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A B S T R A C T   

As a newly explored 2-D material with metallic conductivity, Ti3C2 has drawn much attention as co-catalysts for 
the photocatalytic oxidation (PCO) of indoor air pollutants. Herein, we implement the periodic density functional 
theory calculations to study the interaction between Ti3C2 and acetaldehyde molecules and Ti atoms in Ti3C2 are 
identified as the active sites for the capture of acetaldehyde molecules. When fully saturated with surface ter-
minators (Ti3C2T2, T stands for -F, -O and -OH groups), the Ti3C2F2 and Ti3C2O2 have weak affinity to acetal-
dehyde while Ti3C2(OH)2 could provide moderate adsorption strength by forming H-bonds with acetaldehyde. 
Creating T vacancies in Ti3C2T2 monolayers through surface modification could effectively improve its affinity to 
acetaldehyde with the adsorption energy increasing from 0.281, 0.235 and 0.878 to 1.750, 1.830 and 1.960 eV 
for Ti3C2Fx, Ti3C2Ox and Ti3C2(OH) x, respectively. The positive effect of Ti3C2Tx as a co-catalyst is also verified 
by constructing Ti3C2Tx-TiO2 composite photocatalysts. The introduction of Ti3C2Tx flakes effectively promote 
the PCO of acetaldehyde by improving the adsorption of target molecules and accelerate the separation of 
electron-hole pairs in TiO2. This work provides a promising 2-D Ti3C2Tx material as a co-catalyst for the capture 
and photocatalytic elimination of indoor air pollutants.   

1. Introduction 

The elimination of indoor acetaldehyde has become an important 
issue nowadays. As an irritant to the skin, eye, the respiratory and 
nervous system, acetaldehyde might be emitted by furniture, wall paint 
and other indoor decorations [1,2], Photocatalytic oxidation (PCO) has 
been proven to be an effective way in the elimination of indoor air 
pollutants [3-6]. Due to the low cost, high mineralization ability and 
broad-spectrum activity, semiconductors such as TiO2 is commonly used 
in several water purification technologies [7-9]. However, unlike the 
organic pollutants in water, gaseous pollutants such as acetaldehyde 
show a much lower concentration in the indoor atmosphere [10]. The 
effective capture of gaseous organic molecules by photocatalysts is 
crucial for the subsequent PCO reaction. However, the application of 
many oxides-based semiconductor materials in the air purification field 
is limited by their intrinsic low specific surface area, which can only 
provide few active sites for the adsorption of gas molecules [11,12]. 

Besides, as a traditional direct-gap semiconductor, TiO2 has also been 
criticized for the rapid recombination of photon-induced electron-hole 
pairs, which is detrimental for the effective utilization of sunlight and 
the generation of active oxidative species such as •O2

− and •OH radicals 
[3,5,13,14]. 

Since the development of graphene, the family of 2-D materials has 
started to draw the attention of researchers in the field of photocatalysts 
due to their exceptional optical and electrical properties as a conse-
quence of the reduced dimensionality [15-17]. In contrast to their bulk 
counter parts, 2-D materials exhibit high specific surface areas, which 
made them ideal catalysts or co-catalysts for the PCO of organic gaseous 
molecules. In recent years, MXene materials, including transition metal 
carbides and transition metal nitrides, have been developed as a new 
kind of 2-D material. Most of the MXene materials today are synthesized 
from MAX phases, in which M stands for early transition metals, A is a 
group 13 or 14 elements and X represents either C or N [18-20]. Through 
etching the A layer in MAX phases with HF or other etchant, single or 
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few-layered MXene could be synthesized [20,21]. As reported previ-
ously, most of the MXene materials possess a high specific surface area 
and metallic conductivity, which makes them promising materials for 
the fabrication of hybrid photocatalysts. Among the large MXene family, 
Ti3C2Tx (T stands for the surface terminators), which was firstly syn-
thesized by Yury’s group in 2011 [22], has drawn lots of attention in the 
field of gas phase catalytic reactions [23-25]. On one hand, the large 
specific surface area would provide extensive active sites for the 
adsorption of gas molecules, on the other hand, the metallic conduc-
tivity of Ti3C2Tx is beneficial for the effective separation of 
photon-induced charge carriers [26]. Li et al found that due to the ex-
istence of unsaturated Ti atoms, the surface of Ti3C2 could spontane-
ously capture CO2 molecules through chemisorption with an Eads of 0.59 
eV, which was essential for the further photocatalytic reactions [26]. 
Due to its preference in absorbing particular target gas molecules, 
Ti3C2Tx could also be applied in the separation of various gases 
including CO2, He, H2, O2, N2 and CH4 [27]. Ti3C2Tx has also been 
applied as a kind of co-catalyst. Yu et al built Ti3C2Tx /TiO2 hetero-
junctions for the photocatalytic reduction of CO2 [28]. Compared with 
the commercial TiO2, a 3.7-fold increase in the CH4-production rate was 
observed when applying the composite as the photocatalyst. Ti3C2Tx 
could not only work as a substrate for the uniform distribution of active 
sites, but also trap photon-induced holes from TiO2 and inhibit the 
recombination of electron-hole pairs [29-31]. In addition to photo-
catalytic CO2 reduction, Ti3C2Tx /TiO2 hybrid photocatalysts have also 
been applied in water splitting [32-34] and water purification [35-37]. 
In both cases, Ti3C2Tx would effectively enhance the charge separation 
in TiO2 due to its metallic conductivity. As a great candidate for con-
structing heterojunctions with TiO2, Ti3C2Tx may have great potential in 
the PCO of gas pollutants such as indoor acetaldehyde. 

However, due to the existence of unsaturated Ti atoms, the surface of 
pure Ti3C2 is not stable in most cases. According to the type of etchants 
applied in the exfoliation process, various surface functional groups such 
as -F, -O and -OH groups would attach to the surface of Ti3C2 to form 
Ti3C2T2 (T represents F, O, and OH groups). The existence of these 
surface termination groups may cause a distortion in the lattice structure 
of Ti3C2 and influence its conductivity, as well as the adsorption 
behavior of guest molecules[38-40]. As Ti3C2 could act as the acceptor 
of photon-induced charge carriers and the provider of active sites for the 
capture of gaseous acetaldehyde molecules, the existence of surface 
terminations might have a great impact on the performance of hybrid 
photocatalysts based on Ti3C2. Unlike other 2D materials, the amount 
and distribution of functional groups on the surface of Ti3C2 could be 
easily tuned by hydrothermal treatment, thermal annealing, plasma 
treatment and adjusting the etching or exfoliation environment. In 
2011, Gogotsi et al. found that when etching Ti3AlC2 with HF in an 
aqueous solution, -OH and -F were the dominant surface terminator 
[41]. The results reported by Alshareef et al. revealed that extending the 
etching time would induce an increase in the amount of both -OH and -F 
terminators [42]. By replacing water with polar organic solvents during 
the etching process, Barsoum et al. synthesized Ti3C2Tx flakes rich in -F 
terminators [43]. Xu et al. hydrothermally treated Ti3C2Tx with alkali 
solution and revealed that -F and -OH terminal groups were replaced by 
-O groups during the high-temperature alkalization process [44]. Be-
sides, researchers also found that hydrogen plasma [45] and thermal 
treatment under inert gas [46] or vacuum [47] would cause a partial 
removal of O groups and the exposure of Ti atoms. STEM images re-
ported by Persson et al. revealed that the desorption of surface termi-
nation groups at high temperatures would result in uncovered sites on 
the surface of Ti3C2Tx [47]. The modification of surface functional 
groups would impact the electronic properties of Ti3C2Tx and its ability 
in capturing target gas molecules, which opens a possibility for the 
optimization of hybrid photocatalysts constructed on the basis of 
Ti3C2Tx. Besides, as reported by Tang et al., by removing part of surface 
terminators in Ti3C2Tx, a higher hydrophobicity can be achieved, which 
improves the stability of Ti3C2Tx flakes in air [46] and favors its 

application in gas sensors and photocatalysis. However, the impacts of 
surface modification are still not thoroughly understood. Besides, most 
of the computational works today mainly concentrate on the adsorption 
and photocatalytic reaction of inorganic molecules such as CO2, N2, NH3 
et al. [27]. The adsorption behavior of typical VOCs such as acetalde-
hyde on the surface of Ti3C2Tx and the interaction mechanism were still 
unclear. 

Herein, the adsorption behavior of acetaldehyde molecules on 
various Ti3C2Tx was explored through first-principal simulation. By 
comparing the adsorption energy of different configurations, the 
adsorption model of acetaldehyde molecules on the surfaces were 
determined. The electrical properties and the band structure of Ti3C2 
with and without surface termination groups were simulated to verify 
the influence of the terminators on the electron transportation and the 
adsorption behavior of target molecules. T-vacancies are constructed by 
removing the surface groups and their influence the adsorption behavior 
of acetaldehyde molecules is studied. Photocatalytic experiments are 
carried out by constructing Ti3C2Tx-TiO2 composite for the PCO of 
acetaldehyde. This work would provide theoretical and experimental 
evidences for the application of Ti3C2Tx as a co-catalyst for the PCO of 
indoor acetaldehyde. 

2. Computational details 

First principal calculations in this work were performed via Vienna 
ab-initio Simulation Package (VASP) and a projected augmented wave 
method was applied to treat the valence and core electrons [48]. We 
started from the crystal structure of Ti3AlC2 bulk crystal. Initially, the 
crystal structure of Ti3AlC2 was fully relaxed in a 2 × 2 × 1 supercell 
generalized-gradient-approximation (GGA) given by 
Perdew-Burker-Erzhenhof (PBE) as exchange correlation functions with 
a cutoff energy of 400 eV [49,50]. Next, the Al atoms were removed 
from the bulk lattice and optimized again under similar optimization 
parameters. Next, the surface was cleaved along the [001] direction and 
expanded in 3 × 3 × 1 supercell to produce the monolayer surface 
model. The Ti3C2 monolayer was first optimized with different cutoff 
energy values, i.e., 300, 400, 500, 600, 700 eV, where the 400 eV value 
produced maximum stability and low enthalpy of formation. Also, not 
much difference could be observed in the density of states (not given), 
thus we selected 400 eV as the optimum cutoff energy value, which gives 
reliable results at low computational cost. The geometry optimization of 
the slab models was carried out using GGA-PBE level theory to account 
for the weak van der Waals forces, the Grimme function (DFT-D3) was 
used. The k-points were sampled in the MonKhorst pack grid as 4 × 4 × 1 
for geometry optimization [51]. The k-point mesh sample was kept as 
12 × 12 × 1 for band structure and the density of states calculation, 
which were optimized before applying to all models. A vacuum of 20 Å 
was used for the geometry optimization and properties calculations. The 
clean Ti3C2 monolayer was decorated on both sides by same number of 
desired functional groups, i.e., O, OH, and F. We also tested the vacancy 
behavior in functional groups. The dipole correction method was also 
tested for the defective surface model; however, it did not affect the final 
results thus we used non-dipole corrected models. All the atoms were 
allowed to relax during calculations and no atomic constraints were 
applied otherwise mentioned. The convergence criteria were as follows: 
energy = 5.0 × 10− 6 eV/atom, maximum force = 0.01/Å, maximum 
displacement = 5.0 × 10− 4 Å. An ultra-soft pseudopotential was used for 
the structural relaxation and properties calculations. The following 
electronic configuration was used for different elements; Ti: [Ne] 3s [2] 
3p [6], C: [He] 2s [2] 2p [6], O: [He] 2s [2] 2p [6], F: [He] 2s [2] 2p [6], 
H: 1s [1]. The clean surface model contained 45 number of atoms. The 
functional groups containing model contained 63, 63, and 82 number of 
atoms corresponding to O, F, and OH functional groups. The acetalde-
hyde molecule was also optimized in the gas phase in a box exhibiting 
similar dimensions. Different configurations of the acetaldehyde mole-
cule were used to identify the site selective interaction, while the most 
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stable configurations were further used for the calculation of DOS and 
electron density difference (EDD). The adsorption energy was calculated 
as follows: 

Eads = Emolecule/surface− − Emolecule− − Esurface (1)  

where, Emolecule/surface is the energy of the adsorption complex, Emolecule 
is the energy of the acetaldehyde in the gas phase, and Esurface is the 
energy of the clean surface. 

3. Results and discussion 

3.1. Geometric structures of Ti3C2 and acetaldehyde 

The structure of Ti3C2 with a clean surface is optimized through 
GGA-PBE as the exchange correlation function (Fig. S1). Two kinds of Ti 
atoms exist in the pristine Ti3C2 crystal lattice: the octahedral coordi-
nated ones constituting the inner layer (noted as Ti6c) and the unsatu-
rated ones on the surface layer (with a coordination number of 3), which 
are designated as Ti3c. The surface of pure Ti3C2 is composed of 3-fold 
under-coordinated Ti atoms and 6-fold carbon atoms (noted as C6c). 
The average bond length of Ti3c-C6c on the surface is 2.049 Å, which is 
6.9% shorter than the bond length of Ti6c-C6c (2.202 Å), suggesting a 
relatively stronger interaction between the unsaturated Ti3c and C6c 
atoms. The acetaldehyde molecule is also relaxed in a similar supercell 
to achieve a geometrically stable configuration (Fig. S2). After geometry 
optimization, the lengths of the C-C and C=O bonds in an acetaldehyde 
molecule are 1.502 Å and 1.226 Å, respectively. 

Ti3C2 has been regarded as an ideal co-catalyst for it could accept the 
photon-generated electrons from photocatalysts due to it good conduc-
tivity. As illustrated by the density of states (DOS) of Ti3C2 with a clean 
surface (Fig. S1b), the valance and conduction band of Ti3C2 overlapped 
at the Fermi level, showing the metallic properties of Ti3C2. Ti atoms are 
supposed to have the dominant contribution to the states around the 
Fermi level. Fig. S1c and S1d further indicate that the 2p-states of C6c 
atoms mainly contributed to the conduction band (CB) while the valence 
band (VB) is mainly composed of the 3d-states of Ti atoms. 

3.2. Adsorption behavior of acetaldehyde molecules on Ti3C2 

In order to simulate the adsorption behavior of acetaldehyde on the 
surface of Ti3C2, acetaldehyde molecules with different orientations are 
considered (Fig. S3). In all of the cases, acetaldehyde molecules are 
captured by the strong interaction between the carbonyl O in acetal-
dehyde and unsaturated surface Ti3c atoms of Ti3C2. The adsorption 
energy is calculated for all the configurations to figure out the most 
stable adsorption mode. TCA_IV shows the highest Eads of 3.60 eV, fol-
lowed by TCA_II (3.52 eV), TCA_V (3.34 eV), TCA_I (3.28 eV) and 
TCA_III (2.17 eV) (Table 1). As reported by Guo et al., the solid surface 
could effectively capture gas molecules when the adsorption energy 
exceeded 0.5 eV [52]. The high Eads between acetaldehyde molecules 
and Ti3C2 makes it a great candidate for capturing target molecules in 
the photo-elimination of acetaldehyde. In TCA_IV, the carbonyl O would 
bond with three adjacent Ti atoms with bond lengths of 2.070 Å, 2.055 Å 

and 2.772 Å (Table 2). The strong interaction between the molecule and 
the surface induces the re-distribution of electrons, which leads to 
obvious deformation in both the acetaldehyde molecule and the lattice 
structure of Ti3C2. Compared with free acetaldehyde molecules in the 
gas phase, the bond length of C=O increases (19.4%) from 1.226 Å to 
1.464 Å while the bond length of surface Ti-C increases (2.24%) from 
2.050 Å to 2.095 Å. Similar as TCA_IV, O atoms could also interact with 
three Ti atoms in the configuration of TCA_II, TCA_III and TCA_V by 
forming Ti-O bonds. On the contrary, only one Ti-O bond forms in the 
configuration TCA_I, but with a relative smaller bond length of 1.872 Å. 
The interaction between carbonyl O in acetaldehyde and unsaturated Ti 
atoms on the surface of Ti3C2 plays an important role in the adsorption 
process and the unsaturated Ti atoms provide large number of active 
sites for the adsorption of acetaldehyde molecule, which might also be 
beneficial for the effective capture gaseous molecules. However, the 
relative strong interaction between the target molecule and the photo-
catalyst may also hinder the desorption of mid-product during the PCO 
process and lead to the de-activation of the photocatalyst. 

The chemisorption of acetaldehyde molecules also causes a re- 
distribution of electrons between the surface and the gas molecule. 
According to the EDD results of TCA_V in Fig. 1b, charge transfer mainly 
happens between the carbonyl O atoms in acetaldehyde and the surface 
Ti atoms. O atoms would attract electrons from adjacent Ti atoms and 
induce electron depletion areas around them. The re-distribution of 
electrons caused by the adsorption of acetaldehyde might weaken the 
surface Ti3c-C6c bonds but strengthen the Ti6c-C6c bonds in the inner 
layer of Ti3C2. In addition to the lattice structure, the re-distribution of 
electrons would also influence the band structure of Ti3C2. As illustrated 
by Fig. 1c and Fig. S4, the adsorption of acetaldehyde would induce 
distinct states in the energy range around 2.5 eV by causing a difference 
in the 3d-states of Ti atoms. However, no obvious change in the DOS 
around the Fermi level of Ti3C2 is observed. Therefore, the adsorption of 
acetaldehyde molecules does not have a noticeable impact on the 
metallic conductivity of Ti3C2. Photon-induced charge carriers gener-
ated in the semiconductors could still migrate into Ti3C2 and react with 
the absorbed O2 or H2O molecules to form active radicals. Besides, due 
to the strong interaction between acetaldehyde molecules and the sur-
face Ti atoms, photon-induces holes that migrate into Ti3C2

29-30 might 
directly oxidize the adsorbed acetaldehyde molecules. Based on the 
above results, Ti3C2 could be regarded as an ideal candidate for con-
structing hybrid photocatalysts with other semiconductors for the PCO 
of gas phase acetaldehyde, but the quite strong interaction between 
acetaldehyde and Ti3C2 may limit its application due to difficulties in the 
desorption of mid-products. 

3.3. Geometry and electronic structure of Ti3C2T2 surfaces 

Despite all the advantages, the application of Ti3C2 is still limited by 
its poor stability in air due to the large amount of unsaturated metal sites 
on the surface. Instead of pure Ti3C2 with a clean surface, most of the 

Table 1 
adsorption energy of various adsorption configurations of acetaldehyde on the 
surface of Ti3C2, Ti3C2T2 and Ti3C2Tx.   

Conf_I Conf_II Conf_III Conf_IV Conf_V Conf_VI 

Ti3C2 3.28 eV 3.52 eV 2.17 eV 3.60 eV 3.34 eV \ 
Ti3C2F2 0.28 eV 0.25 eV 0.23 eV 0.23 eV 0.21 eV 0.17 eV 
Ti3C2O2 0.21 eV 0.17 eV 0.19 eV 0.11 eV 0.22 eV 0.24 eV 
Ti3C2(OH)2 0.83 eV 0.64 eV 0.79 eV 0.24 eV 0.88 eV  
Ti3C2Fx 1.70 eV 1.75 eV 0.22 eV 1.59 eV   
Ti3C2Ox 1.78 eV 1.83 eV 0.27 eV 1.66 eV 0.19 eV 1.61 eV 
Ti3C2(OH) x 0.61 eV 1.96 eV 0.69 eV 0.37 eV 0.72 eV   

Table 2 
The bond lengths between carbonyl O and surface Ti or H atoms.   

Ti-Carbonyl O H-Carbonyl O 

Ti3C2 Ti-I 2.070 / 
Ti-II 2.055 / 
Ti-III 2.772 / 

Ti3C2(OH)2 H-I / 1.638 
H-II / 1.890 

Ti3C2Fx Ti-I 2.168 / 
Ti-II 2.156 / 
Ti-III 2.285 / 

Ti3C2Ox Ti-I 2.471 / 
Ti-II 2.271 / 
Ti-III 2.329 / 

Ti3C2(OH)x H-I 2.155 1.020 
H-II 2.082 1.605  
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Ti3C2 synthesized through etching Ti3AlC2 are terminated with -F, -O or 
-OH groups, depending on the synthesis environment [38,47]. The ex-
istence of these termination groups would not only cause a change in the 
band structure of Ti3C2 by influencing the distribution of electrons, but 
also influence the adsorption behavior of acetaldehyde molecules by 
covering active Ti sites. Fully relaxed Ti3C2 surfaces terminated with 
different functional groups and associated density of states (DOS) are 
given in Fig. 2. As reported previously, there are different modes when 
considering the organization of surface terminators: all placed at the 
hollow sites vertically above the Ti6c atoms (Configuration_a), all placed 
at hollow sites above the C atoms in the inner layer of Ti3C2 (Config-
uration_b) and the combination of the above two circumstances (Con-
figuration_c). Among the three configurations, Configuration_a is proven 
to be the most thermodynamically stable one [38,39]. Therefore, the top 
and bottom terminators are placed at these sites for all the cases. eVen 

though F atoms have higher electronegativity, the bond between -O 
terminators and surface Ti atoms are much stronger with smaller bond 
lengths, which is in line with the results reported previously [53]. The 
bond length between surface Ti and F atoms is calculated to be 2.16 Å 
while the length of Ti-O bonds in Ti3C2O2 and Ti3C2(OH)2 are 1.98 Å and 
2.18 Å, respectively. 

Compared with pure Ti3C2, both changes in the lattice configuration 
and the density of states are observed in Ti3C2T2. For Ti3C2F2, the bond 
length between surface Ti and F atoms is calculated to be 2.16 Å and the 
average bond length of Ti3c-C6c in the surface layer increases (1.37%) 
from 2.048 Å to 2.076 Å while the average bond length of Ti6c-C6c de-
creases (1.08%) from 2.204 Å to 2.180 Å. As a termination group, the F 
element is expected to obtain electrons from the adjacent Ti atoms, 
which weakens the Ti3c-C6c bonds but strengthens the Ti6c-C6c bonds at 
the same time [39]. Similarly, -O and -OH terminators would also bond 

Fig. 1. (a) the side view and (b) charge density difference for the TCA_IV complex; The DOS of the surface of Ti3C2 and acetaldehyde molecule in the 
TCA_IV complex. 

Fig. 2. Optimized structure of the side view of (a) Ti3C2F2, (b) Ti3C2O2 and (c) Ti3C2(OH)2. The Ti and C atoms in Ti3C2T2 were in the color of blue and brown, 
respectively. F atoms in Ti3C2F2 were colored in light blue. H atoms in Ti3C2(OH)2 were colored in pink. O atoms in Ti3C2O2 and Ti3C2(OH)2 were colored red. DOS of 
(d) Ti3C2F2, (e) Ti3C2O2 and (f) Ti3C2(OH)2. 
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with Ti atoms on the surface and the bond lengths are ~1.99 Å and 
~2.18 Å, respectively. The bond length of Ti3c-C6c in the surface layer 
changes from 2.048 Å to 2.210 Å and 2.080 Å while the bond length of 
Ti6c-C6c changes from 2.204 Å to 2.169 Å and 2.191 Å due to the 
addition of -O and -OH terminators. Compared with -OH and -F groups, 
-O terminators have the largest impact on the lattice structure of Ti3C2, 
which is in accordance with the strong interaction between surface Ti 
and O atoms. In addition to the lattice structure, the addition of different 
termination groups would also influence the electronic structure of 
Ti3C2 by causing a re-distribution of the electrons. According to the 
corresponding DOS for the surface of Ti3C2F2, Ti3C2O2 and Ti3C2OH2 
(Fig. 2), all the surfaces are conductors and the conductivity is mainly 
provided by the d-orbitals of Ti atoms. Compared with the DOS of pure 
Ti3C2 in Fig. S1, new bands appears in the DOS of Ti3C2F2 between -8 
and -5 eV while the band at the Fermi level decreases. As shown by the 
PDOS overlap pattern of the elements in Fig. S5, the p-states of F have a 
large overlap with those of Ti atoms, indicating that the bond between F 
and surface Ti atoms is the main cause for the change in the electronic 
properties of Ti3C2. Similarly, the addition of -O and -OH terminations 
also decreases the DOS of Ti3C2 around the Fermi level. Among the three 
derivatives, Ti3C2O2 shows the smallest DOS at the Fermi level, indi-
cating that the addition of -O terminators may harm the conductivity of 
Ti3C2, which is unfavorable for the transfer of photon-induced charge 
carriers. 

3.4. Adsorption of acetaldehyde molecules on Ti3C2T2 

The adsorption configuration and energy of acetaldehyde molecules 
on different surfaces are also calculated to compare the performance of 
different surfaces in capturing pollutant molecules. The most stable 
adsorption configurations are obtained by simulating different config-
urations of Ti3C2T2-acetaldehyde complexes(Fig. S6, S7 and S10). 
Compared with pure Ti3C2, the adsorption of acetaldehyde molecules on 
the surface of Ti3C2F2 and Ti3C2O2 are more like physical adsorption 
with the adsorption energy (Eads) lower than 0.3 eV (Table 1). Instead of 
the vertical adsorption configurations in pure Ti3C2, horizontal 
adsorption modes with C-C bonds parallel to the surface of Ti3C2F2 and 
Ti3C2O2 are found to be the most stable configurations. The highest 
adsorption energy is calculated to be 0.281 eV and 0.235 eV for Ti3C2F2 
and Ti3C2O2. No obvious re-distribution of electrons nor changes in the 
PDOS of Ti or C atoms are observed in Ti3C2F2 and Ti3C2O2 after the 
addition of acetaldehyde molecules (Fig. S8 and S9), which is in 
accordance with the weak interaction with acetaldehyde. On the con-
trary, Ti3C2(OH)2 shows a much stronger affinity to acetaldehyde mol-
ecules with the adsorption energy of 0.878 eV, higher than the energy 
needed for the capture of gas molecules. As given by Fig. 3a, the addition 
of acetaldehyde causes an deformation in adjacent -OH groups, indi-
cating the formation of H-bond interaction between the H atoms in OH 
terminators and the carbonyl O atoms. As shown by charge density 
differences (EDD) results in Fig. 3b, carbonyl O would attract electrons 
from adjacent H atoms and form an electron-rich area (green area), 
while leaving an electron-depletion area (yellow area) around the H 
atoms in OH groups, which further confirms the formation of H-bonds 

between the molecules and the Ti3C2(OH)2 surface. As a result of the re- 
distribution of electrons, the adsorption of acetaldehyde would also 
influence the DOS of the surfaces. As given in Fig. 3, the adsorption of 
acetaldehyde on Ti3C2(OH)2 induces new bands at the energy level of 
around -5.5 eV, which is mainly attribute to the change in the PDOS of O 
and H on the surface (Fig. S9i) caused by the H-bond interaction be-
tween carbonyl O and Ti3C2(OH)2. 

Compared with pure Ti3C2, the T-saturated derivatives inherit the 
metallic properties of Ti3C2 monolayer but have a much weaker affinity 
to gas phase acetaldehyde due to the coverage of active surface Ti sites. 
Among the three native derivatives, Ti3C2F2 and Ti3C2O2 could only 
form physical interaction with acetaldehyde, makes them undesirable 
co-catalyst for the PCO of gas phase acetaldehyde. Interestingly, the 
adsorption of acetaldehyde by Ti3C2(OH)2 presents a completely 
different mechanism from either pure Ti3C2 or the derivatives termi-
nated by -F and -O groups. The H- bond interaction between carbonyl 
oxygen and H atoms in surface -OH groups enables the spontaneous 
capture of acetaldehyde through chemical adsorption. Compared with 
Ti3C2, the moderate adsorption energy between acetaldehyde and 
Ti3C2(OH)2 might be more suitable for the PCO of acetaldehyde. The 
large specific surface area, metallic conductivity, moderate affinity to 
acetaldehyde and high stability in air make Ti3C2(OH)2 a better co- 
catalyst among the T-saturated Ti3C2 monolayers. 

3.5. The effects of T-vacancies on the intrinsic properties of Ti3C2Tx 
surfaces and the adsorption of acetaldehyde 

Previous experimental results revealed that the distribution of T- 
termination groups on the surface of Ti3C2 could be easily tuned though 
surface modification process such as plasma treatment, chemical treat-
ment or thermal annealing, which opens up the possibility to optimize 
the performance of hybrid photocatalyst by surface modification. 
Herein, we further study the influences of T-vacancies on the intrinsic 
properties of Ti3C2T2 and its affinity to acetaldehyde molecules. 

Fig. S11 and S12 gives the DOS of Ti3C2Tx derivatives and the PDOS 
of Ti, C and corresponding termination groups. Unlike the results re-
ported by Romer et al., in which the conductivity could be controlled 
through surface treatment methods like plasma treatment, no obvious 
differences the overall electronic properties of Ti3C2Tx is observed when 
introducing isolate T deficiencies. This inconsistency might be result 
from the amount and distribution of the uncovered sites. Only one iso-
lated surface termination group is extracted from our simulation model 
while the surface treatment may induce continuous uncovered area on 
the surface of Ti3C2Tx. 

The adsorption energy of different absorption configurations is 
compared (Fig. S13~15 and Table 1) to identify the most stable 
adsorption complex. Compared with the fully T-saturated Ti3C2T2 
monolayers, the introduction of appropriate T vacancies would effec-
tively facilitate the capture of acetaldehyde molecules. The adsorption 
energy of acetaldehyde on the surface of Ti3C2Fx and Ti3C2Ox are 1.75 
eV and 1.83 eV, respectively, much higher than Ti3C2F2 and Ti3C2F2 but 
lower than bare Ti3C2. The increased adsorption energy compared with 
Ti3C2F2 and Ti3C2O2 are attributed to the electron-rich region created by 

Fig. 3. (a) the most stable adsorption configuration, (b) the charge density difference and (c) the DOS of Ti3C2(OH)2- acetaldehyde complex.  
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-F or -O vacancies, which would bond with the carbonyl O in acetalde-
hyde. Carbonyl O atoms would attract electrons from the vacancies and 
bond with surface Ti atoms with bond lengths of 2.285 Å, 2.156 Å and 
2.168 Å for Ti3C2Fx and 2.471 Å, 2.271 Å and 2.329 Å for Ti3C2Ox 
(Table 2). In addition to bonding with surface Ti atoms, the addition of 
acetaldehyde would also cause a slight distortion in the position of 
adjacent -F groups. The lengths of Ti-F bonds around the acetaldehyde 
molecule are calculated as ~2.19 Å, slightly higher compared with the 
Ti-F bonds in pure Ti3C2Fx (~2.15 Å). On the contrary, no such phe-
nomenon could be observed in the case of Ti3C2Ox. DOS of the surface 
after the adsorption of acetaldehyde have also been calculated to further 
understand the adsorption mechanism. As shown by Fig. S16 and 
Fig. S17, the adsorption of acetaldehyde significantly influences the 
PDOS of Ti atoms in the energy range of -10~-2 eV for Ti3C2Fx and -2~2 
eV for Ti3C2Ox, which further confirms the formation of bonds between 
carbonyl O and surface Ti. EDD results also confirm the electron transfer 
between surface Ti and carbonyl O atoms (Fig. 4h). Carbonyl O attracts 
electrons from Ti and results in an electron-rich area around the 
carbonyl O and an electron-depletion region at the T vacancy. 

The adsorption energy also increases for the Ti3C2(OH) x-acetalde-
hyde complex (~1.96 eV) with the -OH vacancy working as the 
adsorption site. Unlike the surface of Ti3C2Fx and Ti3C2Ox, the capture of 
target gas molecule is achieved through the interaction between -OH 
group and carbonyl oxygen. Noticeable deformation could be seen in the 
-OH bonds around the carbonyl O of acetaldehyde with the bond length 
increasing from 0.977 Å to 1.593 Å. Significant changes in the PDOS of 
-OH groups happens after the adsorption of acetaldehyde molecules, 
also confirms the formation of H-bonds between the -OH groups and the 
carbonyl oxygen. Almost no difference is seen in the partial density of 
states of surface Ti atoms, meaning there is no interaction between 
carbonyl oxygen and surface Ti atoms. In addition to the electron 
transfer between H atoms in -OH groups and carbonyl O in acetalde-
hyde, O atoms in -OH groups would also attract electrons from H in 
acetaldehyde (Fig. 4i), which induces a deformation in the molecular 
structure of acetaldehyde. The unique interaction between functional 
groups and target molecules may enable the selective adsorption and 
elimination of specific gas pollutants. 

As indicated by the results, creating T-vacancies in Ti3C2T2 is an 
effectively way in accelerating the adsorption of acetaldehyde by 
inducing local electron-rich areas. Ti3C2Fx and Ti3C2Ox would absorb 
acetaldehyde molecules through the charge transfer between carbonyl O 
and the vacancy sites while Ti3C2(OH)x could capture acetaldehyde by 
forming H-bonds. Though exhibiting different adsorption modes, the 
adsorption energy of acetaldehyde on the Ti3C2Tx surfaces are similar 
from 1.75 eV to 1.96 eV. Unlike pure Ti3C2, which is not stable under in 
air due to the large amount of unsaturated Ti atoms, Ti3C2Tx could 
provide not only stable surfaces, but also moderate adsorption energies 
for the capture of acetaldehyde, which make them promising candidate 
for constructing composite photocatalysts for the PCO of acetaldehyde. 

3.6. The adsorption and PCO of acetaldehyde on Ti3C2Tx-TiO2 

In the purpose of verifying the performance of Ti3C2Tx as a co- 
catalyst, Ti3C2Tx-TiO2 composites are synthesized and applied in the 
photocatalytic degradation of acetaldehyde. As given by Fig. S18a and 
S18c, single or few layer Ti3C2Tx is obtained by using TMAOH as the 
intercalation reagent. After mixing with TiO2, thermal treatment at 
300◦C under Argon is carried out to remove the residue cations of the 
intercalant (TMA+) and part of the surface terminators. Fig. S18b and 
S18d give the TEM and HRTEM images of 1.5 wt% Ti3C2Tx-TiO2, in 
which the lattice structures of both TiO2 and Ti3C2Tx are observed, 
confirming the successive synthesis of Ti3C2Tx-TiO2 photocatalyst. The 
impact of Ti3C2Tx flakes on the BET specific surface area (BET-SSA) of 
the composite is also analyzed. As given by Table S2, due to the low 
weight ratio of Ti3C2Tx flakes, only a slight increase is seen in the BET- 
SSA of the composites. However, when applied in the adsorption of 
acetaldehyde, the Ti3C2Tx-TiO2 composites shows much better adsorp-
tion ability toward acetaldehyde and the amount of acetaldehyde 
absorbed on the surface of 1.5 wt% Ti3C2Tx-TiO2 is more than twice of 
pure TiO2 (Fig. 5a and Table S2). The enhanced adsorption is in accor-
dance with the computational results above, which reveals the high 
affinity between surface Ti atoms and acetaldehyde molecules. In 
addition to the adsorption of acetaldehyde, the photocurrent density of 
various samples are also compared to confirm the positive effect of 

Fig. 4. Optimized structure of the side view of (a) Ti3C2Fx, (b) Ti3C2Ox and (c) Ti3C2(OH)x. The most stable adsorption configuration and charge density difference of 
acetaldehyde molecules on the surface of (d, g) Ti3C2Fx, (e, h) Ti3C2Ox and (f, i) Ti3C2(OH) x. The Ti and C atoms were in the color of blue and brown, respectively. F 
atoms in Ti3C2Fx were colored in light blue. H atoms in Ti3C2(OH)x were colored in pink. O atoms in Ti3C2Ox and Ti3C2(OH) x were colored red. 
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Ti3C2Tx flakes on the separation of electron-hole pairs in TiO2 due to its 
metallic conductivity. As shown by Fig. S20, higher photocurrent den-
sity curves are obtained for the Ti3C2Tx-TiO2 composites, with the 1.0 wt 
% Ti3C2Tx-TiO2 showing the highest photocurrent density. The photo-
current intensity decreases when further increasing the amount of 
Ti3C2Tx, which might be caused by masking effect of Ti3C2Tx, which, to a 
certain extent, hinders the utilization of incident light by TiO2 [54]. The 
PCO of acetaldehyde by the composite photocatalysts are also charac-
terized (Fig. 5b). Compared with TiO2, the degradation efficiency in-
crease from ~65% to ~100% when applying Ti3C2Tx-TiO2 composites 
as the photocatalyst, which could be attributed to both the improved 
adsorption of target molecules and the accelerated separation of 
electron-hole pairs in TiO2. These experimental results are in good 
accordance with our computational results and further confirm the 
application potential of Ti3C2Tx as a co-catalyst in the photocatalytic 
elimination of indoor air pollutants. 

4. Conclusion 

In summary, the electronic properties of 2D- Ti3C2 sheets and it de-
rivatives with -F, -O and -OH surface terminators are simulated using 
density functional theory. The adsorption behavior of acetaldehyde 
molecules on various surfaces have also been explored. Ti3C2 with no 
surface terminators exhibited a strong affiliation to acetaldehyde mol-
ecules with a high adsorption energy of 3.64 eV with unsaturated Ti 
atoms on the surface of Ti3C2 working as the active sites for the 
adsorption of acetaldehyde. Native -F, -O and -OH terminators derived 
from common synthesis methods tends to dramatically change the 
adsorption behavior of acetaldehyde. Only physical adsorption of acet-
aldehyde (with the adsorption energy of ~0.25 eV) happens on the 
surface of -F and -O terminated Ti3C2T2 monolayers, while chemical 
adsorption could be achieved on the surface of Ti3C2(OH)2 (with the 
adsorption energy of 0.88 eV) due to the H-bond interaction between 
-OH groups and carbonyl O. Creating T vacancies on the surface of 
Ti3C2T2 by surface modification processes is proven to be an effective 
way in optimizing its performance in capturing acetaldehyde molecules 
while maintaining its metallic conductivity and stability in air. After 
removing a T group from the surface of Ti3C2F2, Ti3C2O2 and 
Ti3C2(OH)2, the adsorption energy of acetaldehyde increases to 1.750, 
1.830 and 1.960 eV, respectively, all higher than the energy needed for 
the spontaneous capture of acetaldehyde. The specific interaction of 
carbonyl oxygen with surface Ti or H atoms is found to be the main 
reason for the chemical adsorption of acetaldehyde by Ti3C2 monolayer 
and its derivatives. In addition to computational results, the application 
potential of Ti3C2Tx flakes as a co-catalyst is also verified by constructing 
Ti3C2Tx-TiO2 composite photocatalysts, which shows improved 
adsorption and photocatalytic degradation ability toward acetaldehyde. 
Our work provides a solid foundation for the possibilities of optimizing 
the performance of Ti3C2Tx materials as a co-catalyst for the capture and 
catalytic elimination of gas molecules by surface modification. 

Although providing active absorption sites for acetaldehyde mole-
cules, the T-vacancies still suffer from slow oxidation in air, which limits 
its long-term application in photocatalysis. The implantation of non- 
native functional groups such as -P, -S, -NH3, -Cl, et al. might be a 
promising way in solving this problem. The selection and implantation 
of a suitable terminators which could both form specific interactions 
with various target gas molecules and protect the Ti3C2Tx flakes from 
being oxidized is essential for the practical application and leaves 
further experimental and computational research as a future study. 

Appendix A: Supplementary data 
Supplementary data (the geometrically optimized structure and DOS 

of pristine Ti3C2 and gas phase acetaldehyde; the DOS for Ti3C2 before 
and after the adsorption of acetaldehyde; the EDD file of Ti3C2-acetal-
dehyde and Ti3C2Tx -acetaldehyde complexes; the DOS for Ti3C2T2 and 
Ti3C2Tx before and after the adsorption of acetaldehyde; the optimized 
geometries for the adsorption of acetaldehyde molecules on Ti3C2, 
Ti3C2T2 and Ti3C2Tx, the bond lengths between carbonyl O and surface 
Ti or H atoms) could be found online at 
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