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We focus on recent progress in the experimental and theoretic investigation of atomic defects and functional groups in
MXenes, and how to control them to influence various properties of 2D MXene materials. In addition, dynamic structural
transformations such as oxidation and growth induced by atomic defects in MXenes are also discussed.
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MXenes, a new family of functional two-dimensional (2D) materials, have shown great potential
for an extensive variety of applications within the last decade. Atomic defects and functional
groups in MXenes are known to have a tremendous influence on the functional properties. In
this review, we focus on recent progress in the characterization of atomic defects and functional
group chemistry in MXenes, and how to control them to directly influence various properties
(e.g. electron transport, Li* adsorption, hydrogen evolution reaction (HER) activity, and
magnetism) of 2D MXenes materials. Dynamic structural transformations such as oxidation and
growth induced by atomic defects in MXenes are also discussed. The review thus provides
perspectives on property optimization through atomic defect engineering, and bottom-up
synthesis methods based on defect-assisted homoepitaxial growth of MXenes.

1. Introduction

Two-dimensional (2D) transition metal carbides, nitrides
and carbonitrides, namely MXenes, were first discovered in 2011
[1] and soon grew into a new, large family of functional 2D
materials. MXenes are generally prepared by selectively etching
of the A-element in a layered MAX phase, where M is an early
transition metal, A is a group element, and X represents C and/or
N. After etching and subsequent exfoliation, the MXenes flakes
are terminated by functional groups (Tx) such as -OH and -O [2,
3]. MXenes are generally conductive and hydrophilic [4-10] and
have wide applications such as in catalysts [11-13],
electromagnetic shielding [14, 15], supercapacitors [3, 16, 17],
sensors [18], batteries [19-23] and water purification [24, 25].

Atomic defects involving missing, replacement or
interstitial occupancy of an atom can be found in all the
materials, and they are much smaller than other defects such as
line defects, planar defects and pores. It has been shown that
other 2D materials such as transition metal dichalcogenides
(TMDs) exhibit a collection of interesting atomic defects that
directly influence the electronic [19-23], magnetic [26], and
catalytic [11-13] properties. In MXenes, the C/N (X) atoms
occupy the interstitial sites of the metal (M) atom octahedrons
[27], and atomic defects can form at both X site and M site.
Compared to other 2D materials, MXenes have unique surface
functional groups attached on the surface layers, which
complicates the structure-property relationship and provides an

* Corresponding author.

additional path to enhance the properties [28]. Surface
terminations are functional groups such as -OH, -F, and -O that
pre-exist in the etching solution, and can directly influence
formation energy and concentration of atomic defects in the
surface layers. Understanding the defect structure, the interaction
between defects and surface terminations, the evolution and
dynamics of defects (such as
temperature and time) is important for the development of
MXenes with the desired properties.

The synthesis, properties and applications of MXenes have
been previously reviewed [2, 12, 18, 29, 30]. The review here
mainly focuses on atomic defects in MXenes. As atomic defects

under different conditions

heavily interacts with surface functional groups in various ways,
we extend our discussion to include surface functional groups.
We first discuss recent progress in the research of atomic defects
and surface functional groups in MXenes using scanning
transmission electron microscopy (STEM), density functional
theory (DFT), neutron diffraction [66] and spectroscopy
techniques [53, 64, 65, 68]. We then focus on how the atomic
defects and surface functional groups can be controlled through
synthesis and post-treatment methods, and how the atomic
defects and surface functional groups in MXenes can directly
influence various properties such as electron transport, Li*
adsorption, hydrogen evolution reaction (HER) activity, and
magnetism. We also show that atomic defects are heavily
involved in dynamic structural transformations such as oxidation
and layer-by-layer growth. The growing interest in atomic

E-mail address: Z.-Y. Hu (zhiyi.hu@whut.edu.cn), X. Sang (xhsang@whut.edu.cn).
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defects research in MXenes will help understand structure-
property relationship of MXenes and design MXenes with
desired properties for different applications.

2. Atomic defects and functional groups in 2D Mxenes
2.1 Experimental observation of atomic defects in Mxenes

Defects in 2D materials can be experimentally explored
using characterization techniques such as X-ray photoelectron
spectroscopy (XPS) [31, 32], scanning tunneling microscopy
(STM) [33], scanning probe microscopy (SPM) [34], and STEM
[35-37]. Among all these techniques, the STEM technique has
the advantage of high-spatial resolution (down to 50 pm when
equipped with a probe spherical aberration corrector) and the
straightforward interpretation of image contrast that scales with
the atomic number, namely Z contrast imaging [38-42].
Additionally, the STEM mode enables atomic resolution
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chemical analysis such as X-ray energy dispersive spectroscopy
(EDS) and electron energy loss spectroscopy (EELS) [43, 44].
The unique capabilities of STEM make it an ideal platform to
investigate atomic defects and functional groups in MXenes.
Recently, STEM has been successfully used to directly reveal
atomic defects in other 2D materials such as graphene [36],
MoS; [45], h-BN [46], and showed how defects can mediate
electrical [45, 47], magnetic [48] and optoelectronic properties
[49]. However, the detailed analysis of atomic defects in MXenes
was very difficult until Alhabeb et al. developed the minimally
intensive layer delamination (MILD) method that allowed for
consistent synthesizable, large high-quantity single layer TizC,
MXene flakes with a low concentration of defects [50, 51].
Instead of HF as an etchant, a LiF and HCI solution was used as
the etchant in the MILD method [51]. The single layer MXene
flakes from the MILD method are ideal for the characterization
of atomic defects and functional groups using STEM.
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Fig. 1. Atomic scale HAADF-STEM images of defects in single-layer TisC,Ty. (a) Crystal structure model of TizAlC, (left), Ti;AlC, projected along the a axis
(middle), and MXene phase Ti;C,Tx projected along the a axis (right) with -OH terminated functional groups. Comparison between experimental HAADF-
STEM image, DFT model, and simulated HAADF-STEM image of Vr; (b) and two adjacent Vy; within the same sublayer (c). (d-f) Experimental HAADF-
STEM images of vacancy clusters: two adjacent Vr forming within two different sublayers (d), three V; within the same sublayer (e), and 17 Vr; within the

same sublayer (f). Scale bars are 0.5 nm. (g) Vr; formation energy on bare TisC, and terminated single-layer Ti;C,T. (h) Formation energy of V&, clusters as a
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function of number of Vr. Reprint with permission [52]. Copyright 2016, American Chemical Society.

Using STEM, cation defects such as vacancies and adatoms
have been analyzed in MXenes such as TizC>Ty [52, 53], Mo, .33C
[54], W133C [55], and Nb,CTyx [56]. For example, the atomic
structure and defect structure of Ti;C,Tx MXene prepared by the
MILD method has been investigated using STEM experiments
performed on a Cs-corrected Nion UltraSTEM operated at 60 kV
[52]. A single layer of TisCoTx MXene contains five atomic
layers Ti-C-Ti-C-Ti with the two Ti surfaces terminated by
functional groups Tx (Fig. 1a). The single layer nature of the
MXene flakes was confirmed using multiple STEM images
acquired from different orientations and STEM image
simulation. Atomic resolution STEM images combined with
DFT simulation demonstrates that the most prevalent atomic
defects that can be experimentally observed in TizC>Tx MXene
are Ti vacancies (V1i) and Vr; clusters (Fig. 1). Vi is mainly
formed in the two surface Ti layers during the delamination
process. It is also worth noting that cation adatoms on the
surfaces of flakes are commonly found in MXenes [53, 56]. For
example, surface absorption during etching and exfoliation
creates abundant Nb adatoms at hcp sites on the surface of
Nb,CTx MXene [56].

2.2 Theoretic investigation of atomic defects in MXenes

DFT simulation has been widely used to calculate formation
energy of atomic defects in MXenes, which provides essential
information to predict which atomic defects are more likely to
exist [26, 57-59]. Fig. 1h shows that the formation energy of Vr;
clusters scales with the vacancy number, indicating that Vi
clusters can form without requiring extra energy [52]. Moreover,
DFT simulation can shed lights on atomic defects of anions (C/N
atoms) in MXenes, which generally exhibit a negligible contrast
in STEM images as the metal atoms are much heavier than the
C/N atoms. DFT simulations reveal that carbon vacancies (V¢)
should also exist in MXenes. First-principle calculations confirm
that the formation energy of V¢ (from 0.6 to 2.7 eV) in Ti,CT»
MXene is lower than in other 2D materials such as graphene (7.4
eV) [60], while the migration energy of V¢ is higher [57].
Therefore, Ti,CT, MXene with V¢ are thermodynamically and
kinetically more stable, and should not show any structural
reconstruction at the ground state and ambient temperature.
Other studies show that the metal vacancies (V) in different
monolayer M>C MXenes (M = Sc, Ti, V, Zr, Nb, Mo, Hf, Ta, W)
and transition metal carbides have a higher formation energy
than V¢ [58, 59]. It was reported that X defects are more likely to
form than M defects during the synthesis of the M>XO, family
MXenes (M =V, Mn, Ta and Re, X=C/N) because of the strong
Ti-O bonds [26].

2.3 Surface functional group of 2D MXenes

To ensure surface charge neutrality, MXenes surfaces are
always covered by functional groups (Fig. 1a) such as -O, -OH,
and -F, which significantly impact surface electrochemical
properties [61-63]. The surface functional groups alter the
formation energy of atomic defects. For example, DFT
calculation confirms that the formation energy of Vr; is the

highest when the surface is -O terminated (Fig. 1h), implying
modifying functional groups can change Vi concentration. The
formation energy of Vri in Ti»XO» is higher than in Ti,XF, and
Ti2X(OH), due to a stronger Ti-O bond in Ti2XO» [26]. Surface
functional groups can be characterized using various
experimental techniques such as EDS, nuclear magnetic
resonance (NMR) spectroscopy [64, 65], neutron diffraction [66]
and STEM-EELS [53]. NMR revealed that the surface
termination depends on the synthesis method. MXenes etched by
a LiF-HCI solution has four times less -F groups than MXenes
etched by HF [65]. NMR confirmed the connectivity of
termination by directly measuring the polarization transferred
from the -OH surface termination to the center of the V,CTx
MXene [64]. Neutron scattering was used to understand two
types of layer-layer interactions and interlayer bonding
formation, including van der Waals forces between layers and
hydrogen bonds of functional groups between layers [66]. Monte
Carlo (MC) simulations confirmed that the distribution of -O, -
OH, and -F functional groups on Ti-based MXene surface are
related to experimental parameters such as of the etching solution
pH value, etching temperature, and work function [67]. Cs-
corrected STEM-EELS has been utilized to investigate the
chemical and structural characteristics of the surface groups in
Ti;C,Tx MXene at atomic resolution, which confirms the non-
uniform coverage of O-based surface groups [53]. Combining
STEM experiment and simulation, it is possible to determine
whether the function group occupies the top, the bottom or both
surfaces of the flake (Fig. 2) [68].

Fig. 2. False color STEM intensity patterns. (a) Bare Ti;C, surface (b) O
adatoms occupying A-sites on the bottom MXene surface (c) O adatoms on
A-sites on top surface, and (d) O adatoms occupying A-sites on both top and
bottom surfaces. Insets show correlated STEM simulation of respective
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surfaces. Scale bar 0.5 nm. Reprint with permission [68]. Copyright 2018,
IOP Publishing.

3. Tuning atomic defects and functional properties

Controlling the type and concentration of atomic defects in
2D materials to enhance properties has been extensively explored
for graphene [69] and 2D TMDs [48, 70]. In this section we will
summarize the recent progress in how to control atomic defects
and surface functional groups through synthesizing methods, and
how atomic defects and surface functional groups can eventually
influence the properties of MXenes.

3.1 Tuning atomic defects and functional groups

As MXenes are generally synthesized through the selective
etching of the MAX phase [1, 28], etching parameters can
directly affect atomic defects in MXenes. A systematic
investigation of atomic defects in monolayer Ti;C,Tx MXene,
prepared by the MILD method with different equivalent HF
concentration (2.7 wt%, 5.3 wt%, and 7.0 wt%), indicates that
the average defect concentration increases as the HF
concentration increases (Fig. S1 in Supporting information) [52].
Moreover, the higher HF concentration facilitates the formation
of Vr; clusters, while isolated Vr; are more commonly observed
when a lower HF concentration was used. Altering the HF
concentration thus provides a facile way to control atomic
defects in TizC,Tx MXene. Molecular dynamics simulations
show that the surface functional groups in the vicinity of Vr;
defects tend to detach from the surface and expose Ti atoms at
the central layer as active sites for potential catalytic

applications. DFT suggests that Vr; defects in the Ti surface
layers do not deteriorate the electrical properties, consistent with
the model that electrons mainly transport through the central
layer [52]. Another example is selective etching of both Al and
Sc atoms in the MAX phase (Mo2sSci3)AlC with in-plane
chemical ordering to create 2D Mo;33C MXene with periodic
cation divacancies [54].

Electron irradiation has been used to engineer the structure
of materials such as low-dimensional materials [71] and
nanostructured carbon materials [72]. Electron irradiation
therefore provides a new route to tune the atomic defect
concentration [73]. Zhang et al. [73] found that high-energy
electron irradiation knocks Ti atoms out to the surface and
creates Vr; in the outer Ti layer because the formation energies of
Vi in the outer layer is lower than in the inner layer in TiC,
flakes. Comparison between experimental and simulated STEM
images confirms that the relative intensity of the functional
groups increases as more Ti vacancies are formed by electron
beam irradiation (Fig. S2 in Supporting information). DFT
calculations indicate that the atomic repartition could decrease
the anisotropy and increase the conductivity [73].

Removal or replacement of surface function groups could
be achieved using heating at different temperatures and
atmospheres [74]. When using an HF-based etchant, the MXenes
surface is mainly occupied by -OH functional groups, which
could be removed via high-temperature annealing in vacuum as
confirmed by STEM-EELS [8]. Using the same method, the

surface functional groups -OH in Ti;C,F,OH can be replaced by
-0 at 473 ~ 1073 K, and the -O terminations of Ti;C,F,0¢s are
more likely to detach than -F above 1073 K in Ar atmosphere

[74].
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Fig. 3. (a-c) Top view of HAADF-STEM of single W 33C sheets with ordered divacancies obtained from parent (W,;3Scy3),AlC. (a) Low-magnification image

of single flake. (b) Higher magnification image with corresponding FFT (shown in inset). (c) Atomically resolved image with overlaid schematic atomic
structure model. (d) HER polarization curves for Mo;3;3C (green), unannealed W, 33C (dashed red), annealed W;3;C (red), and Pt/C (black) recorded in H,
saturated 0.1 M HCIO4 at room temperature. Reprint with permission [55]. Copyright 2018, Wiley.

3.2 The influence of atomic defects on functional properties

The combined atomic defects and surface functional groups
influence various properties of MXenes. For example, although
the designed ordered structure of W vacancies renders Wi33C
MXene a potentially versatile and promising layered catalyst, its
HER activity is greatly compromised by surface functional
groups -O/OH (Fig. 3). After annealing in a forming gas (3%
hydrogen and 97% argon gas) for 1 h at 700 °C, the surface -
O/OH coverage is greatly reduced and a significant increase in
HER activity was obtained [55]. Cheng et al. [75] showed that
the low concentration of V¢ defects in Cr,CO, MXene weakens
the binding strength of the H atom with the surface of Cr,COs,
which increases the HER performance. Similarly, the HER
performance of the g-CsNu/Ti3C, composite annealed in air with
more -O functional groups increases by 105% compared to
annealing in N, due to the increase in the separation of the
electron-hole pairs [76].

Defects and surface functional groups also significantly
influence the lithium ion battery (LIB) performance of MXenes.
For example, Vi acts as a potential trap that can improve the Li*
adsorption, which could partially be the reason for the first cycle
irreversibility of Mo,C MXene LIBs [58]. First-principle
calculations were used to investigate the effect of different
vacancies on the diffusion and adsorption of Li atoms in the
monolayer Ti»C and Ti,CT: (T = -F or -OH) system, where both
Ve and Vri could improve the adsorption of Li* ions with the
presence of functional groups [77]. In addition, the adsorption
energies and diffusion barriers of Li* on pristine and defective
monolayer Ti,C and Ti,CT, were calculated by Wan et al. [77].
Without defects, Li* ions are more difficult to bond on the
surface of monolayer Ti>C(OH), than on bare surfaces of
monolayers Ti,C and Ti,CF,. V¢ enhances the Li* adsorption on
monolayer Ti,C while Vi improves the Li* adsorption on
monolayers Ti,C(OH), and Ti,CF, (Fig. S3 in Supporting
information). Surface terminations also impact the Li* storage
capacity of MXenes. For example, MXenes with -O functional
groups have the highest capacity due to the lower absorption
energies and intensive interaction between Li and -O [8].

Intrinsic defects in MXenes could induce magnetism due to
spin split of d-orbitals [26]. DFT predicts that O-vacancy-line
(OVL) defects can form defective armchair-edged Ti,CO,
nanoribbon structures with significant magnetism [78]. The
different positions of OVL could regulate the carrier mobility,
carrier polarity and spin polarity. Atomic defects in MXenes can
also influence the electronic properties, causing a metal-
semiconductor transition [26]. Defective TioCO, becomes
metallic because of a Fermi energy shift upward or downward
caused by V¢ or Vi [79].

4 Defects-induced oxidation and growth
4.1 Influence of defects on the oxidation of MXenes

Atomic defects play an important role in the oxidation of
MXenes flakes, which is the critical factor that leads to
degradation of MXene-based devices. The experimental results
show that Ti;C,Tx MXene flakes in water solution are completely
oxidized after 15 days at room temperature (RT) in air. Ar gas
and lower temperature (4 °C) can reduce the oxidation rate by
98.8% [80]. In-situ TEM shows that TiO, rutile nanoparticles are
obtained at slow heating rate, while TiO, anatase nanoparticles
are formed at rapid heating rate through the flash oxidation
method [81]. Using STEM, Xia et al. [82] suggested that ambient
degradation of TizC, MXene starts from atomic defects in Ti3C,
MXene flakes. Vi defects with a positive charge induce the
formation of amorphous carbon, while the extra Ti cations can
react with O, at the defective surface of TizC, to form TiO, (Fig.
S4 in Supporting information).

It is worth noting that the oxidation provides new ways to
synthesize transition metal oxide nanoparticles [83] to form
composite materials such as the Nb,Os/C/Nb,C composite [84]
and TiO»/TizC, nanocomposites with excellent photocatalytic
properties [85]. MXenes (TizC,Tx, Nb,CTx and Ti»CTx) with the
oxidation product TiO, show an improvement in hydrogen
production as photocatalysts [86]. In addition to oxidation,
nitriding-pretreatment provides another way to control the atomic
defects such as in TisC;Tx MXene. The engineering
superstructure of the N-remedying MXenes displays eminent
separation ability of photogenerated carriers and excellent light-
absorption properties. Without any cocatalyst, it shows an
efficient photocatalytic performance in water-splitting under
visible light [87].

4.2 Defects assisted homoepitaxial growth in MXenes

Atomic defects play key roles in bottom-up growth of 2D
materials. Although at least 70 different MXenes have been
reported from experiment or theory [2], all of them have been
synthesized via top-down strategies (e.g. selectively etching by
HF) [30]. Xu et al. [88] used the CVD method to grow large-
areas and high-quality 2D ultrathin a-Mo,C, with the thickness
of a few nanometers. Centimeter-level 2D Mo,C was grown on a
graphene film using a one-step molten copper-catalyzed CVD
method [89]. Large-size and high-quality 2D MoN flakes were
synthesized through the reduction of 2D hexagonal oxides in
ammonia [90]. 2D 3-MoN nanosheets could be obtained using a
two-step approach including a hot-filament CVD process and
phase transformation heating in NH; at 800 °C [91]. Compared
to the selective etching method, these bottom-up strategies have
advantages such as one-step synthesis, controllable thickness,
large size and high quality [92-94]. Despite all the effort, bottom-
up growth of single layer MXenes is still difficult to achieve.
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Atomic defects assisted homoepitaxial Frank-van der
Merwe atomic layer growth of a TiC single adlayer on the
MXenes surface was revealed via in-situ heating and electron-
beam irradiation in STEM [95]. After the surface functional

groups are removed by heating and irradiation, Ti and C atoms

Monolayer TLC, T,

G H

Heating

oo

around the Ti vacancies become active and migrate to the surface
to form adatoms (Fig. 4a, b). The C and Ti adatoms then diffuse
on the bare TisC; surface and eventually form a single h-Ti layer
on the bare Ti;C; surface.

Pore

e Ti adatom

« C adatom MonolayerTi,.C,

Fig. 4. Homoepitaxial growth of MXene. (a) Schematic of the homoepitaxial growth process to form single layer h-TiC on a monolayer Ti;C, substrate through

electron-beam irradiation and heating. Ti atoms from different layers are plotted using different shades of blue. (b) Crystal structure of monolayer Ti;C,Tx

viewed from [100] and [001] zone axes. (c) Atomic resolution STEM image acquired from monolayer Ti;C,Tx along the [001] zone axis at room temperature.

Areas of Ti vacancies are indicated by white dotted circles. (d) A STEM image acquired after heating and electron-beam irradiating monolayer Ti;C, flakes

inside the microscope at 500 °C. (e) A STEM image acquired after heating MXene flakes inside the microscope at 1000 °C. Reprint with permission [95].

Copyright 2018, Nature.

5. Conclusion

This review summarizes recent advances on atomic defects
and surface terminations in MXenes. We have shown that
various atomic defects can be induced and controlled in MXenes
through the etching process or post-treatment. Also, the
interaction between surface functional groups and atomic defects
has been reviewed. The defects and terminations in MXenes
influence a wide range of properties such as electron transport, Li
ion adsorption, HER activity, and magnetism; they also control
dynamic processes such as oxidation and homoepitaxial growth.
This review thus provides insights on how to engineer defects in
MXenes in order to acquire the desired properties. Although
various techniques have been employed to investigate atomic
defects and surface terminations in MXenes, our understanding
of their roles is still very limited. While cation vacancies have
been directly observed using STEM, the role of C/N vacancies
can only be investigated using theoretical calculations. The
correlation between defects and properties is mostly qualitative.
With the development of experimental and theoretical techniques
such as four-dimensional (4D) STEM with higher spatial
resolution and temporal resolution, In-situ S/TEM techniques
that can directly observe the behavior of the atomic defects and
surface terminations during working conditions, and theoretical
models that better describe MXenes, our knowledge on MXenes
will be further broadened.
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