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A B S T R A C T

Carbonyl compounds, in particular formaldehyde (HCHO), are among the most common indoor air
pollutants that have been found to be toxic to humans. Thus, in this study, density functional theory
(DFT) calculations are performed to study the adsorption properties of HCHO on pristine and
Al-decorated C2N monolayer. The results indicate that Al-decorated C2N has a strong adsorption
ability for HCHO molecules with an adsorption energy of –2.585 eV. Moreover, partial density of
states (PDOS), Mulliken atomic charges, and electron density distributions are calculated to investigate the adsorption enhancement mechanism. The results show that the Al atom serves as a bridge
to connect the adsorbed molecules and the C2N monolayer, thus strengthening the adsorption. Furthermore, we study the adsorption of H2O and O2 with the possible generation of hydroxyl (•OH)
and superoxide (O2•–) radicals, which are active for HCHO degradation; the results show that both
molecules can also be strongly adsorbed on the Al-decorated C2N surface. In particular, the dissociation of H2O provides an excellent precondition for the generation of hydroxyl radicals. Our findings
suggest that Al-decorated C2N can be a promising material for the adsorption and subsequent catalytic degradation of HCHO molecules.
© 2019, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction
Energy shortage and environmental pollution are two major
global challenges faced by humanity today. Air pollution, which
is closely related to human health, has attracted considerable
attention in the past few years. Indoor air quality is particularly
important for human health because humans spend 70%–90%
of their life indoors [1]. Carbonyl compounds, in particular
formaldehyde (HCHO), are among the most common indoor air

pollutants, mainly released from decorating materials, plywood, fiberboard, particleboard, and other artificial boards
[2–5]. Long-term exposure to high concentrations of HCHO may
cause irritation, allergies, decreased immune function [6], and
even nasopharyngeal carcinoma or leukemia [7,8]. Therefore,
the removal of HCHO is a necessary measure to reduce air pollution and protect human health.
Various techniques have been reported for dealing with indoor HCHO, and the most common ones are adsorption and
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catalytic oxidation. The conventional adsorption methods usually employ porous adsorbents such as activated carbon [9,10],
zeolites [9,11], and molecular sieves [12], which have been
widely used due to their advantages including simplicity, low
cost, and room-temperature operation. However, the limited
adsorption capacity and adsorbent regeneration make these
systems inadequate to meet present demands [13–16]. Catalytic degradation is another widely studied process to perform
HCHO oxidation [17–22]. However, it also has some shortcomings in practical applications. For example, TiO2-based catalysts
have been widely investigated, but the relatively wide band gap
of TiO2 restricts its light energy utilization; therefore, the degradation efficiency requirements are often unsatisfied [23–25].
Therefore, new catalysts for the effective removal of HCHO are
still urgently needed.
Recently, a new type of carbon nitrides, the holey C2N with
two-dimensional (2D) structure, has been synthesized through
a simple wet-chemical reaction [26]. As a new type of graphene-like porous structure with well-distributed pores, this
material has attracted significant attention because of its ultra-large surface area and appropriate band gap value. For example, Zhu et al. [27] prepared C2N for the adsorption of He
atoms. Liu et al. [28] reported that Ca-embedded C2N is an efficient adsorbent for CO2 capture, while Qin et al. [29] employed
charge and electric field effects to control CO2 capture and gas
separation on a C2N monolayer. Furthermore, in the context of
targeting gas pollution, Bhattachayya et al. [30] showed that a
C2N monolayer can efficiently trap HF, HCN, and H2S pollutants,
causing different changes in the I-V characteristics of the monolayer, which is a promising feature for the detection of the
corresponding gases. These studies show that C2N may be a
promising candidate for the adsorption and degradation of
HCHO molecules. However, pristine 2D materials cannot always satisfy the demands of practical applications, and functionalization is required in some cases. Previous studies have
shown that modification with Al atoms can in some cases lead
to enhanced adsorption capacity. For example, our previous
studies have shown that Al doping of graphene can significant
enhance the adsorption of CO [31] and H2 [32,33]. In addition,
Al-modified MoS2 exhibits strong adsorption capacity toward
NO2 and NH3 [34], while the enhanced adsorption of HCHO
[35], H2 [36], and CO2 [37] has been observed on Al-modified
BN systems. Hence, modification with Al atoms can be considered as a promising approach for improving the adsorption
ability of 2D materials.
Herein, the HCHO adsorption on both pristine and
Al-decorated C2N monolayer is modeled using the density functional theory (DFT) method. Moreover, the adsorption capacity
toward H2O and O2, which are sources of active hydroxyl and
superoxide radicals, is investigated for the subsequent catalytic
degradation of HCHO. Furthermore, the adsorption enhancement mechanism is analyzed by calculating the partial density
of states (PDOS), Mulliken atomic charges, and electron density
distribution.
2. Calculation methods
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All calculations reported in this study were carried out using
the DFT-based DMol3 [38,39] module of the Materials Studio
software, which includes unique methodologies and an highly
efficient optimization for dealing with electrostatic problems.
The Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional within the generalized gradient approximation
(GGA) was employed in the calculations [40]. It is essential to
take into account van der Waals forces to describe the decorated metal atoms and the adsorption of gas molecules; hence,
the Tkatchenko-Scheffler (TS) method for the DFT-D correction
was used for this purpose. In order to take relativity effects into
account, all electrons were included in the calculations, to obtain more accurate results without any special treatment of
core electrons. Double numerical plus polarization (DNP) functions were adopted as the basis set. A 24 Å vacuum gap was
included above the monolayer to minimize interlayer interactions. A 7×7×1 Monkhorst-Pack grid of k-points was used, and
all atoms were allowed to relax until the residual forces on
individual atoms were smaller than 10–5 Ha (1 Ha = 27.211 eV).
The maximum force and displacement were set to 0.002 Ha/Å
and 0.005 Å, respectively.
For examining the structural stability of Al atoms decorated
on the C2N monolayer, the binding energy Eb-Al was determined
by the relation:
Eb-Al = EAl+C2N – EAl – EC2N
(1)
where EAl+C2N, EAl, and EC2N represent the total energies of the
Al-decorated C2N, an independent Al atom in the slab, and the
pristine C2N monolayer, respectively. Moreover, to probe the
adsorption of gas molecules on the pristine/Al-decorated C2N
systems, the adsorption energy Ead-gas was determined as:
Ead-gas = EC2N+gas – EC2N – Egas
(2)
where EC2N+gas, EC2N, and Egas are the total energies of a gas molecule adsorbed on the C2N layer with or without Al atoms, the
isolated C2N monolayer, and the corresponding isolated gas
molecule in the slab, respectively.
3. Results and discussion
3.1. Geometrical structure of pristine and Al-decorated C2N
The optimized structure of the C2N monolayer unit cell is
shown in Fig. 1(a), and consists of 12 C and 6 N atoms (solid
black line), with four unit cells forming a uniform hole. The
lattice parameters calculated in this study are a = b = 8.325 Å,
which are consistent with recently reported results (a = b =
8.33 Å) [41,42]. Moreover, the C–N, C–C(1), and C–C(2) bond
lengths are 1.337, 1.428, and 1.470 Å, respectively, also in good
agreement with the recent theoretical values of 1.337, 1.429,
and 1.470 Å [42]. Then, we examined the electronic properties
of the pristine C2N monolayer, whose calculated band structure
is shown in Fig. 1(b). The figure shows that C2N is a semiconductor with a direct band gap of 1.67 eV, in good agreement
with the reported theoretical [43] and experimental data (1.66
and 1.96 eV, respectively) [26].
The decoration of Al atoms on the C2N monolayer was then
considered. Five different adsorption sites were examined
based on the high-symmetry structure shown in Fig. 1(a). The
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(a)

(b)

Fig. 1. (a) Top view of the structure of C2N monolayer in a 2×2 supercell. The grey and blue balls in this and following figures represent the C and N
atoms, respectively. A C2N unit cell has been marked with a solid black line. Different adsorption sites are considered: vacancy (V), hollow-I (H1),
hollow-II (H2), N-top (N) and C-top (C). (b) Band structure of pristine C2N calculated by GGA-PBE.
(a)

(b)

Fig. 2. (a) Top view of Al-decorated C2N. The pink ball in this and following figures represents Al atom. 0–9 are the atoms besides the decorated Al
atom, which are selected for Mulliken analysis. Different adsorption sites are considered: vacancy (V), hollow-Ⅰ (H1), hollow-Ⅱ (H2), hollow-Ⅲ
(H3), corner-Ⅰ (C1) and corner-Ⅱ (C2). (b) Band structure of Al-decorated C2N calculated by GGA-PBE.

structure of Al-decorated C2N after full geometry optimization
is shown in Fig. 2(a). As can be seen in the figure, the Al atom
prefers to move close to the two nitrogen atoms of the C2N
monolayer near the vacancy (V) site, even though its initial
position is on the top of a C or N atom. A similar conclusion has
been reported for of Li [43] and transition metal (Pt, Co, Ni, Cu)
[44] atoms decorated on a C2N layer. The deposition of one Al
atom on the C2N monolayer causes negligible structural changes in the system, and all atoms remain in the same plane without strong deformation. In addition, the decorated Al atom
forms strong chemical bonds with the two N atoms, with a
bond length of 1.97 Å. It should be noted that this bond length
is longer than both the C–C and C–N bonds in the C2N monolayer, which reveals that the Al–N bonds are easily broken in a
chemical reaction, compared with the pristine C2N system. Previous research has shown that a high concentration of metal
atoms leads to their aggregation; in order to verify the structural stability of the Al-decorated C2N system, the binding energy (Eb) was calculated based on Eq. (1). Table S1 (Supporting
Information) shows the calculated binding energy of the decorated Al atom at different positions on the pristine C2N monolayer. The results show that the V site has the highest binding
energy (Eb = –4.57 eV), which exceeds the cohesive energy of
bulk Al (–3.39 eV/atom) [45]. Thus, the aggregation of Al atoms
in the C2N monolayer can be neglected, confirming the stability
of Al-decorated C2N. It is worth mentioning that the decorated
Al atom leads to a sharp decrease in the band gap from 1.69 to
0.22 eV, as shown in Fig. 2(b), and a similar phenomenon has

been also reported by Hashmi et al. [43] for a Li-decorated C2N
monolayer. A 3×3 C2N supercell was constructed to assess the
effect of the loading amount of Al on the adsorption of both Al
atoms and HCHO molecules. After geometry optimization, the
structures of the 3×3 Al-decorated C2N monolayer with and
without adsorbed HCHO are shown in Fig. S1. Compared with
the 2×2 C2N monolayer supercell (Al loading amount ~2.9
wt%), the calculated binding energy of the Al atom on the 3×3
C2N monolayer supercell (Al loading amount ~1.3 wt%) slightly increases to –4.87 eV. In addition, the adsorption energy of
the HCHO molecule on the Al-decorated C2N also shows a slight
change, to –2.33 eV. Therefore, the Al loading amount has a
negligible effect on the HCHO adsorption; the maximum Al
loading amount can reach ~10.6 wt% with one Al atom at each
hollow site of the C2N monolayer. Higher Al loadings were also
considered, with two or three Al atoms decorated on the same
hollow site; however, Al aggregation occurs in these cases,
which would negatively affect the adsorption of HCHO molecules and also the possible catalytic degradation performance.
To further understand the strong binding between the decorated Al atom and the C2N monolayer, we carried out an electron population analysis using the Mulliken method. Because
the decorated Al atom mainly affects the charge distribution in
the nearby region, to better describe the electron variation we
analyzed the atomic charges of the Al atom and of 14 atoms
(sites 1–14 in Fig. 2) close to it. The results are listed in Table 1.
As shown in the table, the electrons show good dispersion on
the pristine C2N monolayer, where the C atoms have charges of
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Table 1
Atomic charges of pristine/Al-decorated C2N monolayer calculated by
Mulliken analysis. The unit of the charge is one electron charge e.
Atom number
0(Al)
1(N)
2(C)
3(C)
4(N)
5(C)
6(C)
7(N)
8(C)
9(C)
10(N)
11(N)
12(N)
13(N)
14(N)

Intrinsic C2N
—
–0.270
0.135
0.133
–0.267
0.135
0.136
–0.268
0.133
0.133
–0.270
–0.267
–0.268
–0.268
–0.267

Al-decorated C2N
0.843
–0.414
0.152
0.217
–0.630
0.233
0.234
–0.616
0.232
0.160
–0.410
–0.318
–0.314
–0.272
–0.270

0.133–0.135 e, whereas the charges of the N atoms vary between –0.267 and –0.270 e. After decorating an Al atom, the
electron distribution shows a marked variation. The Al atom
transfers electrons to the atoms near the vacancy, and carries a
+0.843 e charge. In particular, for the N atoms at sites 4 and 7,
which are directly connected with the Al atom, the electronic
charges change from –0.267 and –0.268 e to –0.630 and –0.616
e, respectively. For the N atoms close to the vacancy at sites 1,
10, 11, and 12, the charges are –0.414, –0.410, –0.318, and
–0.314 e, respectively, showing a decreasing ability to attract
electrons, which also reflects the distances between the N atoms and the Al atom. The N atoms at sites 13 and 14, close to
another vacancy, have electronic charges of –0.270 and –0.272
e, respectively, similar to those in the pristine C2N system. This
indicates that the decorated Al atom mainly affects the electron
distribution close to the vacancy, and a large number of electrons transfer from the Al atom, leading to a strong binding
between the Al atom and the C2N layer, as well as achieving a
high stability of the decorated structure.
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Table 2
Results of favorite adsorption configurations of HCHO, H2O and O2 adsorbed on intrinsic/Al-decorated C2N monolayer, respectively. Ead-gas
and d are adsorption energies and adsorption distances between gas
molecules and C2N monolayer. l is the bond lengths of decorated Al
atom and the adsorbed gas molecules.
Type
HCHO
H2O
O2

Intrinsic C2N
Ead-gas (eV)
d (Å)
–0.583
1.132
–0.743
0.986
–0.206
1.455

Al-decorated C2N
Ead-gas (eV)
l (Å)
–2.586
1.706
–3.177
1.709
–2.767
1.791/1.765

d (Å)
1.382
—
1.789

3.2. Adsorption behavior of HCHO molecules
The adsorption of HCHO molecules on the C2N monolayer
was then investigated. Based on the high-symmetry structure,
five possible adsorption sites were investigated, denoted as V,
C, N, H1, and H2 in Fig. 1(a). After structural relaxation, the
most stable adsorption configuration is observed at the V site,
with an adsorption energy Ead-gas of –0.583 eV, calculated from
Eq. (2). The structure of this configuration is shown in Fig. 3(a),
and the corresponding structural parameters are listed in Table
2. The figure shows that the HCHO molecule prefers to sit on
the vacancy site, with the oxygen atom up and the two hydrogen atoms pointing down; the molecule is located 1.132 Å away
from the C2N monolayer and the adsorption energy is –0.583
eV. This short distance is in the range of chemical bonds; however, as can be seen in the figure, the adsorbed HCHO molecule
is embedded in the vacancy site of C2N, and no chemical bonds
are formed. In addition, the adsorption causes negligible structural changes in both the HCHO molecule and C2N layer, denoting a physisorption behavior. After adsorption, the C–O and
C–H lengths in the HCHO molecule change from 1.212 and
1.117 Å to 1.218 and 1.113 Å, respectively. All atoms in the C2N
layer maintain a flat arrangement. Table S2 shows the calculated adsorption energies at different adsorption sites, which
further confirm that the HCHO molecule adsorbed on the pris-

Fig. 3. The favorite adsorption configurations of a HCHO molecule adsorbed on (a) intrinsic C2N monolayer and (b) Al-decorated C2N monolayer. The
red and white balls in this and following figures represent the O and H atoms, respectively.
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tine C2N monolayer undergoes weak physisorption.
Then, we investigated the adsorption of the HCHO molecule
on the Al-decorated C2N monolayer, focusing on six possible
sites (V, H1, H2, H3, C1, and C2) besides the decorated Al atom,
as shown in Fig. 2(a). The corresponding calculated adsorption
energies at these six sites are listed in Table S3. The results
show that the preferred adsorption structure involves the
HCHO molecule lying on the V site, with an adsorption energy
of –2.585 eV, as shown in Fig. 3(b). The figure shows the presence of two chemical bonds (Al–O and C–N) between the HCHO
molecule and the C2N layer, and the corresponding bond
lengths are 1.706 Å (Al–O bond) and 1.524 Å (C–H bond), respectively. As also shown in the figure, the strong adsorption
causes the structural distortion of the C2N layer, which exhibits
a slight curvature. In particular, the Al and N atoms connected
with the adsorbed HCHO molecule move toward it, attracting
its C atom toward the C2N layer. The C–O and C–H bond lengths
of the HCHO molecule change from 1.212 and 1.117 Å to 1.383
and 1.100 Å, respectively, exhibiting a different adsorption
behavior compared with the pristine system. It is worth mentioning that the Al-decorated C2N monolayer shows a better
performance for HCHO adsorption compared with that previously reported for Fe-doped graphene (Ead-gas = –1.45 eV) [46]
and Ti-doped graphene (Ead-gas = –2.26 eV) [47], revealing the
potential application for HCHO concentration, use, and treatment.
To further understand the mechanism behind the enhanced
adsorption of HCHO molecules on the Al-decorated C2N, the
PDOS plots of HCHO and pristine/Al-decorated C2N were calculated and displayed in Fig. 4. The overlap between bands in
the PDOS is representative of the adsorption strength. For ad-

Table 3
Atomic charges of the absorbed molecules in pristine/Al-derocated C2N
monolayer calculated by Mulliken analysis. The unit of charge is e.
Type
HCHO
H2O
O2

Intrinsic C2N
Adsorbed molecule
0.115
0.065
0.037

Al-decorated C2N
Al atom
Adsorbed molecule
–0.228
1.207
–0.349
1.159
–0.654
1.243

sorption on the Al-decorated C2N monolayer, electron interactions can be clearly observed between the adsorbed molecule,
the decorated Al atom, and the C2N monolayer, as indicated by
the blue dashed area in Fig. 4(b). However, in the pristine system, these interactions only involve the adsorbed molecule and
the C2N monolayer, as indicated by the red dashed area. In other words, in the Al-decorated system, the electrons of the adsorbed molecule interact not only with the electrons in the C2N
monolayer, but also with those of the decorated Al atom. Thus,
the Al atom acts as a bridge connecting the HCHO molecule and
the C2N monolayer, which strengthens the interaction between
electrons and enhances the adsorption. In addition, the PDOS
curve of the Al-decorated system is shifted to the left (i.e., toward lower energies) compared to that of the pristine system,
indicating a more stable adsorption.
Furthermore, the Mulliken population analysis was performed to obtain the specific charges of the HCHO molecule and
Al atoms. The results are displayed in Table 3. A considerably
stronger electron transfer is observed in the Al-decorated system, indicating a stronger interaction between the HCHO molecule and the C2N layer. To analyze the distribution of electrons
in more detail, we calculated the electron density distribution

Fig. 4. The PDOS of adsorbed gas molecules, decorated Al atom and C2N monolayer. The red dash indicates the overlap areas of adsorbed molecules
and C2N, while the blue dash indicates the overlap areas of the adsorbed molecules, the decorated Al atom and the C2N.
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Fig. 5. Electronic density distribution of (a) HCHO, (b) H2O, and (c) O2 adsorbed on the Al-decorated C2N.

of the HCHO molecule adsorbed on Al-decorated C2N, shown in
Fig. 5(a). The electron cloud extends over the decorated Al atom, the C2N monolayer, and the adsorbed HCHO molecule,
which is consistent with the band overlap in the PDOS shown in
Fig. 4(a), and induces the strong adsorption of gas molecules. In
addition, a relatively higher density of the electron cloud can be
observed among the decorated Al atom, the C2N monolayer,
and the adsorbed HCHO molecule. These results further confirm that the Al atom acts as a bridge connecting the HCHO
molecule and the C2N layer. This indicates that the decorated Al
atom alters the electron distribution and lead to the enhanced
adsorption of HCHO molecules, which is in good agreement
with the other results discussed above.
3.3. Adsorption of H2O and O2 molecules for possible catalytic
degradation of HCHO
As discussed above, the HCHO molecule can be strongly adsorbed on the Al-decorated C2N, which provides an excellent
precondition for the subsequent treatment. Different techniques for the degradation of HCHO molecules are available,
such as electro-Fenton [48], electro-oxidation [49,50], and
photocatalysis processes [51–53]. Among these degradation
methods, the generation of the hydroxyl (•OH) and superoxide
(O2•–) radicals usually plays a crucial role in the oxidation pro-

cesses [54–61]. As these two radicals are generally derived
from H2O and O2, it is also necessary to investigate the adsorption behavior of these two molecules. Therefore, we also investigated the adsorption of H2O and O2 molecules on pristine and
Al-decorated C2N monolayer. Similar to the adsorption of volatile organic compounds (VOCs) discussed above, we considered
five possible adsorption sites (V, C, N, H1, and H2 as shown in
Fig. 1(a)) on the pristine C2N monolayer and six possible sites
(V, H1, H2, H3, C1, and C2 as shown in Fig. 2(a)), besides the
decorated Al atom, on the Al-decorated C2N monolayer. The
calculated adsorption energies are listed in Table S2 and Table
S3, respectively.
The most stable configurations for a water molecule adsorbed on the pristine and Al-decorated C2N monolayer are
shown in Figs. 6(a) and 6(b), respectively, and the corresponding structural parameters are listed in Table 2. In the pristine
system, Fig. 6(a) shows that the H2O molecule prefers to lie
above the V site of the C2N monolayer, with the oxygen atom up
and the two hydrogen atoms pointing downward. The calculated adsorption energy is –0.743 eV. The distance between the
H2O molecule and the C2N monolayer is 0.986 Å, and no chemical bonds are formed. The two O–H bond lengths of the water
molecule increase from 0.968 Å in the isolated H2O molecule to
0.978 Å in the adsorbed state. After Al atom decoration on the
C2N layer, the most stable adsorption configuration is shown in

Fig. 6. The favorite adsorption configurations of a H2O molecule adsorbed on (a) intrinsic C2N and (b) Al-decorated C2N.
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Fig. 7. The favorite adsorption configurations of an O2 molecule adsorbed on (a) intrinsic C2N and (b) Al-decorated C2N.

Fig. 6(b). The obtained adsorption energy is –3.177 eV, which is
around four times higher than that measured in the pristine
system. This strong adsorption causes slight structural changes
in the Al-decorated C2N sheet as well as induces the dissociation of the H2O molecule into an –OH group and a H atom,
which is attached to the decorated Al atom with Al–O and N–H
bond lengths of 1.709 and 1.049 Å, respectively. This indicates
a very strong interaction between the H2O molecule and the
Al-decorated C2N.
In the case of O2 adsorption on pristine and Al-decorated
C2N monolayer, we found that the O2 molecule also prefers to
adsorb on the V site; the most stable structure is shown in Fig.
7(a). As shown in the figure, in the pristine C2N system the O2
molecule lies perpendicular to the center of the vacancy site,
with an adsorption energy of –0.206 eV. This relatively weak
adsorption has negligible impact of the C2N monolayer. The
O–O bond length of the O2 molecule increases from 1.225 Å in
an isolated O2 molecule to 1.288 Å after adsorption. In addition,
the O2 molecule is nearly 1.5 Å away from the C2N layer, which
is large than the distance observed for the HCHO molecule
(around 0.9 Å), and the corresponding adsorption energy is
also lower than that of the HCHO molecule (–0.743 eV). However, in the Al-decorated system, regardless of its initial position, the O2 molecule prefers to move to the V site after geometry optimization; the final structure is shown in Fig. 7(b). The
O2 molecule prefers to lie near the vacancy site (Ead-gas = –2.767
eV); as the O=O bond breaks, both O atoms form chemical
bonds with the Al atom, as shown in the side view of Fig. 5(b).
The two Al–O bond lengths are 1.791 and 1.765 Å, while the
O–O bond length increases to 1.516 Å, which is much longer
than that of an isolated O2 molecule (1.225 Å) and of the O2
molecule adsorbed on the pristine C2N monolayer (1.288 Å).
Furthermore, the Al-decorated C2N monolayer exhibits slight
distortion with the Al atom shifted toward the adsorbed O2
molecule.
Therefore, the decoration of Al atoms on C2N can significantly enhance the adsorption of H2O and O2 molecules as well.
In particular, the hydroxyl group can be formed directly upon

H2O adsorption, which greatly benefits the generation of hydroxyl radicals. On the other hand, the chemisorbed O2 molecules also have a much higher ability to attract additional electrons, with a high potential to be activated into superoxide radicals. Therefore, the Al-decorated C2N could be a promising
novel material for concentrating VOCs, as well as for their degradation through radical routes.
Similar to the case of HCHO molecules on the Al-decorated
C2N monolayer, the PDOS of the H2O and O2 molecules on the
pristine/Al-decorated C2N systems were also calculated and
are displayed in Fig. 4. Based on the band overlap, the electron
interactions between the H2O or O2 molecule, the decorated Al
atom, and the C2N monolayer (indicated as blue dashed areas
in Figs. 6(d) and 6(f)) are considerably stronger than the interaction in the pristine system, indicated by the red dashed band
overlap in Figs. 6(c) and 6(e). Therefore, a similar adsorption
enhancement mechanism can be achieved, with the Al atom
acting as a bridge to connect the H2O or O2 molecule and the
C2N monolayer, strengthening the interaction between electrons and enhancing the adsorption. In addition, Mulliken
atomic charges were calculated for the H2O and O2 molecules
on the pristine and Al-decorated C2N systems, and the results
are listed in Table 3, while the corresponding electron density
distribution is shown in Figs. 5(b) and 5(c). Similar to HCHO,
the electron transfer is considerably stronger in the
Al-decorated system, and the electron cloud extends over the
adsorbed HCHO, the decorated Al atom, and the C2N monolayer, inducing the strong adsorption of the gas molecules.
4. Conclusions
The adsorption behavior of the HCHO molecule and the potential catalytic degradation ability of pristine and Al-decorated
C2N monolayer were investigated using first-principles calculations. Because the adsorption of the HCHO molecule on the
pristine C2N monolayer is relatively weak (Ead-gas = –0.583 eV)
and not suitable for its concentration and subsequent treatment, Al atoms were decorated on the C2N layer, resulting in a
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high HCHO adsorption energy of –2.586 eV. Moreover, the H2O
and O2 molecules were strongly adsorbed on the Al-decorated
C2N monolayer, providing a favorable precondition for the possible generation of hydroxyl and superoxide radicals. In particular, the H2O molecule dissociated spontaneously and generated a hydroxyl group connected with the Al atom on the C2N
surface, revealing its promising potential for the generation of
hydroxyl radicals. Furthermore, we investigated the adsorption
enhancement mechanism for HCHO, H2O, and O2 molecules. The
results showed that the decorated Al atom can alter the electron distribution and thus the chemical and physical properties
in its vicinity, acting as a bridge between the HCHO molecule
and the C2N layer, and strengthening the adsorption. Hence, the
Al-decorated C2N monolayer proved to be an excellent material
for the adsorption and possible catalytic degradation of HCHO
molecules.
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Al修饰C2N对甲醛降解的吸附增强机理及潜在催化活性的密度泛函理论研究
苏岳檀, 李文浪, 李桂英, 敖志敏*, 安太成
广东工业大学环境健康与污染控制研究院, 环境科学与工程学院, 广州市环境催化及污染控制重点实验室, 广东广州510006

摘要: 羰基化合物, 特别是甲醛, 是室内最常见的对人体有害的空气污染物之一. 如何对甲醛进行有效的控制已成为当前
研究热点. 在本工作中, 我们使用密度泛函理论化学计算方法研究了甲醛分子在C2N和Al修饰C2N上的吸附性能. 结果表
明, 纯C2N对甲醛分子的吸附能力较弱, 吸附能仅为–0.583 eV, C2N经Al原子修饰改性后, 吸附能为–2.585 eV, 超过了改性
前的4倍, 有效增强了体系对甲醛分子的吸附能力. 为了研究甲醛分子在Al修饰C2N上的吸附增强机理, 我们对局部态密度
(PDOS)、Mulliken电荷分布及电子密度分布进行了计算. 结果表明, Al原子修饰改变了附近的电子分布, 从而改变了修饰
Al原子的化学和物理行为, 使其起到了连接甲醛分子和C2N层的桥梁作用, 从而加强了吸附能力.
此外, 为了研究产生对甲醛活化有效的羟基自由基(•OH)和超氧(O2•–)自由基的可能, 我们还计算了C2N结构对H2O分子
和O2分子的吸附. 结果表明, Al修饰的C2N对H2O分子和O2分子同样有很强的吸附能力. 对于H2O分子, 在纯C2N结构中的
吸附能为–0.743 eV, 在Al原子修饰后的结构中, 其吸附能高达–3.177 eV, 并且此时H2O分子能够自发解离成一个羟基和一
个H原子, 其中羟基与修饰的Al原子相连, 这为羟基自由基的生成提供了良好的条件. 而对于O2分子, 在纯C2N结构中的吸
附能仅为–0.206 eV, 在Al原子修饰后其吸附能高达–2.767 eV, 约为修饰前的13倍, 这使得化学吸附的O2分子也具有更高的
获得额外电子和高电位被激活为超氧自由基的潜能, 这也为超氧自由基的生成提供了良好基础. 上述研究表明, Al修饰
C2N是一种有前途的材料, 可用于甲醛分子的吸附及催化降解.
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