, it is shown that doping Al changes the electronic distribution significantly. The Al atom loses electrons and
has +1.198 e charge, and the nearby atoms obtain electrons, especially the C atoms at sites 3 and 7 which bind with the doped Al
atom, changing the electron charge from 0.071 and 0.071 eV to
0.547 and 0.548 eV, respectively). Therefore, a large charge
transfer occurs from the Al atom to the C2N monolayer, inducing
a strong interaction between Al atoms and C2N monolayer and
confirms the result of binding energy calculation. Similar situations
are also reported in the cases of lithium [53] and boron atom
[54,55] doped C2N systems. In addition, the projected electronic
density of states (PDOS) of the Al atom and C2N sheet is also calculated as shown in Fig. 5. From the figure, the main peaks of the Al
atom are found located at 0.983, 0.414 and 2.99 eV, as guided by
the dash lines. As indicated, the main peaks of the Al atom overlap
with the bands of the C2N sheet greatly, suggesting the strong
interaction between the Al atom and the C2N monolayer.
3.2. Adsorption of VOCs molecules on pristine C2N monolayer
The adsorption properties of three typical VOCs molecules
(H2CO, C6H6 and C2HCl3) onto pristine C2N monolayer are first
investigated. To determine the most stable adsorption configuration, six different representative adsorption sites are all considered
as indicated as H1, H2, H3, C1, C2 and V in Fig. 2 for the case of
VOCs adsorption onto the pristine C2N monolayer. After geometry
optimization, the most favorite adsorption configurations of H2CO,
C6H6 and C2HCl3 on the pristine C2N monolayer are showed in
Fig. 6. The corresponding adsorption energy and structure parameters of these three typical VOCs adsorption configurations are
listed in Table 2. As shown in Fig. 6(a), the H2CO molecule is
located at the vacancy site V of the C2N monolayer and the oxygen
atom goes up while the hydrogen atom goes down. The C-O bond
and C-H bonds show slight change from 1.216 and 1.117 Å to 1.223
and 1.114 Å after the adsorption, respectively. It is clearly shown
that the C6H6 molecule prefers to be adsorbed onto the hollow site
H1 with an inclined angle, and the bond lengths are essentially
invariant in the process of adsorption. As for C2HCl3 molecule,
the most stable configuration is that the C2HCl3 molecule vertically
locates at the vacancy site V of the C2N monolayer with the hydrogen atoms downwards. All the bond lengths show the negligible
changes before and after adsorption. In addition, the C6H6 molecule
adsorbed onto the C2N monolayer induce slight deformation of the
C2N monolayer where slight curve below the monolayer as shown
in Fig. 6(b), while both the H2CO and C2HCl3 prefer to be adsorbed
normally onto the C2N monolayer surface. The adsorption of these
Table 1
The comparison of the atomic charges of the pristine/Al-doped C2N system obtained
by Mulliken analysis. The unit of the charge is one electron charge e.
Atom number (species)

Pristine C2N

Al doped C2N

0
1
2
3
4
5
6
7
8
9

0.141
0.140
0.069
0.071
0.071
0.141
0.071
0.071
0.071
0.141

1.198
0.280
0.251
0.547
0.103
0.155
0.104
0.548
0.255
0.283

(N/Al)
(N)
(C)
(C)
(C)
(N)
(C)
(C)
(C)
(N)
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Fig. 5. The PDOS of the doped Al atom and the C2N monolayer. Fermi level is set to
be 0.

three VOC molecules onto the pristine C2N monolayer can be
define weak chemisorption based on the adsorption energy Ead of
0.556 to 0.775 eV (Generally the energy of 0.5 eV is a standard
to distinguish the physical adsorption from chemical adsorption
[56], and 1 eV  96.154 kJ/mol). Note that short distances of
1.264 and 1.442 Å between VOCs molecules and the pristine C2N
monolayer in the cases of H2CO and C2HCl3 are found. However,
as shown in the top view of the Fig. 6(a) and (c), the two molecules
are adsorbed onto the vacancy of the C2N monolayer, which are
embedded into the C2N monolayer without the chemical bonds.
3.3. Adsorption of VOCs molecules on Al-doped C2N monolayer
The adsorption of H2CO, C6H6 and C2HCl3 molecules adsorbed
onto the Al-doped C2N monolayer is further investigated. Near
the dopant Al atom, six possible adsorption sites of C1, C2, H1H3, V as indicated in Fig. 3 are considered. After geometry optimization, the most favourable adsorption configurations are
obtained and shown in Fig. 7, the corresponding structure parameters and adsorption energy are also listed in Table 2. It is shown
from Table 2 that the binding energy of H2CO, C6H6 and C2HCl3
molecules adsorbed onto the Al-doped C2N layer are obtained as
2.754, 1.595 and 1.247 eV respectively, which are much stronger than those in the cases of adsorption onto pristine C2N monolayer, and all the adsorption energies of these three VOCs
molecules are in the range of chemical adsorption, which is also
confirmed by the short bond lengths l in Table 2 and the formation
of chemical bonds between VOCs molecules and the Al-doped C2N
monolayer is as shown in Fig. 7. From the figure, it is shown that
the Al-doped C2N monolayer has slight distortion after the adsorption of H2CO, C6H6 and C2HCl3. For the adsorption of H2CO, the O
atom forms chemical bond with the doped Al atom, the AlAO bond
length is 1.703 Å as shown in Table 2. Besides, the C atom in the
H2CO molecule also forms CAC bond with the C atom in the C2N
sheet, and the bond length is 1.525 Å. These two chemical bonds
induce large adsorption energy of 2.754 eV in the case of H2CO
absorbed onto Al-doped C2N monolayer, while Ead of C6H6 and
C2HCl3 are obtained as 1.595 and 1.247 eV, respectively. As
shown in Fig. 7(b) and (c), chemical bonds are also formed between
the Al-doped C2N monolayer with C6H6 or C2HCl3 molecule, and
the corresponding AlAC bond lengths are obtained as 2.243 and
2.344 Å, respectively. The AlAC bond in the case of C6H6 adsorption
and AlACl bond in the case of C2HCl3 adsorption are much longer
than the CAC and AlAO bonds in the case of H2CO adsorption. This
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Fig. 6. The favorite adsorption configurations of (a) H2CO, (b) C6H6 and (c) C2HCl3 molecules adsorbed onto the pristine C2N monolayer. The grey, blue, white, red and green
balls represent C, N, H, O and Cl atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Results of the favorite adsorption configuration of H2CO, C6H6 and C2HCl3 adsorbed onto the pristine and Al-doped C2N layer, respectively. Ead and d are corresponding adsorption
energies and adsorption distances between the VOCs molecules and the C2N monolayer before and after Al doing.
Pristine C2N

H2CO
C6H6
C2HCl3
a
b

Al doped C2N

Ead (eV)

d (Å)a

Ead (eV)

l (Å)b

d (Å)a

0.566
0.556
0.775

1.264
2.102
1.442

2.754
1.595
1.247

1.703
2.243
2.344

2.008
1.381
1.581

Distance between the adsorbed molecules and the C2N or Al-doped C2N monolayer.
Distance from the Al atom to the adsorbed molecule.

Fig. 7. The favorite adsorption configurations of (a) H2CO, (b) C6H6 and (c) C2HCl3 molecules adsorbed on the Al-doped C2N monolayer, respectively.

also confirms that the adsorption of H2CO onto the Al-doped C2N is
much stronger than that in the cases of C6H6 and C2HCl3 adsorption. Therefore, after Al doping, the adsorption of the three typical
VOCs molecules onto C2N monolayer can be greatly enhanced, i.e.
the Al-doped C2N monolayer would be a promising material for
VOCs adsorption, especially for H2CO removal. Compared with
the early reports, the Al-doped C2N system has been shown to have
a much better adsorption performance than that of the iron-doped
graphene system for H2CO adsorption (Ead = 1.45 eV) [57] and Ag
surface [58] for C6H6 adsorption (Ead = 0.85 eV).

3.4. The adsorption enhancement mechanism of VOCs molecules onto
Al-doped C2N monolayer
To understand the adsorption enhancement mechanism of
three VOCs molecules onto the Al-doped C2N system, projected
electronic density of states (PDOS) of the three different adsorbed
molecules (H2CO, C6H6 and C2HCl3), the doped Al atom, and the
C2N monolayer in the pristine or Al-doped C2N layer are calculated
as shown in Fig. 8. As mentioned above, the adsorption strength
can be indicated by the overlap of the bands. In Fig. 8, the red dash
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Fig. 8. The PDOS of adsorbed VOCs molecule, doped Al atom and C2N sheet before and after Al doping. The red dash areas demonstrate the overlap parts of the adsorbed
molecules and the C2N monolayer, while the blue dash areas indicate the overlap parts of the adsorbed molecules, the doped Al atom and C2N sheet. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

areas indicate the overlap parts of the adsorbed molecules and the
C2N monolayer, while the blue dash areas indicate the overlap
parts of the adsorbed molecules, the doped Al atom and C2N sheet.
It is shown above that the adsorption energies of the three VOCs
molecules are calculated as 1.247 to 2.754 eV for the Al-doped
C2N system. The strong interactions can be explained by the interaction of the electrons among the adsorbed molecules, Al atom and
the C2N sheet as shown in Fig. 8(b), (d) and (f). For comparison purpose, PDOS of the VOCs molecule adsorption onto pristine C2N
monolayer is also calculated and shown in Fig. 8(a), (c), and (e).
It is clearly shown that the overlap of the bands increases
significantly after Al doping, and the VOCs molecules can interact
with both the C2N monolayer as well as the doped Al atom. In
other words, the doped Al atom can act as a bridge to link VOCs

molecules with the C2N monolayer. In contrast, for the case of
the pristine C2N monolayer, the overlap of the main bands is just
between the adsorbed molecules and the C2N monolayer, which
confirms the relatively weak interactions in the undoped system.
In addition, the doped Al atom has changed the electronic structure
of the absorbed molecules, where PDOS are shifting to a lower
energy, indicating more stable VOCs molecules adsorption.
The electronic density distribution of the H2CO, C6H6 and C2HCl3
molecules adsorbed on the Al doped C2N system are also calculated
and shown in Fig. 9. It is clearly shown that high density of electrons appears in the area among the adsorbed molecules, the Al
atom and the C2N sheet. This further confirms that the doped Al
atom is a bridge to link the electron clouds of the adsorbed molecules and the C2N sheet, thus the interactions of electrons among
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Fig. 9. Electronic density distribution of (a) H2CO, (b) C6H6 and (c) C2HCl3 adsorbed on the Al-doped C2N monolayer.
Table 3
Atomic charges and the absorbed molecules in the C2N system before and after Al doping. The N atom in this table is replaced by the doped Al atom in the pristine C2N system.
This value is obtained by Mulliken analysis and the unit of the charge is one electron charge e.
Type

H2CO
C6H6
C2HCl3

Pristine C2N

Al doped C2N

N atom

Absorbed molecule

Al atom

Absorbed molecule

0.168
0.140
0.163

0.031
0.018
0.003

1.462
1.214
1.235

0.438
0.255
0.164

them are much stronger, inducing much stronger adsorption
energy of VOCs molecules onto Al-doped C2N monolayer, which
agrees well with above results.
The Mulliken analysis is also adopted to calculate the atomic
charges for the adsorption of VOCs molecules onto the pristine and
Al-doped C2N monolayer. The charges of the adsorbed molecules
and the Al or N atom are listed in Table 3. It is shown that the electronic transfer between the VOCs molecules and C2N monolayer is
much stronger after Al doping (around 10 times amount of the electrons transferred), which also indicates the stronger interactions
between the absorbed molecules and the C2N monolayer. It is interesting to note that the H2CO molecule has negative charge when
adsorbing onto the Al-doped C2N monolayer, while the other two
cases of C6H6 and C2HCl3 have positive charges. It is shown from
above discussion that the doped Al atom loses 1.198 e, and has strong
positive charge, indicating the strong capacity to attract electrons
from other places. This explains why the C6H6 and C2HCl3 are relatively positively charged. For the case of H2CO adsorption onto Aldoped C2N monolayer, there are two chemical bonds (AlAO and
CAC bonds) formed between H2CO and Al-doped C2N monolayer,
and the strong electronegativity O atom can further attract 0.264 e
electrons from the Al atom (the charge is 1.462 e), then the remaining
electrons are obtained from the CAC bond.
4. Conclusions
In summary, the adsorption of three typical VOCs molecules
(H2CO, C6H6 and C2HCl3) onto the pristine C2N and Al-doped C2N
monolayer were investigated by using first principles calculations.
It is found that the VOCs molecules are relatively weakly adsorbed
onto the pristine C2N monolayer. After Al doping, the adsorptions
of all the three VOCs molecules are enhanced significantly and
strong chemical adsorption is found. Therefore, Al-doped C2N
monolayer is a promising candidate for VOCs molecules adsorption. In addition, the adsorption enhancement mechanism is also
investigated through analyzing PDOS, electronic distribution, and
atomic charges. It is found that the doped Al atom can act as a
bridge to link the VOCs molecules with C2N monolayer together.
Therefore, Al doped C2N is shown to be a promising adsorbent
for VOCs enriching and utilization.
Conflicts of interest
There are no conflicts to declare.

Acknowledgements
This work was supported by National Natural Science Foundation of China (21607029, 21777033 and 41373102), Science and
Technology Program of Guangdong Province (2017B020216003),
and Science and Technology Program of Guangzhou City
(201707010359), ‘‘1000 plan” for young professionals’ program of
China, ‘‘100 talents” program of Guangdong University of Technology
and the National Supercomputing Centre in Guangzhou.

References
[1] M.S. Kamal, S.A. Razzak, M.M. Hossain, Catalytic oxidation of volatile organic
compounds (VOCs) – a review, Atmos. Environ. 140 (2016) 117–134.
[2] Y.S. Wang, X.Y. Ren, D.S. Ji, J.Q. Zhang, J. Sun, F.K. Wu, Characterization of
volatile organic compounds in the urban area of Beijing from 2000 to 2007, J.
Environ. Sci. – China 24 (2012) 95–101.
[3] W. Ye, Zhang, J. Gao, G.Y. Cao, X. Zhou, X. Su, Indoor air pollutants, ventilation
rate determinants and potential control strategies in Chinese dwellings: a
literature review, Sci. Total. Environ. 586 (2017) 696–729.
[4] L. Tong, X. Liao, J.S. Chen, H. Xiao, L.L. Xu, F.W. Zhang, Z.C. Niu, J.S. Yu, Pollution
characteristics of ambient volatile organic compounds (VOCs) in the southeast
coastal cities of China, Environ. Sci. Pollut. R. 20 (2013) 2603–2615.
[5] M.J. Yao, Y.M. Ji, H.H. Wang, Z.M. Ao, G.Y. Li, T.C. An, Adsorption mechanisms of
typical carbonyl-containing volatile organic compounds on anatase TiO2 (001)
surface: a DFT investigation, J. Phys. Chem. C 121 (2017) 13717–13722.
[6] X.Q. Chen, Z.S. Liang, T.C. An, G.Y. Li, Comparative elimination of dimethyl
disulfide by maifanite and ceramic-packed biotrickling filters and their
response to microbial community, Bioresource Technol. 202 (2016) 76–83.
[7] D. Delimaris, T. Ioannides, VOC oxidation over MnOx–CeO2 catalysts prepared
by a combustion method, Appl. Catal. B: Environ. 84 (2008) 303–312.
[8] S. Wang, H.M. Ang, M.O. Tade, Volatile organic compounds in indoor
environment and photocatalytic oxidation: state of the art, Environ. Int. 33
(2007) 694–705.
[9] B. Jing, Z. Ao, Z. Teng, C. Wang, J. Yi, T. An, Density functional theory study on
the effects of oxygen groups on band gap tuning of graphitic carbon nitrides for
possible photocatalytic applications, Sustain. Mater. Technol. 16 (2018) 12–22.
[10] S.S. Wang, L. Zhang, C. Long, A.M. Li, Enhanced adsorption and desorption of
VOCs vapor on novel micro-mesoporous polymeric adsorbents, J. Colloid
Interf. Sci. 428 (2014) 185–190.
[11] C.Y. Lu, M.Y. Wey, Simultaneous removal of VOC and NO by activated carbon
impregnated with transition metal catalysts in combustion flue gas, Fuel
Process Technol. 88 (2007) 557–567.
[12] X.S. Zhao, Q. Ma, G.Q.M. Lu, VOC removal: comparison of MCM-41 with
hydrophobic zeolites and activated carbon, Energ. Fuel 12 (1998) 1051–1054.
[13] P. Hohenberg, W. Kohn, Inhomogeneous electron gas, Phys. Rev. 136 (1964)
B864.
[14] A. Junkaew, C. Rungnim, M. Kunaseth, R. Arroyave, V. Promarak, N. Kungwan,
S. Namuangruk, Metal cluster-deposited graphene as an adsorptive material
for m-xylene, New J. Chem. 39 (2015) 9650–9658.
[15] S.Y. Lee, S.J. Park, A review on solid adsorbents for carbon dioxide capture, J.
Ind. Eng. Chem. 23 (2015) 1–11.
[16] L.Y. Chen, R. Luque, Y.W. Li, Controllable design of tunable nanostructures
inside metal-organic frameworks, Chem. Soc. Rev. 46 (2017) 4614–4630.

Y. Su et al. / Applied Surface Science 450 (2018) 484–491
[17] J. Mahmood, E.K. Lee, M. Jung, D. Shin, I.Y. Jeon, S.M. Jung, H.J. Choi, J.M. Seo, S.
Y. Bae, S.D. Sohn, N. Park, J.H. Oh, H.J. Shin, J.B. Baek, Nitrogenated holey twodimensional structures, Nat. Commun. 6 (2015) 6486.
[18] X. Li, W.H. Zhong, P. Cui, J. Li, J. Jiang, Design of efficient catalysts with double
transition metal atoms on C2N layer, J. Phys. Chem. Lett. 7 (2016) 1750–1755.
[19] D.W. Ma, Q.G. Wang, X.W. Yan, X.W. Zhang, C.Z. He, D.W. Zhou, Y.A. Tang, Z.S.
Lu, Z.X. Yang, 3D transition metal embedded C2N monolayers as promising
single-atom catalysts: a first-principles study, Carbon 105 (2016) 463–473.
[20] Y.Y. Qu, F. Li, M.W. Zhao, Efficient hydrogen isotopologues separation through
a tunable potential barrier: the case of a C2N membrane, Sci. Rep. 7 (2017).
[21] L. Zhu, Q.Z. Xue, X.F. Li, T.T. Wu, Y.K. Jin, W. Xing, C2N: an excellent twodimensional monolayer membrane for He separation, J. Mater. Chem. A 3
(2015) 21351–21356.
[22] F. Li, Y.Y. Qu, M.W. Zhao, Efficient helium separation of graphitic carbon nitride
membrane, Carbon 95 (2015) 51–57.
[23] S. Guan, Y.C. Cheng, C. Liu, J.F. Han, Y.H. Lu, S.A. Yang, Y.G. Yao, Effects of strain
on electronic and optic properties of holey two-dimensional C2N crystals,
Appl. Phys. Lett. 107 (2015), https://doi.org/10.1063/1.4937269.
[24] J.Y. Sun, R.Q. Zhang, X.X. Li, J.L. Yang, A many-body GW plus BSE investigation
of electronic and optical properties of C2N, Appl. Phys. Lett. 109 (2016), https://
doi.org/10.1063/1.4963654.
[25] D.D. Wang, D.X. Han, L. Liu, L. Niu, Structure and electronic properties of
C2N/graphene predicted by first-principles calculations, RSC Adv. 6 (2016)
28484–28488.
[26] R.Q. Zhang, B. Li, J.L. Yang, Effects of stacking order, layer number and external
electric field on electronic structures of few-layer C2N–h2D, Nanoscale 7
(2015) 14062–14070.
[27] J. Du, C.X. Xia, W.Q. Xiong, X. Zhao, T.X. Wang, Y. Jia, Tuning the electronic
structures and magnetism of two-dimensional porous C2N via transition metal
embedding, Phys. Chem. Chem. Phys. 18 (2016) 22678–22686.
[28] J. Kang, S. Horzum, F.M. Peeters, Heterostructures of graphene and
nitrogenated holey graphene: moire pattern and Dirac ring, Phys. Rev. B 92
(2015) 195419.
[29] Y.M. Yang, M. Guo, G. Zhang, W.F. Li, Tuning the electronic and magnetic
properties of porous graphene-like carbon nitride through 3d transition-metal
doping, Carbon 117 (2017) 120–125.
[30] J.J. He, Y.D. Guo, X.H. Yan, Negative differential resistance and bias-modulated
metal-to-insulator transition in zigzag C2N–h2D nanoribbon, Sci. Rep. 7 (2017),
https://doi.org/10.1038/srep43922.
[31] H.M. Wang, X.X. Li, J.L. Yang, The g-C3N4/C2N nanocomposite: a g-C3N4-based
water-splitting
photocatalyst
with
enhanced
energy
efficiency,
Chemphyschem 17 (2016) 2100–2104.
[32] X.L. Lu, K. Xu, S. Tao, Z.W. Shao, X. Peng, W.T. Bi, P.Z. Chen, H. Ding, W.S. Chu, C.
Z. Wu, Y. Xie, Engineering the electronic structure of two-dimensional
subnanopore nanosheets using molecular titanium-oxide incorporation for
enhanced photocatalytic activity, Chem. Sci. 7 (2016) 1462–1467.
[33] J. Mahmood, S.M. Jung, S.J. Kim, J. Park, J.W. Yoo, J.B. Baek, Cobalt oxide
encapsulated in C2N–h2D network polymer as a catalyst for hydrogen
evolution, Chem. Mater. 27 (2015) 4860–4864.
[34] J. Mahmood, F. Li, S.M. Jung, M.S. Okyay, I. Ahmad, S.J. Kim, N. Park, H.Y. Jeong,
J.B. Baek, An efficient and pH-universal ruthenium-based catalyst for the
hydrogen evolution reaction, Nat. Nanotechnol. 12 (2017) 441–446.
[35] N. Sakai, S. Yamamoto, Y. Matsui, M.F. Khan, M.T. Latif, M.A. Mohd, M. Yoneda,
Characterization and source profiling of volatile organic compounds in indoor
air of private residences in Selangor State, Malaysia, Sci. Total. Environ. 586
(2017) 1279–1286.
[36] C.J. Jiang, D.D. Li, P.Y. Zhang, J.G. Li, J. Wang, J.G. Yu, Formaldehyde and volatile
organic compound (VOC) emissions from particleboard: identification of
odorous compounds and effects of heat treatment, Build Environ. 117 (2017)
118–126.
[37] Z.J. Zhang, H. Wang, D. Chen, Q.Q. Li, P. Thai, D.C. Gong, Y. Li, C.L. Zhang, Y.G.
Gu, L. Zhou, L. Morawska, B.G. Wang, Emission characteristics of volatile

[38]
[39]
[40]

[41]

[42]

[43]
[44]

[45]

[46]
[47]
[48]
[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]

[58]

491

organic compounds and their secondary organic aerosol formation potentials
from a petroleum refinery in Pearl River Delta, China, Sci. Total. Environ. 584
(2017) 1162–1174.
Z.M. Ao, J. Yang, S. Li, Q. Jiang, Enhancement of CO detection in Al doped
graphene, Chem. Phys. Lett. 461 (2008) 276–279.
Z.M. Ao, F.M. Peeters, High-capacity hydrogen storage in Al-adsorbed
graphene, Phys. Rev. B 81 (2010) 205406.
Z.M. Ao, Q. Jiang, R.Q. Zhang, T.T. Tan, S. Li, Al doped graphene: a promising
material for hydrogen storage at room temperature, J. Appl. Phys. 105 (2009)
957.
H. Luo, Y.J. Cao, J. Zhou, J.M. Feng, J.M. Cao, H. Guo, Adsorption of NO2, NH3 on
monolayer MoS2 doped with Al, Si, and P: a first-principles study, Chem. Phys.
Lett. 643 (2016) 27–33.
S. Noorizadeh, E. Shakerzadeh, Formaldehyde adsorption on pristine, Al-doped
and mono-vacancy defected boron nitride nanosheets: a first principles study,
Comp. Mater. Sci. 56 (2012) 122–130.
S.Q. Ma, First-principles study of hydrogen molecules adsorbed on Al-doped
BN sheets, Adv. Mater. Res. – Switz. 197–198 (2011) 701–704.
P. Shao, X.Y. Kuang, L.P. Ding, J. Yang, M.M. Zhong, Can CO2 molecule adsorb
effectively on Al-doped boron nitride single walled nanotube?, Appl Surf. Sci.
285 (2013) 350–356.
A. Soltani, M.T. Baei, A.S. Ghasemi, E.T. Lemeski, K.H. Amirabadi, Adsorption of
cyanogen chloride over Al- and Ga-doped BN nanotubes, Superlattice Microst.
75 (2014) 564–575.
B. Delley, An all-electron numerical method for solving the local density
functional for polyatomic molecules, J. Chem. Phys. 92 (1990) 508–517.
B. Delley, From molecules to solids with the DMol3 approach, J. Chem. Phys.
113 (2000) 7756–7764.
J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made
simple, Phys. Rev. Lett. 80 (1998) 891.
S. Grimme, Semiempirical GGA-type density functional constructed with a
long-range dispersion correction, J. Comput. Chem. 27 (2006) 1787–1799.
R. Gaudoin, W.M.C. Foulkes, G. Rajagopal, Ab initio calculations of the cohesive
energy and the bulk modulus of aluminium, J. Phys. – Condens. Mat. 14 (2002)
8787–8793.
F. Aungwa, S.G. Abdu, A. Haruna, D. Eli, Computation of the cohesive energies
of NaCl, SiO2, and Al using density functional theory, Phys. Rev. A 11 (2016) 1–
9.
N.V. Morozova, S.V. Ovsyannikov, I.V. Korobeinikov, A.E. Karkin, K.-I. Takarabe,
Y. Mori, S. Nakamura, V.V. Shchennikov, Significant enhancement of
thermoelectric properties and metallization of Al-doped Mg2Si under
pressure, J. Appl. Phys. 115 (2014) 213705.
A. Hashmi, M.U. Farooq, I. Khan, J. Son, J. Hong, Ultra-high capacity hydrogen
storage in a Li decorated two-dimensional C2N layer, J. Mater. Chem. A 5
(2017) 2821–2828.
C.S. Liu, Z. Zeng, Boron-tuned bonding mechanism of Li-graphene complex for
reversible hydrogen storage, Appl. Phys. Lett. 96 (2010), https://doi.org/
10.1063/1.3367773.
B. Huang, Z.Y. Li, Z.R. Liu, G. Zhou, S.G. Hao, J. Wu, B.L. Gu, W.H. Duan,
Adsorption of gas molecules on graphene nanoribbons and its implication for
nanoscale molecule sensor, J. Phys. Chem. C 112 (2008) 13442–13446.
B. Gergen, H. Nienhaus, W.H. Weinberg, E.W. McFarland, Chemically induced
electronic excitations at metal surfaces, Science 294 (2001) 2521–2523.
D. Cortes-Arriagada, N. Villegas-Escobar, S. Miranda-Rojas, A. Toro-Labbe,
Adsorption/desorption process of formaldehyde onto iron doped graphene: a
theoretical exploration from density functional theory calculations, Phys.
Chem. Chem. Phys. 19 (2017) 4179–4189.
Y.D. Jiang, J.T. Li, G.R. Su, N. Ferri, W. Liu, A. Tkatchenko, Tuning the work
function of stepped metal surfaces by adsorption of organic molecules, J. Phys.
– Condens. Mat. 29 (2017) 204001.

