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Inorganic toxic gases (ITGs) and volatile organic compounds (VOCs) are two kinds of typical hazardous gaseous
pollutants harming humanhealth. The removal of them is still an enormous challenge. Based on density functional
theory (DFT) calculations in thiswork, Al-dopedTi2CO2 (ATCO), a single-atom-decoratedMXene, is expected to be
a more effective adsorbent for these gases than pristine Ti2CO2 (TCO) due to the outstanding adsorption capacity
and superb electrical properties. We then shed light on the mechanism of enhanced adsorption by ATCO. The re-
sults of Mulliken charge analysis, partial density of states (PDOS) and deformation charge density (DCD) confirm
the change of charge distribution on ATCO surface after the decoration of Al atom. Obviously, Al atom can act as
a bridge to promote the formation of chemical bonds between the adsorbed gases and ATCO substrate. This
work not only provides a promisingmaterial for the adsorption of gaseous pollutants, but also explores a new av-
enue for designing and fabricating MXene-based non-noble metal materials in the area of gas adsorbents.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Nowadays, human beings are confronted with many environmental
problems, among which air pollution is one of the most severe chal-
lenges worldwide. Generally speaking, gaseous pollutants in the atmo-
sphere are comprised of two kinds of gases, including primary
pollutants and secondary pollutants [1,2]. The former mainly contains
CO, SO2, NO, NH3, H2S and hydrocarbons, and the latter contains O3,
NO2, SO3, aldehydes and ketones, etc. Fromanother perspective, gaseous
pollutants can also be divided into two categories: inorganic toxic gases
(ITGs) and volatile organic compounds (VOCs). The majority of gaseous
pollutants have pungent smell and toxicity, and may cause allergies,
dyspnea, asthma and even cancers, especially when human body is ex-
posed to the high concentration surroundings of these gases for a long
time [3,4]. In order to control the emission of gaseous pollutants, a series
of techniques have been taken, including adsorption [5,6], catalytic ox-
idation [7,8], photocatalysis [9,10] and biological degradation [11]. In
the midst of these methods, adsorption has been proved to be the
most common and effective method to remove gaseous pollutants,
while the efficiency of adsorbents is affected bymany factors, such as se-
lectivity, specific surface area and convenience of maintenance [12,13].
Currently, researches of MXenes, a class of emerging two-
dimensional (2D) transition metal carbides or carbonitrides, have
boosted rapidly since the first kind of MXene—Ti3C2 was synthesized
in 2011 [14–16]. It is worthy to note that MXenes (Mn+1XnTx) can be
synthesized by etching from MAX (Mn+1AXn) phases [17], where “M”
denotes early d-orbital transition metals, n = 1, 2, or 3, “X” represents
C and/or N, “T” refers to functionalized terminations (–F, –O and –OH),
“x” stands for the number of termination groups, and “A”mainly com-
poses of the elements of the group III A and IV A [14,16]. The bare
MXeneswithout Tx terminations, for example, Ti2C and Ti3C2, showme-
tallic characteristics, whereas theywere found to be unstable [18,19]. As
for functionalized MXenes, their terminations are determined by the
specific experimental conditions, including etchant selection and the
subsequent treatment process [20,21]. For instance, –F groups on
MXenes would be displaced by -OH groups when they are stored in
water [16], while -OH functionalized MXenes could turn into –O func-
tionalized one at high temperature [22]. Inevitably the terminal groups
can make remarkable influence to the performance of MXenes [23].

Although great progress has been made in the researches of MXenes
in the last decade, the application of MXenes is mainly at a nascent
stage at present compared with graphene and other 2D materials.
There is still a long way before large-scale industrial application [24].
Nevertheless,MXenes have been still regarded as a sort of promisingma-
terials because of their excellent electrical conductivity, formidable
chemical and mechanical stability, abundant active sites and large

http://crossmark.crossref.org/dialog/?doi=10.1016/j.susmat.2021.e00294&domain=pdf
https://doi.org/10.1016/j.susmat.2021.e00294
mailto:zhimin.ao@gdut.edu.cn
https://doi.org/10.1016/j.susmat.2021.e00294
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/susmat


Fig. 1. (a) The most stable structure of pristine Ti2CO2 after optimization. The most stable
structure of Zr2CO2 and Hf2CO2 is similar and thus is omitted. The letters in this figure
represent the possible decorating sites. (b) The most stable structure of Al-doped Ti2CO2

after optimization. The most stable structure of B-doped Ti2CO2 is similar and thus is
omitted. The numbers in this figure represent the order of O and Ti atoms. The grey, red,
pink and cyan balls in this and the following figures are C, O, Al and Ti atoms, respectively.
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specific surface area [25–27]. In fact, MXenes are expected to be applied
in expansivefields such as photo/electrocatalysis [28–31], energy storage
[22,32,33], gas sensors [34–37]andelectromagnetic absorption/shielding
[38] in the future.

Among dozens of MXenes, M2CT2 (M = Ti, Zr, Hf and Sc) have
attracted intensive attention at theoretical level by their unique natures,
while many research groups have predicted the structures, band gaps
and optical properties of them [28,29,39–42]. It is reported that M2CT2
possess outstanding stability when their terminations are composed of
–O groups, since the cohesive energies of M2CO2 are more negative
than those of M2CF2 or M2C(OH)2 [41,43]. In addition, the –O termina-
tions would be able to protect the internal metal atoms of MXenes from
being exposed to the environment, hence maintaining the stability of
MXenes [44]. In the utilization of M2CO2 as gas sensors, Xiao et al. made
a pioneering research. They predicted that Ti2CO2 and Zr2CO2 can detect
NH3with high sensitivity and selectivity [34,35]. More recently, Junkaew
et al. and Jiao et al. respectively studied the adsorption of a series of inor-
ganic gases on MXenes, and they also discovered that Ti2CO2 [45] and
Hf2CO2 [46] were potential for NH3 detection and storage.

Single-atom catalysts (SACs), contrived by Zhang et al. in 2011 [47],
have been one of the research hotspots and cutting-edge domains in the
area of catalysis. SACs can remarkably increase the efficiency of atomic
utilization owing to the size reduction, while they have significantly
lower cost and higher selectivity than undecorated catalysts [48].
Owing to its elaborate activated reaction site, single-atom-decorated
MXenes have manifested more prominent performance than pristine
MXenes in hydrogen evolution reaction (HER) [30,49], oxygen reduc-
tion reaction (ORR) [44], CO oxidation [7,50,51] and nitrogen reduction
reaction (NRR) [52,53]. According to the previous studies of our re-
search group, the Al-doped C2N [12,54], Al-doped graphene [55,56]
and Al-doped porous graphene [6] have been proven to bring about a
vast improvement in the adsorption of ITGs and VOCs, while Ti-
decorated Ti3C2O2 and V-decorated Ti2CO2 has been turned out to be a
promising non-noble metal catalytic system for HCHO oxidation [57]
and H2S decomposition [58], respectively.

Inspired by previous studies, three structure-like M2CO2 (Ti2CO2,
Zr2CO2 and Hf2CO2) are chosen as the adsorbents to remove gaseous
pollutants, and single-atom-decorated method is taken to enhance the
capability of adsorbents in this work. DFT calculations are carried out
to acquire comprehensive cognition on the adsorption mechanisms of
ITGs andVOCs on theM2CO2 and single-atom-decoratedM2CO2. It is ex-
pected that our work will provide a conceivable 2Dmaterial and illumi-
nate theoretical guidance for constructing efficient nano-catalysts for
gaseous pollutants adsorption.

2. Computational framework

DFT calculations with the spin unrestricted approach are imple-
mented in DMol3 module of Materials Studio software [59]. The
generalized gradient approximation (GGA) method with Perdew-
Burke-Ernzerhof (PBE) functional is adopted to describe the exchange
correlation function [60]. Considering the van derWaals forces between
the MXenes and gas molecules, the Grimme method for DFT-D correc-
tion is used for all calculations [61]. Double numerical plus polarization
(DNP) is adopted as the basis set to expand the molecular orbitals,
and DFT Semi-core Pseudopotentials (DSPP) is employed to dispose
of the nuclear electrons [62]. The convergence tolerance of energy is
1.0 × 10−6 Ha/atom, while the maximum permissible displacement
and force are 0.005 Å and 0.002 Ha/Å, respectively. The smearing
value is set as 0.005 Ha, and the Brillouin zone is indicated by a
Monkhorst-Pack 4 × 4 × 1 k-pointmesh. In order to avoid the interlayer
interaction, a vacuum layer of about 15 Å is established along the z-axis,
while all the atoms of the system are allowed to relax. The electronic
density distribution and theMulliken charge analysis method is utilized
to calculate the charge transfers. Additionally, molecular dynamics
(MD) simulations are adopted to evaluate the thermal stability. MD
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simulation in a NVT ensemble continues for 5 ps with a time step of
2.0 f. [7], and the Nosé-Hoover method is used to control temperature
of the system [63].

Based on the characteristics of theM2CO2 unit cells, 3 × 3 × 1 hexag-
onal supercell are built. The binding energy is defined as follows:

Eb ¼ EMXeneþatom−EMXene−Eatom ð1Þ

where EMXene+atom, EMXene and Eatom denote the energies ofMXenewith
single-atom decoration, MXene monolayer and the doped atom,
respectively.

When one gas molecule is adsorbed on MXene, the adsorption
energy is defined as follows:

Ead ¼ EMXeneþgas−EMXene−Egas ð2Þ

where EMXene+gas, EMXene and Egas denote the energies of MXene with
gas adsorption, MXene monolayer and gas molecule, respectively.

3. Results and discussion

3.1. Geometry optimization and electronic properties of MXenes

3.1.1. Geometry optimization of M2CO2 and single-atom-decorated M2CO2

According to previous work, Ti2CO2, Zr2CO2 and Hf2CO2 have four
types of structures [29,39,41]. The most stable structures of them are
similar and Fig. 1(a) shows the most stable configuration of Ti2CO2 as
an example. The configuration has three typical decorating sites for the
doping of single atoms. On site a, thedopedatom is located at thehollow
site between three adjacent O atoms and right above the C atom; on site
b, the doped atom is set right above the O atom; and on site c, the doped
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atom is right above theMatom [7]. After geometry optimization, the lat-
tice parameters of Ti2CO2, Zr2CO2 and Hf2CO2 are relaxed to a = b =
9.207 Å, a= b=9.981 Å and a= b=9.429 Å, respectively.

To investigate the stability of doped atoms on theM2CO2 surface, we
choose seven non-noble metal free elements from the group III A to the
group VI A (B, C, N, Al, Si, P and S), which are common and low-cost in
experiment. According to Table S1 and Fig. 2(a), the calculated binding
energy of B and Al atom at the site a of Ti2CO2 is−6.25 eV and− 3.77 eV
respectively, which is more negative than their corresponding cohesive
energy (−5.81 eV and−3.39 eV respectively). The result indicates that
these two atoms can be easily dispersed on Ti2CO2 (TCO) substrate
without the formation of clusters. However, such situation does not
occur in the decoration of all the other elements on TCO and all the
seven elements on Zr2CO2 and Hf2CO2. More importantly, aggregation
of doped atoms should be avoided for the reason that gas adsorption
capacity of 2D materials may be weakened [55]. Therefore, only
B-decorated Ti2CO2 (BTCO) and Al-decorated Ti2CO2 (ATCO) are consid-
ered in the following calculations, and themost stable structure of them
is displayed in Fig. 1(b).

3.1.2. Electronic properties of TCO, BTCO and ATCO
To explore the electronic properties of TCO, BTCO and ATCO, we cal-

culate the Mulliken charge distributions, the partial density of states
(PDOS) and the deformation charge density (DCD) of them. According
to Table S1, 0.365 e charge transfers from B atom to TCO surface,
whereas 1.245 e charges transfer from Al atom to TCO. Subsequently,
six ambient atoms including three O atoms and three Ti atoms around
the doped site a are chosen to assess the charge transfer situation, as
shown in Fig. 1(b). As for Table S2, it shows that not only the charges
of individual O and Ti atom around the Al atom but also the total atomic
charges of these six atoms are more negative than those of B atom and
Fig. 2. (a) Comparison between the binding energy of doped elements in Ti2CO2 (Eb1), Zr2CO2 (E
of TCO (b), BTCO (c) and ATCO (d), the Fermi level is set to zero and marked with dashed line
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those on TCO surface. Obviously, Al atom provides more electrons for
neighboring atoms than B atom, indicating that ATCO is able to bring
stronger interaction between the Al atom and the TCO substrate than
that of B atom and the TCO substrate in BTCO.

As represented in Fig. 2(b) and (c), the PDOS of TCO near the Fermi
level is mostly contributed by the 3d-orbital of Ti atoms [19], while that
of BTCO is similar with TCO. As for ATCO, there is high hybridization be-
tween 2p-orbital of O atoms, 3p-orbital of Al atom and 3d-orbital of Ti
atoms near the Fermi level (Fig. 2(d)), which is more powerful than
those of TCO and BTCO. It is also easy to discover that BTCO has a strong
hybridization between the 2p-orbital of the B atom and the 2p-orbital of
O atom at about −7.5 eV below the Fermi level, while there is also a
forceful hybridization of ATCO between the 3p-orbital of the Al atom
and the 2p-orbital of O atom at about−6 eV below the Fermi level.

Meanwhile, the DCD of BTCO and ATCO is analyzed and illustrated in
Fig. 3(a) and (b), where the red and blue areas represent electron gain
and loss respectively. It is easy to observe that electrons are transferred
from B and Al atom to their neighboring three O atoms so that they can
establish chemical bonds with these O atoms, and the bond length of
Al–O (1.822 Å) is longer than that of B–O (1.405 Å), which is in good
agreement with the results of Mulliken charge analysis shown in
Table S1 and Table S2. As a consequence, ATCO is supposed to possess
a stronger adsorption capacity for ITGs and VOCs molecules than TCO
and BTCO, owing to the more positively charged Al dopant and more
negatively charged TCO substrate, which can play a vital role in the ad-
sorption of these molecules. Therefore, BTCO is no longer considered in
the next part of this work.

3.1.3. Stability of ATCO
The thermal stability of ATCO is assessed by MD simulations. As

shown in Fig. 4(a–c), the configuration of ATCO is well retained at 300
b2), Hf2CO2 (Eb3) and the cohesive energy of the corresponding elements (Ecoh); The PDOS
in this and the following figures.



Fig. 3. The DCD of BTCO (a) and ATCO (b). The red and blue areas in this and the following
figures represent electron gain and loss, respectively.
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K, 500 K and 700 K. In other words, ATCO can exist in a stable way at
room temperature and relatively high temperature. Furthermore, a sec-
ond Al atom is added above the first anchored Al on ATCOmonolayer to
examine the stability of ATCO. The calculated result shows that the
binding energy of the second Al is −2.11 eV, which is lower than that
of the first Al atom and the cohesive energy of Al. As Fig. 4(d) depicts,
the distance of these two Al atoms is 2.797 Å, so that it's too long for
them to form chemical bond. Hence, single Al atom is well dispersed
on TCO in the form of SACs.

3.2. ITGs adsorption on TCO and ATCO

The ITGs (CO, NO, NH3, NO2, SO2 and H2S) are originally placed
above the MXenes at about 2.5 Å, so that the adsorption behavior of
ITGs can be imitated. After considering all possible adsorption configu-
rations of ITGs molecules, the most stable configurations of thesemole-
cules adsorbed on TCO and ATCO surface are investigated.
Fig. 4. (a–c) Equilibrated structure of ATCO at the temperature of 300 K (a), 500 K (b) and 700 K
monolayer. (e) The potential adsorption sites including six top sites (1–6) and three bridge sit

Table 1
Calculated adsorption energies (Ead), charge transfers of ITGs (QI) and Al
bond lengths of pristine ITGs (l1) and those adsorbed on TCO (l2) and AT

Types TCO

Ead (eV) QI (e) d (Å) l1 (Å)

CO −0.12 0.016 2.749 1.145
NO −0.17 0.245 2.374 1.167
NH3 −0.43 0.173 1.780 1.023
NO2 −0.06 0.000 2.378 1.213
SO2 −0.21 −0.003 2.839 1.464
H2S −0.20 0.082 2.346 1.351

4

3.2.1. ITGs adsorption on TCO
First of all, several possible sites are taken into consideration for the

ITGs molecules adsorption on the TCO substrate, including the top site
right above C, O or Ti atom and the bridge site between Ti and O atom.
After calculation, the adsorption energies of ITGs on TCO substrate (Ead),
charge transfers of ITGs (QI), the distance between ITGs and TCO surface
(d) along with the bond lengths of pristine ITGs (l1) and those of ITGs
adsorbed on TCO (l2) are summarized in Table 1. Table 1 shows that the
Ead are from −0.06 to −0.43 eV, the QI vary from −0.003 to 0.239 e,
and there is barely change in the bond lengths of ITGs before and after
adsorbing on TCO. On the basis of Fig. S1, we can see that ITGs have a
weak interaction with TCO since there are not obvious change in the
structure of ITGs and TCO and chemical bonds are not formed, except
forNH3 [34,45]. In the case ofNH3,we canfind that the adsorption energy
of NH3 (−0.43 eV) is more negative than other ITGs, while the distance
between NH3 and TCO surface (1.780 Å) is closer than that of other
ITGs. Additionally, the Ti atom over against N atom on the TCO surface
has a slightly upward movement, and this phenomenon is not observed
in else ITGs. In spite of this, considering ofGuo et al.'s opinion, the adsorp-
tion energy should bemore negative than−0.50 eV to substantially seize
gas molecule on solid surface [5]. Therefore, we can draw a conclusion
that TCO is not an ideal adsorbent for ITGs.

3.2.2. ITGs adsorption on ATCO
Next, we also calculate adsorption energies (Ead), charge transfers of

ITGs, Al atom (QI, QAl) and the bond lengths of ITGs adsorbed on ATCO
(l3) to evaluate adsorption capacity of ATCO. For the ITGs molecules ad-
sorption on ATCO, all potential sites are taken into account and marked
in Fig. 4(e). As Table 1 lists, the adsorption energies of ITGs on ATCO are
much more negative than that of TCO. In the light of Mulliken charge
analysis, Al dopant plays the part of electrons donator in the ATCO
system,making it possible for CO, NO, NO2 and SO2 to obtainmore elec-
trons fromATCO than TCOwhile NH3 and H2S lose less electrons, too. At
the same time, the bond lengths of ITGs were elongated in varying de-
grees after adsorbed on ATCO apart from H2S. As shown in Fig. 5(a-c),
CO, NO and NH3 possess a semblable connection with ATCO, combining
with Al atom by their C or N atom, respectively. What's more, CO and
(c); (d) Side view of the optimized structure of the second Al atom adsorbed on the ATCO
es (7–9) of ATCO.

atom (QAl), the distance between ITGs and TCO surface (d) and the
CO (l3). The boldfaces represent the average bond length.

ATCO

l2 (Å) Ead (eV) QI (e) QAl (e) l3 (Å)

1.145 −1.12 −0.108 1.474 1.156
1.143 −1.47 −0.306 1.517 1.210
1.022 −2.24 0.136 1.501 1.030
1.215 −3.61 −0.513 1.616 1.285
1.465 −2.45 −0.589 1.612 1.585
1.354 −2.52 0.023 1.279 1.354



Fig. 5. Themost stable configuration of CO (a), NO (b), NH3 (c), NO2 (d), SO2 (e) andH2S (f) adsorbed onATCOmonolayer. Thewhite, blue and yellowballs in this and the following figures
are H, N and S atoms, respectively.
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NH3 tend to be vertically chemisorbed to the Al atom, while NO prefers
to be bonded with Al atom with a slightly tilted angle. The bond length
of C–Al in CO and N–Al in NO and NH3 are 2.015 Å, 1.922 Å and 1.978 Å
respectively, which is close to the sum of relevant covalent radii of C–Al
(2.01 Å) and N–Al (1.97 Å) [64]. As shown in Fig. 5(d) and (e), the Al
atom is able to bondwith both two O atom in NO2 and SO2 and then es-
tablish a stable structure. It is worthmentioning that the adsorption en-
ergy of NO2 on ATCO is−3.61 eV, which has tremendous improvement
compared to that of NO2 on TCO. The distances of two O–Al bonds of
NO2 on ATCO are 1.912 Å and 2.010 Å, while those of SO2 on ATCO are
1.879 Å and 1.963 Å. They are also close to the sum of covalent radii of
O and Al (1.89 Å) [64]. In Fig. 5f, for H2S, one of the H–S bonds are bro-
ken, then the H atom from the broken H–S bond is attracted to the O
atom on ATCO surface, which is similar to the structure of H2S adsorp-
tion on V-decorated Ti2CO2 mentioned above [58]. It means that the
Fig. 6. The PDOS of CO (a), NO (b), NH3 (c), NO2 (d), S
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first step of H2S dissociation (H2S→HS* +H*) can react spontaneously
without energy barrier, which is in favor of the subsequent reactions.
The S atom is bonded to Al atom with a 2.184 Å bond length, which is
shorter than the sum of their covalent radii (2.29 Å) [64]. In general,
the ITGs can be chemisorbed on ATCO due to the fact that the distances
of their bond lengthswith Al atom are lower or close to the correspond-
ing covalent radii.

To further analyze the mechanism in electronic level, the PDOS and
DCD are calculated. As Fig. 6 depicts, there is a comparatively large hy-
bridization around the Fermi level of PDOS between CO, NO, NO2 and
SO2 and Al dopant. Actually, the state density peaks of them at about
−8 eV and near the Fermi level are mostly contributed by the p orbital
of C/N/S and O atom. On the contrary, in the case of NH3 and H2S, their
PDOS mainly consists of N-2p and S-3p orbital respectively, lacking of
the hybridization of diverse atoms. As shown in Fig. 7, the electron
O2 (e) and H2S (f) adsorbed on ATCO monolayer.



Fig. 7. The DCD on ATCO monolayer with CO (a), NO (b), NH3 (c), NO2 (d), SO2 (e) and H2S (f).
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cloud density emerges and overlaps over a wide range in the vicinity of
Al atom and adsorbed ITGs molecules. It can be observed that the Al
atoms are surrounded by blue area and the bonds of ITGs connected
to Al atoms as well as the O terminations of ATCO are in red area in
the DCD, demonstrating that not only the Al atoms lose electrons but
also the ITGs molecules and the surface of ATCO obtain electrons. The
results clearly manifest that the Al dopant can significantly enhance
the adsorption of ITGs and act as bridge to combine ITGswith ATCO sub-
strate in the meanwhile.

3.3. VOCs adsorption on TCO and ATCO

Considering the detection of ITGs on MXenes has been explored in
reported researches [65], but the VOCs adsorption on them hasn't
Table 2
Calculated adsorption energies (Ead), charge transfers of VOCs (QV) and Al atom (QAl), the C1=O
some common VOCs. The boldfaces represent the average bond length.

Types TCO

Ead (eV) QV (e) l1 (Å)

RCHO HCHO −0.18 0.058 1.217
CH3CHO −0.28 0.090 1.221

RCOOH HCOOH −0.34 0.038 1.214
CH3COOH −0.34 0.040 1.220

RCOOR HCOOCH3 −0.32 0.043 1.216
CH3COOC2H5 −0.48 0.071 1.221

RCOR CH3COCH3 −0.40 0.110 1.228
CH3COC2H5 −0.43 0.132 1.228

ROH CH3OH −0.33 0.118 1.434
C2H5OH −0.35 0.103 1.437

ROR CH3OCH3 −0.41 0.108 1.422
C2H5OC2H5 −0.43 0.118 1.431

ACs C6H6 −0.50 0.091 /
C7H8 −0.60 0.117 /
C6H5OH −0.64 0.185 /

HCs CH4 −0.14 0.016 /
C2H4 −0.18 0.029 /
C2H2 −0.17 0.036 /
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been systematically studied, the adsorption capacity of VOCs on TCO
and ATCO is evaluated in this section. It is well-known that there are
various sorts of VOCs. Particularly, oxygenated volatile organic com-
pounds (OVOCs, including RCHO, RCOOH, RCOOR, RCOR, ROH and
ROR, etc.) have been diffusely studied in the past decades [6,13,66]. In
order to explore the adsorption behavior of some representative VOCs
on TCO and ATCO, the adsorption process of three typical kinds of
VOCs molecules including OVOCs, aromatic compounds (ACs) and hy-
drocarbons (HCs) are investigated. The possible sites of VOCs adsorbed
on TCO and ATCO surface are identical to those of ITGs.

3.3.1. Adsorption of different VOCs on TCO
The calculated results for these representative VOCs adsorbed on

TCO are exhibited in Table 2. As listed in Table 1 and Table 2, we can
1/C1-O1 bond lengths of pristine VOCs (l1) and those adsorbed on TCO (l2) andATCO (l3) of

ATCO

l2 (Å) Ead (eV) QV (e) QAl (e) l3 (Å)

1.217 −2.13 −0.195 1.648 1.294
1.222 −2.33 −0.085 1.634 1.292
1.221 −2.80 −0.265 1.665 1.345
1.222 −3.27 −0.207 1.658 1.291
1.217 −2.20 0.096 1.581 1.269
1.224 −2.52 0.162 1.596 1.289
1.228 −2.47 −0.005 1.625 1.294
1.229 −2.60 0.019 1.607 1.292
1.434 −2.76 −0.207 1.619 1.431
1.443 −2.14 0.152 1.546 1.529
1.429 −2.11 0.139 1.549 1.480
1.435 −2.50 0.149 1.557 1.496
/ −1.62 0.207 1.365 /
/ −1.81 0.233 1.364 /
/ −2.13 0.215 1.399 /
/ −0.47 0.118 1.391 /
/ −1.32 −0.035 1.400 /
/ −1.25 −0.174 1.492 /



Fig. 8. The most stable configuration of HCHO (a), HCOOH (b), HCOOCH3 (c), CH3COCH3 (d), CH3OH (e) and CH3OCH3 (f) adsorbed on ATCO monolayer.
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Fig. 9. The PDOS of HCHO (a), HCOOH (b), HCOOCH3 (c), CH3COCH3 (d), CH3OH (e) and CH3OCH3 (f) adsorbed on ATCO monolayer.
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see that the adsorption energies of OVOCs and ACs on TCO are a little
more negative than that of ITGs. But as shown in Fig. S2-S4, VOCs are
still not able to have chemisorption on TCO. Interestingly, in the most
stable adsorption configurations of OVOCs on TCO monolayer, the O
atoms of almost all OVOCs are engaged by the Ti atom on TCO surface,
illustrating that there is subsistent interaction between O and Ti atoms.

3.3.2. Adsorption of different VOCs on ATCO
Subsquently, the adsorption of various VOCs molecules on ATCO is

further investigated. The corresponding adsorption energies (Ead), Mul-
liken charge analysis of VOCs and Al atom (QV, QAl) are provided in
Table 2. From the table, it is known that the adsorption energies of
VOCs on ATCO are stronger than those on TCO, and the adsorption ener-
gies of OVOCs on ATCO are normally more negative than those of ACs
9

andHCs at the same time. This suggests that OVOCs revealmore power-
ful adsorption with ATCO than ACs and HCs, which matches the geom-
etry optimization results. Just as Fig. S2 shows, for benzene, toluene and
phenol, they are attracted to ATCO substrate with an inclined angle, but
benzene and toluene cannot form a chemical bond with Al atom.

As mentioned above, Al-doped porous graphene has been revealed
huge promotion in the adsorption of OVOCs, especially in carbonyl-
containing volatile organic compounds (CVOCs) [6], and ATCO is
attested to have similar property as well. Fig. 8 and Fig. S5 show the
most stable adsorption configuration of some OVOCs on ATCO, all of
these OVOCs are connected with ATCO by their O atom. For simplicity,
the O atoms in OVOCs that bond with Al atom are identified as O1, and
the C atoms bond with O1 are defined as C1 in the following part. In
the case of CH3OH, HCOOH and CH3COOH, the H–O bond of hydroxyl



Fig. 10. The DCD on ATCO monolayer with HCHO (a), HCOOH (b), HCOOCH3 (c), CH3COCH3 (d), CH3OH (e) and CH3OCH3 (f).
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are broken, and the HH-O atom forms a chemical bond with the O atom
on the ATCO surface. After that, for CH3COOH, the OH-O atom forms a
double bond with the CC=O atom of carbonyl, and this O atom also
forms chemical bondwith the Al atom. Then, theOC=O atom of carbonyl
is bonded to the Al atom with the double C=O bond broken into single
bond. Unsurprisingly, similar reaction is happened in HCOOH—the ho-
mologue of CH3COOH, but the OH-O atom of HCOOH is not attached to
Al atom. For the rest of OVOCs (RCHO, RCOOR, RCOR, ROR and
C2H5OH), they connect to Al atom by their O1 atom with the C1 = O1/
C1–O1 bond undamaged. Most of the O1–Al bonds are shorter than the
sum of their covalent radii (1.89 Å) [64], suggesting that OVOCs are
chemisorbed with ATCO monolayer. In short, O atom of OVOCs can at-
tract the Al atom to form an O–Al bond, contributing to the connection
of OVOCs and ATCO substrate. On top of this, Table 2 indicates that the
bond lengths of C1 = O1/C1–O1 were elongated on a large scale after
adsorbed on ATCO except CH3OH.

To understand the charge transfer between OVOCs and ATCO, Mulli-
ken charge distribution is calculated and exhibited in Table 2. It elabo-
rates that only a small number of charges transfer from the OVOCs
molecule to the TCOmonolayer. Yet, the OVOCsmolecule acquires elec-
trons from the Al atoms, leading to the bigger change of absolute charge
on ATCO system. What's more, the PDOS of OVOCs are investigated as
reported in Fig. 9 and Fig. S6. These OVOCs both possess various state
density peaks below the Fermi level. For RCHO, RCOOR and RCOR, a
state density peak around the Fermi level is existed, corresponding to
the intact C=O bond of carbonyl due to the fact that the 2p orbitals of
C1 and O1 have a determining impact on the peak near the Fermi level.
But for RCOOH, ROH and ROR, their PDOS near the Fermi level are prac-
tically zero. On top of this, the DCD of OVOCs is also displayed in Fig. 10
and Fig. S7. Obviously, there is a certain degree of overlap in electron
cloud density for all of these adsorbed OVOCs and Al atoms. We can
also observe that the Al atoms serve as electrons donators while the
O1 atoms act as receptors. As a result, the positively charged Al atoms
can connected with the negatively charged O1 atoms, promoting the
combination of OVOCs and ATCO. In conclusion, we deduce that the Al
atom plays a part as a medium to contact the electron clouds of
10
OVOCs and ATCO substrate, which enhances the OVOCs adsorption ca-
pacity of ATCO.

In addition, adsorption energies of some gaseous pollutants on other
2D materials and ATCO are illustrated in Table S5. According to this
table, the adsorption energies of some ITGs and VOCs on ATCO are
much higher than reported results on MXenes and graphene,
confirming that ATCO is an outstanding material for the adsorption of
gaseous pollutants.

4. Conclusion

In this work, by using DFT calculation, the stability of a series of
single-atom-decorated MXenes (A/M2CO2, A = B, C, N, Al, Si, P and S,
M = Ti, Zr and Hf) are investigated in detail. Among these MXenes,
BTCO and ATCO are attested to steadily exist without the formation of
aggregated cluster, and ATCO demonstrates more excellent electronic
properties than BTCO. Subsequently, ITGs and VOCs adsorption on
TCO and ATCO monolayer is systematically studied. Although TCO sub-
strate is proved to be unsuitable as a gas adsorbent, its adsorption ener-
gies of ITGs and VOCs (especially in OVOCs) can be greatly improved
after doping Al atom. Meanwhile, the mechanism of enhanced adsorp-
tion for ATCO is revealed by means of electronic structure analysis in-
cluding Mulliken charge analysis, PDOS and DCD. We speculate that
the decoration of Al atom creates more negative electronic surround-
ings around the Al atom and facilitates the electron flow to adsorbed
gases. Our work provides a potential single-atom-decorated adsorbent
ATCO of ITGs and VOCs without noble metals and expands the applica-
tion of MXenes in the range of environment pollution control.
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