Chinese Chemical Letters 34 (2023) 108000

Contents lists available at ScienceDirect

Chinese Chemical Letters

CCL

waen

journal homepage: www.elsevier.com/locate/cclet

Advances in catalytic elimination of atmospheric pollutants by

two-dimensional transition metal oxides

Rong Li?P<, Yongfang Raod, Yu Huang2P+

®

Check for
updates

3Key Laboratory of Aerosol Chemistry and Physics, State Key Laboratory of Loess and Quaternary Geology (SKLLQG), Institute of Earth Environment, Chinese

Academy of Sciences, Xi'an 710061, China

b Center of Excellence in Quaternary Science and Global Change, Chinese Academy of Sciences, Xi'an 710061, China

¢ University of Chinese Academy of Sciences, Beijing 100049, China

d Department of Environmental Science and Engineering, Xi'an Jiaotong University, Xi'an 710049, China

ARTICLE INFO ABSTRACT

Article history:

Received 6 September 2022
Revised 8 November 2022
Accepted 9 November 2022
Available online 13 November 2022

Keywords:
Two-dimensional structure
Transition metal oxides
Atmospheric pollutants
Catalytic elimination
Preparation method

Atmospheric pollutants can deteriorate air quality and put human health at risk. There is a growing need
for green, economical, and efficient technologies, among which catalytic elimination technology is the
most promising, to remove atmospheric pollutants. Two-dimensional transition metal oxides (2D TMOs)
have recently become attractive catalysts due to their highly exposed active sites, excellent reactant trans-
port properties, and extraordinary catalytic performance. This review systematically summarizes the top-
down and bottom-up preparation methods of 2D TMOs and focuses on the specific applications of 2D
TMOs in the catalytic elimination of atmospheric inorganic pollutants and volatile organic pollutants. The
development of 2D TMOs in the catalytic elimination of atmospheric pollutants is prospected. This review
is expected to provide design insights into efficient 2D TMOs to remove atmospheric pollutants.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The rapid development of industrialization and urbanization
has led to serious atmospheric pollution, which mainly comes from
industry, transportation, agriculture, and domestic emissions [1-
3]. Atmospheric pollutants include particulate matter and gaseous
pollutants, the latter can be divided into inorganic gaseous pol-
lutants (such as CO, NOyx, SO,, and O3) and volatile organic
pollutants (VOCs, such as methane, toluene, formaldehyde, ace-
tone, trichloroethylene). These pollutants can directly harm human
health [4,5] and damage the atmospheric environment (causing
acid rain, photochemical smog, and haze) [6-8]. Among numerous
control methods, catalytic elimination with the superiority of high
efficiency, low energy consumption, strong stability, and wide ap-
plicability is considered to be the most promising treatment tech-
nology. In a typical catalytic elimination process, atmospheric pol-
lutants pass over the catalyst fixed in the reactor. By means of ad-
ditional energy input (such as light and heating), catalytic elim-
ination utilizes the oxidation or reduction of atmospheric pollu-
tants on catalyst surface to transform them into harmless sub-
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stances [9-11]. The key to catalytic technology is developing cat-
alysts with high activity, stability, and selectivity. Transition metal
oxides (TMOs) favored by researchers have been extensively ap-
plied to the catalytic elimination of atmospheric pollutants due
to their low cost, good catalytic activity, strong stability, and easy
modification [12-14].

At present, TMOs have been modified by various methods, such
as morphology regulation [15], compounding [16,17], doping [18],
defect engineering [19], phase engineering [20], and loading noble
metal [21] to promote the generation of active sites. However, the
catalytic elimination of atmospheric pollutants occurs on the cata-
lyst surface, which leaves the internal active sites of conventional
bulk TMOs invalid. Fortunately, two-dimensional (2D) structures
can be constructed to effectively increase the proportion of catalyst
surface structures [22], thereby significantly promoting the utiliza-
tion of active sites and improves the catalytic elimination perfor-
mance. 2D nanomaterials possess sheet-like nanostructures, whose
lateral dimensions typically larger than 100 nm or up to several
pm. Their thicknesses range from single to multiple unit cells (usu-
ally less than 5 nm) [23]. Constructing an ultrathin 2D nanosheet
structure can greatly increase the specific surface area and pro-
mote the generation of low-coordination atoms on the surface of
TMOs, thereby introducing a large number of dangling bonds and
promoting the quantity and exposure of active sites [24,25]. Fur-
thermore, to maintain structural stability, the surface lattice of 2D
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TMOs is easier to distort and reconfigure, leading to changes in
electronic states and significantly improves the activity of lattice
oxygen and metal sites, which facilitates rapid chemisorption of re-
actants and abundant formation of reactive species [26,27]. In ad-
dition, the confinement effect of the 2D structure accelerates the
transport of electrons and reactants [28-30].

According to the characteristics of the layered structure, 2D
TMOs can be divided into layered TMOs and non-layered TMOs
[31]. The interlayers of layered TMOs, including TiO,, V,05, MnO,,
NbOy, M00O3, Ru0,, TaO3, and WO are connected by weak van der
Waals forces, forming a stacked layered structure [32]. Generally,
the host phase of layered TMO nanosheets is negatively charged,
so the interlayer gaps can stabilize the layered structure through
accommodating foreign cations (such as Na*, K*, Rb*, and Cs*)
[33-35]. Non-layered 2D TMOs, such as Co304, Zn0,, Ce0,, Fe,03,
SnO,, and NiO, inherently have ordered crystal structures with all
atoms connected by strong chemical bonds in three dimensions
[36]. In contrast, layered 2D TMOs more easily achieve a single
atomic layer structure, providing full exposure of active sites. Al-
though non-layered 2D TMOs have difficulty constructing single-
layer nanosheets, their lattice edges can exhibit abundant lattice
distortion and electronic state reorganization [37], inducing the for-
mation of highly active and energetic surfaces.

Several reviews have introduced the applications of 2D TMOs
in sensor [38,39], energy storage [40,41], antimicrobial [42,43], and
cancer therapy [44], but systematic discussion on the research of
2D TMOs in the purification of atmospheric pollutants is lacking.
Therefore, this review details the preparation methods of differ-
ent types of 2D TMOs and summarizes their applications in the
catalytic elimination of atmospheric pollutants. In addition, the
structure-activity relationship of different 2D TMOs has been em-
phasized. Finally, this review prospects the development of 2D
TMOs in the catalytic elimination of atmospheric pollutants.

2. Preparation method

Although 2D TMOs possess many advantages in the catalytic
elimination of atmospheric pollutants, their controllable and large-
scale preparation still faces huge challenges. The preparation meth-
ods of 2D TMOs can be divided into two categories: top-down and
bottom-up. The top-down preparation relies on the exfoliation of
bulk precursors of TMOs to obtain ultrathin nanosheets and is usu-
ally only applicable to layered TMOs [45]. The bottom-up prepara-
tion relies on specific synthesis conditions to restrict the growth
of metal oxides or steer their precursors to grow only in two-
dimensional plane directions [46]. The latter can be used to pre-
pare both layered TMOs and non-layered TMOs. The summary of
preparation method for 2D TMOs is shown in Table S1 (Supporting
information).

2.1. Top-down preparation

Energy can be applied to the bulk precursors of layered TMOs
by physical, chemical or electrochemical methods to destroy the
van der Waals forces between layers to obtain many monolay-
ers or few layers of 2D TMOs. These methods are easy to handle,
through which high yield and high crystallinity of 2D TMOs can be
obtained. However, top-down preparation is not suitable for non-
layered 2D TMOs and the size of the obtained nanosheets is not
controllable [28]. Top-down preparation mainly includes mechani-
cal exfoliation, soft chemical exfoliation, and electrochemical exfo-
liation.

Mechanical exfoliation is a method that bulk metal oxide pre-
cursors are sonicated in a specific liquid. Ultrasound can gener-
ate abundant cavitation bubbles around the bulk material. The
mechanical energy generated during the collapse of the bubbles
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Fig. 1. Schematic illustration of (a) mechanical exfoliation in aqueous solutions of
organic solutes, (b) the swelling and soft exfoliation process. Reproduced with per-
mission [54]. Copyright 2014, American Chemical Society. (c) The fabrication of
2D birnessite through an electrochemical potential-cycle exfoliation process. Repro-
duced with permission [59]. Copyright 2021, Elsevier.

can destroy the interlayer van der Waals force of layered TMOs
under nonuniform pressure, thus promoting interlayer separation
[47]. After sonicating for a certain time, a dispersion containing 2D
nanosheets can be obtained. Solvent choice is the key factor in ul-
trasonic exfoliation. Similar to the procedure in Fig. 1a, Alsaif et
al. [48] investigated the differences among N-methyl-2-pyrrolidone
(NMP), acetonitrile, methanol, ethanol and isopropanol (IPA) aque-
ous solutions in the exfoliation of MoO3 powder by the sunlight-
assisted ultrasound method, and found that the minimum average
thickness of the obtained MoO3; nanoflakes was 4 nm (IPA aque-
ous solution). Similarly, Hanlon et al. [49] preferred IPA, in which
MoO3 powder was ultrasonically exfoliated. They found that only
nanosheets with lengths below 200-300 nm could maintain sta-
ble dispersion. In addition, the smaller the lateral dimension of the
nanosheets, the thinner the nanosheets (the thinnest thickness is
a few atomic layers). Solutions containing surfactants or polymers
as well as organic solvents are also widely used. The high surface
energy between the layered TMOs and the solvent can effectively
reduce the exfoliation energy of the nanosheets from the bulk pre-
cursor, thereby improving the exfoliation efficiency [50]. Besides,
the repulsive force between the surfactant (or polymer) and the
2D nanosheets can prevent the aggregation of the exfoliated ultra-
thin nanosheets [51]. Furthermore, the temperature control of the
solvent is critical for the exfoliation of layered TMOs [47]. However,
simple mechanical exfoliation is suitable for a few TMOs because
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the host layer of most layered metal oxides is negatively charged
and the interlayer interaction is strong.

Given that it is infeasible for ultrasound to exfoliate the strongly
negatively charged layered TMOs, soft chemical exfoliation is ap-
plied to overcome the interlayer electrostatic resistance based on
ion intercalation and exchange [52]. Since most negatively charged
layered TMOs contain exchangeable alkali metal cations to balance
the charge, ion intercalation or exchange is employed to assist ex-
foliation [53]. Generally, the interlayer cations can be exchanged
for H* by acid solution treatment. Subsequently, H™ cations can
be replaced by larger organic ammonium ions (such as methylam-
monium, propylammonium, tetrabutylammonium hydroxide, and
tetramethylammonium hydroxide) in alkaline solution, causing the
TMOs to swell [54]. Meanwhile, a large number of H,O molecules
are introduced, thereby reducing the interlayer van der Waals
force and greatly extending the interlayer distance [40]. Finally,
relying on ultrasonic-assisted mechanical exfoliation, the swollen
TMOs can be easily exfoliated into ultrathin nanosheets (Fig. 1b).
Some ultrathin nanosheets such as Tipg70,%°2~, Mn0,%4~, and
CayNb30q9~ are prepared by the above soft chemical exfoliation
steps, and their thicknesses are ~1.2, ~0.8, and ~2.3 nm, respec-
tively [55]. In addition, interlayer cations can also be substituted by
polar organic solvents. Lee et al. [56] used HCI to treat bulk layered
TMOs such as Ay4Ti;_x02, AxMnOy, and AxRuO; (A=alkali metal),
and the products were added to various polar solvents (formamide,
dimethyl sulfoxide, ethanol, methanol, IPA, 1-butanol and acetone)
followed by sonication at room temperature to obtain 2D TMOs.
Soft chemical exfoliation can realize the batch preparation of 2D
TMOs, but it is difficult to control the nanosheet thickness and re-
quires complicated preparation steps and high costs.

In view of the slow exchange rate of interlayer cations and solu-
tion cations in the soft chemical exfoliation method, electrochem-
ical exfoliation in a three-electrode electrolytic cell has recently
been developed, which greatly reduces the exfoliation time. When
the voltage is applied to the working electrode and the reference
electrode, the ions in the electrolyte solution rapidly migrate to the
interlayers of the bulk TMOs to expand the interlayer structure,
leading to the delamination of TMOs [57]. In addition, the elec-
trolyte can provide surface tension to prevent the agglomeration
of the exfoliated 2D nanosheets [58]. As shown in Fig. 1c, Yang et
al. [59] proposed a one-pot electrochemical potential cyclic exfoli-
ation method. Through a procedure of anodic dissolution, cathodic
deposit, and cathodic exfoliation, 2D layered birnessite with inter-
layer Na, K, and Li cations were synthesized by using bulk man-
ganese metal sheets as precursors and aqueous NaOH, KOH and
LiOH as electrolytes.

2.2. Bottom-up preparation

For the bottom-up method, atoms or molecules in solution
or gas phase can be assembled and grown into 2D ultrathin
nanosheets under certain conditions [60]. Therefore, this method is
appropriate for the synthesis of 2D layered and non-layered TMOs.
Bottom-up preparation is characterized by strong controllability,
high yield, uniform nanosheets, and no limitation. However, it is
difficult to obtain nanosheets with atomic layer thickness and re-
quires long preparation time and possibly introduces toxic reagents
[38]. Bottom-up methods mainly include chemical vapor deposi-
tion (CVD), solvothermal method, self-assembly method, template
method, and molten salt method.

In CVD method, the precursors of TMOs evaporate and decom-
pose under heating, and then the decomposed products migrate
through the gas phase and deposit onto cooler substrates, where
they finally nucleate and grow into 2D nanosheets [61]. Rasoul
et al. [62] synthesized K-doped 2D MnO, in a real-time optical
observation CVD chamber. In this study, KI and MnO, powders
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were ground into fine powder. Subsequently, the c-plane sapphire
substrate was heated to 640 °C, and 2D K-MnO, with a lateral
dimension of 100 ym and a thickness of approximately 0.7 nm
was obtained after 5 min. Li et al. [63] utilized a high tempera-
ture CVD method to dissolve rare earth metal oxide (REO) powder
into molten Au on Mo foil. After cooling, REO was uniformly dis-
persed and nucleated on the Au surface. This method also used
NH4X (X~ =ClI~, Br~, I7) to control the crystal facet exposure (Fig.
2a), resulting in 2D REO nanosheets with different thicknesses (1-
5 nm). The superiority of CVD is that the thickness, crystallinity,
and exposed crystal planes of 2D nanosheets are highly control-
lable. However, the high cost, uneven distribution of nanosheets,
and low yield limit its application in air pollutant purification.
The solvothermal method is currently the most widely used
method for preparing 2D TMOs. Generally, solvothermal reactions
are carried out in a solution environment at high temperature
and pressure. In a closed reactor, metal precursors are dissolved
in water or organic solvents, where structure-directing agents, in-
cluding cetyl trimethyl methylammonium bromide (CTAB) [64],
polyvinylpyrrolidone (PVP) [65], polyethylene glycol (PEG) [66],
polyethylene oxide-polypropylene oxide-polyethylene oxide (P123)
[67], and sodium lauryl sulfate (SDS) [68] can be optionally added.
After reaction for a certain time, 2D TMOs or their precursors are
obtained, and the latter can be transformed into 2D TMOs through
a topological transformation reaction [69]. Gao et al. [70] reported
a typical solvothermal preparation of 2D TMOs: cobalt acetylace-
tonate and CTAB were added to ethylene glycol/H,O solvent and
stirred well. Subsequently, the reaction solution was transferred to
a Teflon-lined autoclave and heated at 180 °C for 20 h. Finally,
the precursor was acquired by washing, centrifugation and dry-
ing. Then they are pyrolyzed into single-layer Co304 nanosheets
with a thickness of 0.84 nm (Fig. 2b). Wang et al. [71] synthesized
Cu(OH),, the precursor of CuO, by a surfactant-free hydrothermal
method, which was carried out by heating an aqueous solution
containing Cu(SO4),, KOH and ammonia in a closed reactor at
80 °C. After the pyrolysis of Cu(OH),, CuO nanosheets with thick-
nesses of 3-4 nm were acquired. Zhao et al. [72] poured nickel
foam carriers into a KMnO, solution. After solvothermal reaction at
180 °C for 3 h, ultrathin §-MnO, nanosheet arrays with only two
atomic layers (1.4 nm) were grown on the surface of nickel foam.
In general, solvothermal methods which are cost effective and sim-
ple, are suitable for any TMOs and generate the 2D TMOs with
high purity and good dispersion. However, solvothermal method is
time-consuming and generates a large amount of waste liquid.
The self-assembly method depends on the interaction (includ-
ing van der Waals force, hydrophilicity and hydrophobicity, elec-
trostatic interaction) between the reactants in solvent to assem-
ble the dispersed precursor ions or molecules into a regularly ar-
ranged structure (Fig. 2c) [73]. Zhang et al. [74] reported a general
strategy for the controllable synthesis of 2D TMOs through mod-
ulating the phase transition induced by micelles at low tempera-
ture. After adding P123 to the aqueous solution of metal salt, the
spherical micelles were transformed into lamellar micelles with
the temperature increased from 0 to 50 °C and the addition of
ammonia or ethylenediamine. After rapid hydrolysis, a metal hy-
droxide was formed, which can be calcined to obtain 2D TMOs
(including Mn304, Fe;03, Co304, NiO, CuO, Zn0O, SnO, and Sb,03).
In addition, the auxiliaries introduced by self-assembly can be ap-
plied for an in situ doping of nonmetallic elements. Xing et al.
[75] prepared a Co(C3H50,N), complex through the self-assembly
of alanine in ethanol/H,O solution with cobalt acetate and alanine
continually mixed, which underwent dehydration condensation to
form twisted and stable peptide structures. The planar coordina-
tion structure of Co?* facilitated the arrangement of the complex
into a 2D structure, which self-assembled through weak interac-
tions to form cross-network nanostructures. Finally, N-doped 2D
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Fig. 2. Schematic illustration of (a) the high temperature CVD method for 2D REO assisted by a face control strategy. Copied with permission [63]. Copyright 2021, Oxford
University Press. (b) The solvothermal method for the formation of Co304 single-unit-cell layer. Reproduced with permission [70]. Copyright 2017, Nature. (c) Self-assembly
of 2D metal oxide nanosheets. Copied with permission [73]. Copyright 2014, Nature. (d) GO-templated method for the preparation of porous 2D Co30,4. Reproduced with
permission [80]. Copyright 2014, Wiley Publishing Group. (e) Molten salt method synthesis of 2D oxides. Reproduced with permission [84]. Copyright 2017, Nature.

Co304 with rich defects was obtained after annealing in air. Simi-
lar to solvothermal methods, the self-assembly method is suitable
for most TMOs and has the advantages of simplicity and high ef-
ficiency. However, the addition of a large amount of organic addi-
tives is bound to increase the cost, and this method is not expert
at controlling the thickness precisely.

The template method utilizes the existing stable nanomaterials
in the liquid phase as the substrate so that the growth of TMOs or
their precursors are curbed in 2D space. The target product with a
2D structure is obtained after the template is removed [76]. Tem-
plates can be divided into three categories: soft templates, hard
templates and salt templates. Soft templates are mainly surfac-
tants, which are widely applied in hydrothermal method and self-
assembly method. Most hard template methods use 2D graphene
oxide (GO), whose surface has abundant oxygen functional groups
and large m bonds, favorable for the adsorption of metal cations
through electrostatic adsorption in the liquid phase [77,78]. Lei et
al. [79] thoroughly mixed GO nanosheets and metal nitrate precur-
sors in ethanol. Then, the reaction solution was dried, and the ac-
quired powder was ground to obtain GO-metal composites, which
were calcined in air to prepare a series of 2D TMOs. Among them,
the thinnest 2D CeO, nanosheets (3.7 nm) display large lateral di-
mensions, abundant surface Ce3* species and oxygen vacancies.
Eom et al. [80] mixed aqueous dispersed GO with cobalt ion so-
lution. This system was then hydrothermally reacted at 180 °C to
synthesize a mixture of Co304 and Co(OH),, which was further an-
nealed at 600 °C in air to obtain 2D porous Co304 (Fig. 2d). The
simple GO template method is versatile and suitable for the gener-
ation of large-scale 2D metal oxide nanosheets. However, high cost
and low yield of this method cannot be ignored. For the salt tem-
plate method, the matching between the surface lattices of water-
soluble salt crystals and oxide lattices allows water-soluble salt
crystals to serve as growth substrates for 2D TMOs [36,81]. Li et
al. [82] reported a method to support 2D mixed-phase CoO/Co304
nanosheets on graphene surfaces using a water-soluble salt tem-
plate strategy. First, NaCl, cobalt acetate, and GO were mixed in
aqueous solution with stirring. Then, liquid nitrogen quenching
was used to promote the formation of wrinkles on the GO sur-

face to adsorb nucleating ions. Meanwhile, the gradual sublimation
of H,O resulted in the recrystallization of NaCl, whose outer layer
was wrapped by cobalt precursor. After calcination and washing
to remove NaCl, GO-supported 2D CoO/Co304 with a thickness of
3 nm graphene was obtained. Although salt template method can
prepare 2D nanosheets with large lateral sizes and has the advan-
tages of high yield, low cost and easy recovery, this method is only
applicable to the preparation of a few metal oxides.

In the abovementioned bottom-up method, the diffusion length
of reactants is long, and the diffusion speed is slow, which
makes the reaction time-consuming. The molten salt method uses
metal ion precursors, additives and molten salts as raw mate-
rials. When all of them are melted, most of the ionic/covalent
bonds are destroyed so that metal ions are rapidly transported
and recrystallized to grow products. Finally, the molten salts are
removed by washing [83]. Molten salt method shows the ad-
vantages of extremely short reaction time, simple operation, and
large-scale preparation, but only a few TMOs are currently ap-
plicable. Hu et al. [84] reported a rapid and large-scale produc-
tion by molten salt method, which mixed manganese sulfate with
NaNO; or KNO3 molten salt, and ammonium tungstate hydrate
with LiNO3 or NaNOs. Cationically intercalated 2D manganese ox-
ides and tungsten oxides with thicknesses of 1-4 nm were ac-
quired by heating these mixtures at 300-400 °C for only 1 min
(Fig. 2e). In addition, the use of low-melting-point salts with 2D
structures as templates is a further development of molten salt
method. CoCl,-6H,0 is a typical 2D compound with a low melt-
ing point (86 °C). Based on this, Gu et al. [85] proposed a gen-
eral, fast (5 min) and low-temperature (approximately 100 °C)
CoCl, molten salt method for the large-scale preparation of a
series of ultrathin (2-7 nm) 2D TMOs including MoOs, SnO,,
Si0, and ZnCo,04, with large horizontal sizes. When CoCl,-6H,0
and metal chlorides were fully mixed and heated to 100 °C
and maintained for 5 min, the metal chlorides were hydrolyzed
to produce the corresponding TMOs. After the reaction solu-
tion cooled down, CoCl, could still form CoCl,-6H,0, thus con-
fining the generated TMOs in the interlayer of CoCl,-6H,0. Fi-
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Society of Chemistry. (f) Reaction cycle for HCHO oxidation on Cs-intercalated MnO,. Reproduced with permission [132]. Copyright 2020, American Chemical Society.

nally, 2D TMOs can be obtained by simple water washing and
centrifugation.

3. Application in the elimination of atmospheric pollutants

Given that 2D TMOs combine the advantages of 2D structures
and oxides, they have abundant and highly exposed active sites, as
well as excellent redox properties. Therefore, 2D TMOs have been
widely applied in the catalytic oxidation or catalytic reduction of
atmospheric pollutants. In this section, we systematically summa-
rize the 2D TMOs-based catalytic technologies for removing atmo-
spheric inorganic pollutants (including CO, O3, NOy, and soot) and
volatile organic pollutants.

3.1 CO

Carbon monoxide (CO) is a high content of gaseous pollutants
in the atmosphere. CO mainly derives from the incomplete com-
bustion process of fossil fuels and solid wastes. Vehicle exhaust
is the largest combustion source [86]. Due to the affinity of CO
toward human hemoglobin, even a small amount of CO can seri-
ously endanger human health and even be fatal [87]. TMOs have
excellent oxygen cycling ability and can catalyze the oxidation of
CO into CO, down to room temperature through lattice oxygen or
surface-absorbed reactive oxygen species (ROS) [88]. Co304 with
a spinel structure is considered to be the most active TMO at
low temperature for CO oxidation, but its activity highly depends
on environmental humidity. Competitively adsorbed H,0 can bind
surface O to convert CO into stable formate/carbonate [89]. Expo-
sure of highly active crystal facets to specific contaminants can
lower the energy barrier of the reaction and improve the selec-
tivity of active sites [18]. Based on this, Cai et al. [90] prepared
2D Co304-assembled nanoflower catalysts with an average thick-
ness of 2.4 nm by solvothermal and topological transformation
methods. This catalyst exposed up to 70% of the (112) facet which
had an open surface structure with abundant surface defects (grain
boundaries, steps, and atomic vacancies), leading to the increased

formation of unsaturated bonds. In a dry environment, 2D Co304
maintained 100% CO conversion efficiency at 22-200 °C (Fig. 3a).
When the reaction temperature was higher than 150 °C, this ac-
tivity still remained stable under saturated water vapor (Fig. S1a
in Supporting information). Jin et al. [91] applied a simple wet
chemical method to deposit CeO, nanoparticles on ultrathin Co304
nanosheets with a thickness of 3 nm. The synergistic effect be-
tween CeO, and Co30y4, and the stable open 2D structure signifi-
cantly reduced reaction temperature for the complete catalytic oxi-
dation of CO. Sun et al. [92] first synthesized an ultrathin CeCO3;0H
sheet precursor by a solvothermal method, which was calcined
to obtain a single-layer CeO, nanosheet with a thickness of only
0.6 nm. This single-layer CeO, contained a large number of pits,
where the low-coordination Ce site was the center of catalytic oxi-
dation. The four-coordinated Ce was responsible for the adsorption
of CO, while the five-coordinated Ce promoted O, activation. The
synergistic effect between these two types of Ce reduced the acti-
vation barrier. Compared with bulk CeO,, pit-rich 2D CeO, signifi-
cantly enhanced the catalytic oxidation of CO.

3.2. 04

Although ozone (O3) in the stratosphere can absorb ultravio-
let to protect the ecological environment, O3 in the troposphere
(mainly coming from the photochemical reaction of VOCs and NOy)
is an important player in the formation of secondary VOCs and
can cause respiratory and cardiovascular diseases [93]. Catalytic
decomposition, an economical, safe and efficient method, can re-
alize the fast conversion of O3 to O, under ambient conditions,
but also faces the challenges of high environmental humidity and
high space velocity [94]. The first step in the catalytic decompo-
sition of O3 is the dissociation of O3 into an O, molecule and an
0 atom [95]. Oxygen vacancies on the surface of low-cost TMOs
are the active sites for O atoms and can also react with fresh
O3 to generate peroxide and superoxide species, whose desorp-
tion also forms O, molecules [96]. MnO, is the most concerning
ozonolysis catalyst [97], and 2D ultrathin MnO, nanosheets expose
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abundant oxygen vacancies. To prevent oxygen vacancies from be-
ing occupied by environmental H,O molecules, Cao et al. [98] pre-
pared oxygen vacancy-rich 2D §-MnO, with a thickness of 2-3 nm
through the adjustment of NH4* concentration. The adsorption of
NH4* on [MnOg] crystallites reduced the surface energy of [MnOg]
nanosheets, greatly promoting 2D growth. Moreover, the surface-
adsorbed NH4* promoted O3 adsorption and abated the competi-
tive adsorption of H,O molecules. Furthermore, NH,* accelerated
the desorption of the peroxide species, which was a key interme-
diate (Fig. 3b). Therefore, 2D §-MnO, maintained a 100% decompo-
sition efficiency of 100 ppm O3 over 36 h at 50% relative humidity
and a high space velocity at 25 °C (Fig. S1b in Supporting infor-
mation). Gopi et al. [99] applied HNO3 to treat ultrathin §-MnO,
nanosheets so that interlayer K+ was replaced by H* to obtain H-
8-MnO,. This cation exchange promoted an increase in the spe-
cific surface area, pore volume, Mn3+ content, and surface oxygen
vacancies. Therefore, the transportation, adsorption, and catalytic
decomposition of O3 were promoted. H-6-MnO, achieved 100% re-
moval efficiency of 200-3000 ppm Os.

3.3. NOx

Nitrogen oxides (NOx, including NO and NO,), originating from
power stations, chemical plants, and transport emissions, are im-
portant culprits of air pollution, such as acid rain, ozonosphere de-
struction, photochemical pollution, and haze [100]. Selective cat-
alytic reduction of NOx with NH3; (NH3-SCR) is the most widely
applied deNOx technology, which uses NH; to reduce NO and
NO, into N, and H,0 under the action of catalysts [101]. How-
ever, the commercial vanadium-based oxides (V,05/TiO, or V,05-
WO3/TiO,) still suffer poor low-temperature activity, weak resis-
tance to sulfur/H,0, and biological toxicity [102]. 2D TMOs have
the potential to be green, economical, and efficient alternative
catalysts. Heo et al. [103] supported 2D V,0s5 nanoflakes (NF
V,05-W/T) with a thickness of 2-10 nm on WO3/TiO, as a low-
temperature catalyst for NH3-SCR reduction of NO. Compared with
the commercial catalyst V,05-W/T, the V4*+/V>* ratio of the 2D
V,05 nanoflakes was higher, prompting a shift of the temperature
window to a lower temperature (100% deNOx conversion efficiency
is achieved at 221 °C). Zheng et al. [104] reported a facile strategy
to impregnate Mn species on 1.7 nm-thick 2D Co30,4 nanosheets
to obtain Mn/Co304 catalysts, which realized a constant NO con-
version rate above 80% between 175 and 300 °C and a high tol-
erance to H,O (Fig. S1c in Supporting information). The ultrathin
2D nanosheet structure can facilitate the adsorption of gaseous re-
actants. The strong interaction between cobalt and manganese ox-
ides accelerated the redox cycle and increased the amount of Co3*
and surface oxygen species, resulting in the enhanced NH5-SCR ac-
tivity. Surface acidity is one of the important factors determining
the NH3-SCR activity of TMOs. Ma et al. [105] prepared 2D CeO,
nanosheets with a thickness of 1.7 nm. The surface of 2D CeO,
possessed many pits, which could fully expose acid sites. Besides,
MoOy was introduced and highly dispersed on the surface of 2D
nanosheet. The electron transfer between CeO, and MoOx leads to
the formation of undercoordinated Mo°*t, promoting the transfor-
mation of the Bronsted acid site to the more stable Lewis acid site
at high temperature (Fig. 3c), and thereby increasing the catalytic
activity.

3.4. Soot

Soot (mainly composed of nanocarbon particles), a major com-
ponent in particles emitted by diesel engines, can harm the human
respiratory system and cause severe haze [106]. The diesel partic-
ulate filter can effectively capture soot particles, but the tempera-
ture of diesel engine exhaust (200-400 °C) usually cannot meet the
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complete combustion temperature requirement of soot particles
(~600 °C). Consequently, the accumulation of soot particles would
cause a large exhaust pressure drop [107]. The currently concerned
solid (reactant)-solid (catalyst)-gas (oxidant) catalytic system can
effectively reduce the combustion temperature and convert soot
into CO,. Inexpensive TMOs with high redox capacity and ex-
cellent thermal stability are considered the most promising soot
combustion catalysts [108]. In addition, 2D metal oxide-assembled
nanosheets generate large macro porous voids, greatly increasing
soot capture [109]. Li et al. [110] synthesized a series of Fe-doped
porous ultrathin Co304 nanosheets by a one-pot MgO-mediated
method. When Fe/Co was 1/4, the catalyst exhibited the highest
soot oxidation catalytic performance (T90 =351 °C). Furthermore,
the study found that the 2D nanosheets provided a larger external
surface area for the contact between the catalyst and soot, and the
porous structure facilitated the adsorption and diffusion of reactive
gases. In addition, Fe doping was favorable for the formation of
oxygen vacancies and the adsorption of gaseous O, effectively im-
proving the catalytic activity of soot oxidation (Fig. 3d). Similarly,
Cui et al. [111] constructed Ce-doped Co304 nanosheets to utilize a
porous 2D structure with a large specific surface area to promote
the solid-solid contact of soot catalytic combustion at the three-
phase interface. Moreover, Ce doping facilitated the formation of
superoxide species and 0,°~ species. Therefore, the catalytic per-
formance of CoCe-HNS is superior than that of CeO, and Ce-doped
Co304 nanosheets, as well as Co304 and Ce-doped Co304 nanopar-
ticles (Fig. S1d in Supporting information). In addition to ROS, NO
and soot are produced together in the exhaust gas of diesel en-
gines, and NO can be converted into NO, by TMOs as an oxidant
for soot combustion [112]. For this, Shi et al. [113] obtained ul-
trathin MnO,_y nanosheet arrays with a thickness of 3 nm by in
situ etching of the La layer from LaMnOs. The low-coordinated Mn
in 2D MnO,_, notably enhanced the surface reducibility. Moreover,
the coexisting NO and O, reacted to generate NO, species, which
decreased the ignition temperature (200 °C) of the soot in close
contact with the nanosheets.

3.5. VOCs

Volatile organic compounds (VOCs) can not only pollute the
atmosphere directly and indirectly (as the crucial precursor of
photochemical smog and haze), but also endanger human health
[114]. Catalytic oxidation is one of the most effective and economi-
cally feasible technologies by oxidizing various VOCs into CO,, H,0
and other relatively less harmful compounds at lower tempera-
tures [115]. TMOs (especially Mn [116], Co [117], Ce [118], and Cu
[119] based oxides) possess the advantages of low cost, excellent
thermal stability, and good redox performance for VOC purifica-
tion [120]. Surface high-valent metal sites, oxygen vacancies, and
surface-active lattice oxygen are key reaction sites for VOC oxida-
tion [121]. the amount of these reaction sites exposed could be
substantially increased and exposed by constructing a 2D structure.
In view of complex characteristics of VOCs, this section selects two
typical polluting VOCs, benzene series (BTEX) and formaldehyde
(HCHO), as the target pollutants for the introduction of VOCs oxi-
dation over 2D TMOs.

Structurally stable BTEX is the common VOCs in industrial and
indoor air with strong toxicity and can migrate over long dis-
tances to damage the atmospheric environment and human health
[122,123]. MnO, is an important catalyst for BTEX oxidation. The
redox properties of 2D MnO, can be easily controlled due to the
replaceability of interlayer cations. Liu et al. [124] prepared 2D lay-
ered MnO, containing Ce3*+ and Cu?* between layers (named Ce-
MnO, and Cu-MnO,) for catalytic oxidation of benzene. Compared
with pristine MnO,, the catalytic activity of interlayer ion-replaced
MnO, was significantly improved (Fig. S1e in Supporting informa-
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tion). Especially, Cu-MnO, exhibits the highest reaction rate and
excellent stability, which is attributed to best surface reducibility,
the highest lattice oxygen reactivity, and the most oxygen vacan-
cies. In addition, Cu?t* is beneficial to improving the surface hy-
drophobicity of MnO,, enhancing the water poisoning resistance.
To explore the effect of oxygen vacancies in 2D MnO,, Dong et
al. [125] used Cu®* to replace the original interlayer K+ of MnO,
to induce Mn3+ formation, which could regulate the concentra-
tion of oxygen vacancies. This study found that a moderate con-
tent of oxygen vacancies was conducive to the low-temperature re-
ducibility and the increased concentration of ROS, promoting the
catalytic activity of Cu-MnO, (Fig. 3e). Wang et al. [126] devel-
oped a "redox-precipitation” synthesis scheme, where CoMnyOy
nanosheet catalysts with atomic dispersion were prepared by the
reaction among Mn’*, Co** and Mn?*. The prepared CoMnyOy
with a large specific surface area was composed of 2 to 5 porous
monolayers, where the Co30,4 phase was uniformly distributed in
the MnCo,045 phase and constituted the active Co304-MnCo,045
interface. A large amount of oxygen vacancies were generated on
this interface to dissociate O, into ROS, which participated in the
oxidation of adsorbed toluene.

HCHO can cause serious health problems and even induce
cancer as a major indoor gaseous pollutant [127,128]. Low-
temperature catalytic oxidation is the most effective and harm-
less treatment technology so far and can completely mineralize
HCHO into CO, and H,O [129]. Currently, studies have been de-
voted to realizing the low-temperature or room-temperature cat-
alytic oxidation of HCHO over 2D TMOs. Our group applied the
solvothermal method to precisely control the thickness of Co304
nanosheets (from 2 to 20 nm), and investigated the effect of dif-
ferent thickness-induced changes in active site exposure on the re-
action pathway of HCHO oxidation [130]. The results showed that
the ultrathin Co3;04 nanosheets (Co304-2) with atomic layer thick-
ness (~2 nm) exhibited stronger lattice disorder than the other
three thicker nanosheets. Further, the 2D and disordered structure
of Co304-2 enhanced the surface exposure of active sites (Co3*
and oxygen vacancies). Co304-2 can activate O, and H,O to pro-
duce the most ROS, avoiding the generation of intermediate species
that are difficult to desorb and decompose, which can occupy ac-
tive sites and lead to the inhibition of HCHO oxidation. There-
fore, Co304-2 achieved long-term purification of 1 ppm HCHO
at room temperature (Fig. S1f in Supporting information). Alkali
metal ion-modified TMOs have been proven to significantly im-
prove the low-temperature HCHO oxidation compared with orig-
inal TMOs [131]. The interlayers of 2D MnO, can accommodate al-
kali metal ions. Based on this, Wang et al. [132] fabricated ultra-
thin (< 2 nm) MnO, nanosheets with large lateral dimensions of
Na*, K*, and Cs* intercalation by molten salt method. This study
demonstrates that alkali metal ions can significantly reduce the
oxygen vacancy formation energy of MnO, through charge bal-
ance. The Cs-intercalated MnO, with the most oxygen vacancies
can achieve 90% conversion of 200 ppm HCHO at 65 °C. Mecha-
nistic studies show that oxygen vacancies capture O, to form ad-
sorbed ROS, which degrades the formate intermediate into CO, and
H,O (Fig. 3f).

4. Conclusion and outlook

In conclusion, this review summarizes and compares prepa-
ration methods of 2D TMOs including top-down and bottom-up
preparation methods. The specific applications of 2D TMOs in the
elimination of atmospheric inorganic pollutants and volatile or-
ganic pollutants are also expounded. Although great progress has
been made in the fields pertaining to 2D TMOs, further research is
still demanded on the optimization of the preparation method, the
low-temperature activity improvement and practical applications.
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(1) The current preparation methods of 2D TMOs still have great
limitations. For most non-layered oxides, it is difficult to pre-
pare single-layer or few-layer ultrathin nanosheets. In general,
cumbersome procedures and additional reagents (potentially
toxic and expensive) are required. Therefore, green, economi-
cal, and high-yield catalyst preparation is urgently needed. Or-
ganic or inorganic 2D structures of natural organisms often pos-
sess extraordinary properties or functions [133,134]. Therefore,
biomimetic design incorporating nanomaterials may shed light
on new preparation methods for high-performance 2D TMOs.

(2) The temperature required for the catalytic elimination of most
atmospheric pollutants over 2D TMOs is relatively high, lead-
ing to large energy consumption and increased operating costs.
Elucidating the relationship between 2D microstructure and re-
action mechanism through high-precision in situ characteriza-
tion is an important solution, which can provide guidance for
the design of TMOs with more efficient 2D structure and ad-
dress the key limiting barriers responsible for low-temperature
activity.

(3) Most 2D transition metal oxides exhibit a powder form, limiting
their application in purification devices. Therefore, the develop-
ment of efficient and highly stable monolithic catalysts based
on 2D metal oxide nanosheets is the key to practical appli-
cations of 2D TMOs. We believe that 2D MnOy, an inexpen-
sive and high-performance catalyst, is the most promising ac-
tive component supported on metal foams or ceramics to ob-
tain monolithic catalysts. Because the native layered structure
of 6-MnO,, facilitates its loading under low-temperature, simple
reaction conditions.
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