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Adsorptive environmental applications of MXene
nanomaterials: a review

Yujuan Zhang, €2*? Lin Wang, ¢2® Ningning Zhang® and Zhangjian Zhou®

Since titanium carbide TizC, nanosheets were first produced in 2011, an increasing number of members of
this new family of two-dimensional transition metal carbides/nitride (MXene) materials have been
successfully synthesized. Due to their large specific surface area, hydrophilic nature and abundant highly
active surface sites, MXenes have been demonstrated to adsorb a variety of environmental pollutants,
including heavy metal ions, organic dyes, radionuclides, and gas molecules, and thus can be used for the
removal of pollutants and even sensing. In this review, we summarize the recent research progress on
MXene materials in the adsorptive remediation of environmental pollutants and highlight the main

rsc.li/rsc-advances

1 Introduction

With the development of industrialization, environmental
pollution has become increasingly serious worldwide, which
poses serious effects on human health and the ecosystem. The
most commonly encountered pollutants include heavy metal
ions, organics, bio-toxins, and toxic gases. Thus, various phys-
ical, chemical and biological techniques have been developed to
remedy pollutants, such as membrane filtration, precipitation,
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challenges in the future to understand the full potential of MXene materials in environmental systems.

adsorption, solvent extraction, and ion exchange.' Among
them, adsorption is considered to be promising due to its
simple, cost-effective and economical characteristics.”* Addi-
tionally, adsorption also avoids secondary pollution due to the
production of harmful substances during remediation. For
effective adsorption, adsorbents usually have a large specific
surface area and proper functionalities for the adsorbates. To
date, numerous porous materials have been developed as
adsorbents for environmental pollutants, such as activated
carbon, kaolinite, zeolites, chitosan, and metal-organic
frameworks.*"*

Two dimensional (2D) materials have garnered great atten-
tion owing to their unique physical and chemical properties,
which differ from their corresponding bulk counterparts, since
graphene was first produced by mechanical exfoliation into
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single-layers in 2004.*> Since the emergence of graphene, other
2D materials such as transition metal dichalcogenides (TMDs),
hexagonal boron nitrides, metal oxides and hydroxides have
been discovered and demonstrated in diverse applications.*™*
As is known, low-dimensional materials with the advantage of
large surface areas have been considered as ideal adsorbents for
various pollutants, e.g., ordered mesoporous silica, carbon-
based nanomaterials (e.g., carbon nanotubes and graphene),
and phosphorenes.'*>°

Recently, a new family of 2D transition metal carbide/
nitride materials known as MXene has been attracting
tremendous interest from both theoretical and experimental
physicists and chemists.***® Due to their unique structures,
MXenes usually exhibit excellent properties such as high
chemical stability, high electrical conductivity and
environment-friendly characteristics. To date, MXenes have
been reported as promising materials for application in
semiconductors, hydrogen storage, supercapacitors, and
lithium-ion batteries.>”** Especially, their hydrophilic nature
and abundant highly active functional sites on their surface
render MXenes effective adsorbents for many molecular or
ionic species, which consequently can be used for environ-
mental pollutant purification or even sensing. Although
several review papers on MXenes have been published,**3'3*
they generally cover all the application aspects of MXenes, and
a special review on the progress of the application of MXenes
in the environmental remediation area has not been reported
to date. Herein, based on this fact, we focus and summarize in
detail the recent research progress on MXene materials in the
application of adsorptive remediation of environmental
pollutants, including heavy metal ions, organic dyes, radio-
nuclides and gaseous contaminants, and highlight the main
challenges in the future to understand the full potential of
MXene materials in environmental systems.

2 Structures and surface terminations
of MXenes

The structure of a bare MXene can be described as n+1 layers of
transition metal elements M covering n layers of X (where, X is
C or N element.) in an (MX),M arrangement. As shown in
Fig. 1a, to date, at least three different formulae of MXenes,
M,X, M;3X, and M,X;,** have been confirmed. From the scan-
ning electron microscope (SEM) images in Fig. 1b, the layered
structures of MXenes are obvious. In addition, MXenes with
two different transition metals have also been synthesized,
which exist in two forms, i.e., solid solution phase (two tran-
sition metals randomly occupy the M-sites) and ordered phase
(two transition metals are arranged layer by layer).*" For
example, (Cr,V)C, has an ordered structure, while (Ti and
V);C, exist in solid solution.

Due to the important role of the specific surface area of
MXene materials, the quality of MXene materials is a critical
factor in environmental applications. In recent years, many
preparation techniques have been developed to obtain high-
quality flake nanomaterials. MXenes were first synthesized
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via a simple chemical etching method in 2011, where the “A”
laminar component is exfoliated from the “MAX” matrix phase
in hydrofluoric acid (HF), ammonium bifluoride (NH,HF,) or
hydrochloric acid (HCI) combined with lithium fluoride (LiF),
followed by sonication at room temperature,*® as shown in
Fig. 1c. The term “MAX” represents the chemical composition
of the parent compounds M,,;;AX,, (n = 1, 2 and 3), where A
stands for a group IIIA or IVA element (A = Al, Ga, In, Si, Ge,
Sn, Pb, P, As, S and Cd). Recently, MXenes have also been
synthesized from the laminated phase, which are categorized
as derivatives of MAX phases (d-MAX). For example, Zr;C, and
Hf;C, MXenes can be synthesized via the selective etching of
Al-C and Si-alloyed Al-C sublayers from nanolaminated
Zr3;Al;Cs and Hf5[Al(Si)],Ce, respectively.®?® Fig. 2 shows
a schematic illustration of the synthesis of Hf;C, MXene from
the nanolaminated d-MAX phase Hf;[Al(Si)],Cs. During the
etching process, the introduction of Si can significantly
accelerate the etching of the layered ternary carbide Hf;Al1,C¢
through the weakened interfacial adhesion between the Hf-C
and Al(Si)-C sublayers, as shown in Fig. 2c and d.

Surface functionalities are strongly relevant to the physical
and chemical properties of MXene materials, which further
affect their environmental applications. In various etching
synthetic procedures, chemical functional groups such as
oxygen (-O), hydroxyl (-OH) and fluorine (-F) often form on
the surfaces of MXenes. Therefore, MXenes are generally
written as M,,.1X,,T,, where T refers to the surface terminated
functional groups. For example, Ti;C, MXene can have at least
three formulae: Tiz;C,(OH),, Ti;C,0, and TizC,F,. In practice,
Ti;C, MXene usually has a combination of these functional
groups, the specific quantities of which are highly dependent
on the synthetic methods.*”*®* The random distribution of
terminations on the surface of MXene has been confirmed by
neutron scattering and NMR spectroscopy.*®**® In general,
a hydrophilic surface is beneficial for the adsorption of polar
or ionic species. It is shown that the -F group is not desirable
when MXenes are used for adsorbents in most circumstances,
which will be discussed in the following section. Fortunately,
the -O and -OH groups are found to be more stable, and -F
terminations will be replaced by OH groups upon rinsing and/
or storage in water. Thus, most of the terminations of MXenes
obtained using the chemical etching method are -OH and -O
groups.*” This is probably why MXenes always exhibit very high
adsorption capacities (in the unit of grams of adsorbate per
gram of adsorbent) even compared to carbon-based nano-
materials, such as graphene, though the atomic weight of
transition metal elements is usually large.

Recently, bare Mo,C MXene without functional groups has
been successfully synthesized using the chemical vapor depo-
sition method.** The excellent physical properties of bare Mo,C
MXene have also been systematically explored using density
functional theory (DFT).*> The unterminated metallic atoms are
considered to be highly active and easy to react with other
substances. However, studies about the adsorption behaviors of
MXenes without functional groups are scarce, and still need to
be further studied.

n
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(a)

HF treatment‘

(c)
HF treated MAX phase

Sonication ‘

MXene sheets

Y MiX:
Fig. 1 (a) Early reported three different structures of MXenes (non-terminated): MoX, M3X, and MyXs. Reprinted from ref. 22 and 23 with

permission. (b) SEM images of Ti,AlC, TizAlC, and Ta4AlCs after HF treatment (from right to left). (c) Schematic illustration of the synthesis of
MXenes from MAX phases. Copyright 2013 John Wiley and Sons and Copyright 2012 American Chemical Society.
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Fig.2 Schematic illustration of the synthesis of Hf3C,T, MXene from nanolaminated phase Hf3[ALl(Si)]4Cs. (a) Structure of HfzAl,Cg, (b) structure
of pure Hf3Al,Cg monomer, (c) and (d) structure of two HfzAl,Cg monomers with different silicon alloying, and (e) side view of HfsC, MXene.
Reprinted with permission of ref. 36 Copyright 2017 American Chemical Society.
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3 Progress of MXenes in adsorption
remediation of pollutants

3.1 Heavy metal ion adsorption

Heavy metal ions including Pb(u), Cr(v), Hg(u), Cd(u) and Cu(u)
are the most important pollutants in water and soil because of
their high toxicity to humans and other living organisms.
Adsorption is considered to be the most effective approach to
remove heavy metal ions because other methods such as bio-
logical processes or chemical reactions cannot degrade them.
Due to the abundant active sites on their surface, MXenes can
adsorb metal ions through electrostatic and chemical interac-
tions. To date, numerous studies have been carried out on heavy
metal ion sequestration using MXenes.

Among the various toxic heavy metal ions in water, Pb(u) is
one of the most commonly encountered pollutants and its
content in drinking water is strictly limited. In 2014, the
Ti3C,(OH/ONa),F, , MXene material®® prepared via chemical
exfoliation followed by alkalization intercalation was first re-
ported to exhibit strong Pb(u) ion adsorption with a large uptake
capacity (140 mg g ') and high selectivity even when other
competing cations such as Ca(u) and Mg(u) coexist at high
levels. The intercalation of cations or small organic molecules
can increase the distance of the interlayers of MXene and
enhance the interaction between the surface functional groups
and MXene layers, and therefore helps the adsorption process.
Especially, after purification with the applied management of
4500 kg water per kg alk-MXene, the effluent Pb(u) content can
reach as low as 2 g L', which is below the drinking water
standard set by the World Health Organization (10 pg L™"). The
adsorption mechanism was elucidated to be Pb(u) ions being
trapped within hydroxyl potential traps, forming strong bonds
between Pb and oxygen atoms (hydroxyls losing H atoms), as
shown in Fig. 3. First-principles calculations revealed that
different hydroxyl sites and different functional groups have
a great influence on the adsorption behaviors of TizC,(OH),F,_,
MXene for Pb(u) ions:** the hydroxyl group vertical to the tita-
nium atom shows a stronger trend of removing ions than other
adsorption structures, and the terminated F occupation of alk-
MXene decreases the efficiency of the adsorption while the
intercalation of Li, Na, and K atoms accelerates it. DFT studies
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of the adsorption behaviors of Pb on different MXenes in the
general form of M,X(OH), (M = Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta,
and X = C or N)* indicate that nitrides are basically more
favorable for Pb ion adsorption than their carbide counterparts
due to the different valence electron numbers between C and N
atoms. In addition, Sc,C(OH), and Zr,C(OH), MXenes cannot
be used for Pb removal. The weak ability of these two MXenes
for Pb removal is mainly attributed to the energy difference
between the sides of the adsorption reaction equation, i.e., the
adsorption structures have positive formation energies.

After Pb(u), Cr(v1) is listed as another important heavy metal
pollutant in water, and its adsorption behavior on MXenes has
also been investigated. Cr(vi) exists in the anionic form, ie.,
Cr,0,°". Ying et al. reported that Ti;C,T, MXene shows a high
Cr(v) adsorption capacity of 250 mg g ' under optimized
synthetic conditions (10% HF delamination, room temperature,
pH = 5), and the residual concentration of Cr(vi) in the treated
water is less than 5 ppm.*® This MXene not only removes Cr(vi)
by reducing Cr(vi) to the less toxic Cr(m), but also adsorbs the
reduced Cr(m) simultaneously. The initial adsorption of Cr(vi)
on TizC,T, is due to the electrostatic attraction between the
positively charged surface of MXene and negatively charged
Cr,0,>~ (at low pH, the hydroxyl groups on the surface of
TizC,T, MXene will be protonated). After adsorption, electrons
are transferred from Ti;C,T, to Cr,0,>~ with the assistance of
H', producing TiO, and Cr(m) ions. The produced Cr(m) ions
then interact with the [Ti-O] bond on the MXene and form the
Ti-O-Cr(m) structure. Based on the reduction mechanism, it is
confirmed that other oxidizing agents such as Kj[Fe(CN)¢],
KMnO,, and NaAuCl, can also be reduced to low oxidation
states and removed by Ti;C,T, MXene. By the in situ phase
transformation of Ti;C,(OH), ¢F,, MXene under FeCl; condi-
tions, an urchin-like rutile TiO,-C nanocomposite with an
abundance of (110) facets was fabricated, which displays
a much higher Cr(vi) adsorption capacity of 225 mg g~ " than
that of primitive TizC,(OH)osF;, MXene (~62 mg g ').*’
Theoretical calculation revealed that the adsorption energies of
all three types of Cr(vi) ions (including CrO,*>~, HCrO, , and
Cr,0,>" ions) on rutile TiO, are greater than that of water
molecules, indicating that Cr(vi) ions can be adsorbed on rutile
TiO, surfaces in aqueous solution. After adsorption, the
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(a) Schematic illustration of the formation of the TizCx(O,H»_»,,Pb,y,) structure from TizC,(OH), to TizsCo(OoH,_5,,Pb,yy); (b) top-view of the

TizC,(OxH, _5,,Pb,y,) structure when the Pb coverage is 1/9 ML. S1-S6 represent the different atom sites of the hydroxyl. Reprinted from ref. 44

with permission. Copyright 2015 American Chemical Society.
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bridging oxo groups in Cr(vi) ions can further inhibit the
adsorption of H,O molecules on the rutile TiO, surfaces.

Besides Pb and Cr ions, first-principles calculations show
that alkaline intercalated Tiz;C, MXene can also effectively
remove a series of other heavy metal ions including Cu, Zn, Pd,
and Cd, with formation energies ranging from —1.0 to
—3.3 eV.* The general chemical reaction of heavy metals Y (in
nitrate form) uptake on alk-MXene can be written as Ti;C,(OH),
+ mY(NO3), — Ti3Cy(OxHy 2, Ym)s + 2mHNO;. The calculated
formation energies of Ti;C,(0O,H, 5,,Yy,), range from —1.0 to
—3.3 eV for the Cu, Zn, Pd, and Cd elements. Ti;C,T, MXene
also acts as an effective adsorbent for Ba(u)** and Cu(u) ions*
(two typical pollutants in water), and also applied in experi-
ment. The formation of both Ba-O and Ba-F bonds is found to
contribute to the Ba(u) ion adsorption process. The maximum
adsorption capacity is found experimentally to be 9.3 mg g~ for
an initial barium concentration of 55 ppm, which is higher than
that of other competitors such as activated carbon and carbon
nanotubes. Furthermore, the removal efficiency can reach up to
100% under optimized conditions. Since other studies* re-
ported that -F groups hinder the adsorption of metal ions, more
accurate investigations may be needed to clarify the effects of -F
groups on the adsorption process. Regarding Cu(u) ions, the
adsorption mechanism of ion exchange between the positively
charged Cu ions and negatively charged terminal groups (-O
and -OH) on the Ti;C,T, surface was experimentally confirmed.
After the ion exchange, a further oxidation-reduction reaction
occurs, resulting in the formation of rutile TiO, nanoparticles.
The maximum Cu ion adsorption capacity of delaminated
Ti;C,T, was experimentally determined to be 78.45 mg g™ ".

In addition to these ionic pollutants in water, MXenes have
also shown strong adsorption capacity for free non-ionic metal
atoms, and thus can be used as carriers for transition metal
catalysts. Guo et al. studied the non-ionic Pb atom adsorption
behaviors of different MXenes (including Ti;C,, V,C; and Ti,C,)
with different functional groups (including bare, H, OH, and F),
and found that all the MXenes can effectively adsorb Pb atoms
with a binding energy larger than 1 eV, except the F terminated
ones.* The theoretical Pb adsorption capacity was calculated to
be as high as 2560 mg g~ for bare Ti,C MXene and 1280 mg g~
for H-terminated Ti,C MXene. They also found the bare and OH
terminated MXenes of the three types show a high adsorption
capability for Cu atoms. Yang et al also predicted that
Ti,C(OH), and Ti;C,(OH), MXene can effectively adsorb free
non-ionic Au atoms with a high adsorption energy larger than
3 eV, and the O and F groups significantly reduce the adsorption
ability.”* Since free non-ionic Pb, Cu and Au atoms are hard to
obtain under common conditions, these studies may require
future experimental validation.

Besides adsorptive removal, MXene materials can also be
applied for sensing trace amounts of heavy metal ions. An alk-
Ti;C, modified glassy carbon electrode is reported to exhibit
a highly sensitive electrochemical response to Cd(u), Pb(u),
Cu(n) and Hg(u) ions using square-wave anodic stripping vol-
tammetry.>> Under optimized conditions, the electrode displays
a detection limit of 0.098 uM, 0.041 pM, 0.032 uM and 0.130 uM
for Cd(u), Pb(u), Cu(u) and Hg(u), respectively, which is superior

This journal is © The Royal Society of Chemistry 2018
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to most of the state-of-the-art sensors. Moreover, the peak
potentials of each heavy metal are well defined and sufficiently
separated during the simultaneous voltammetric determina-
tion of four target heavy metal ions, which is very suitable for
the simultaneous and selective detection of co-existing metal
ions.

Overall, MXenes show strong adsorption capabilities for
metal ions and non-ionic atoms, which are even stronger than
that of carbon nanotubes and graphene oxide,”” even if the
atomic weight of the carbon element is usually much lower than
transition metal elements in MXenes (for example, the typical
Pb(u) uptake capacity of oxidized carbon nanotubes is below
100 mg g~ '). These unique adsorption properties are generally
attributed to the natural surface-functionalization of MXenes
during the synthetic process using acidic fluoride-containing
solutions.

3.2 Organic dye adsorption

Organic dyes are also an important type of pollutant in water.
Dyes usually have a stable molecular structure and are difficult
to biodegrade. The presence of dyes in water can directly impact
the ecosystem and even the health of human beings through the
contamination of drinking water supplies. Dyes usually exist in
the form of cations or anions in water, and thus can be adsor-
bed by specific adsorbents. Several groups have investigated the
possibility of removing organic dye pollutants using MXene
materials, especially combined with the UV photocatalytic
technique to further degrade them.

The charged state of a dye is a critical factor to its adsorption
on MXenes. Studies of the adsorptive properties of the cationic
dye methylene blue (MB) and anionic dye acid blue 80 (AB80) on
Ti;C, T, MXene®® reveal that MB can be strongly and irreversibly
bonded to Ti;C,T, (with the adsorption capacity of ~39 mg g™ %),
while AB80 can hardly adsorb on MXene. The preferential
adsorption of the cationic dye over anionic dye is attributed to
the electrostatic interactions between the positively charged dye
cations and the negatively charged surfaces of MXenes in
aqueous solution. UV light is also found to significantly
enhance the degradation rate of MB and AB80 dye in solutions
containing both the dye and Ti;C,T, MXene. Similar to Pb ion
adsorption,* expanding the interlayer spacing of MXene is also
an efficient approach to improve its dye adsorption perfor-
mance. Zheng et al. reported that the interlayer spacing of
Ti;C,T, MXene can be increased by up to 29% via LiOH treat-
ment and 28% via NaOH treatment.> The adsorption capacity
of LiOH-Ti;C, T, and NaOH-Ti;C,T, for MB reaches 121 mg g~
and 189 mg g~ ", respectively, in comparison with that of the
pristine TizC,T, MXene without alkaline treatment (100 mg
g

Semiconductor/MXene nanocomposites have also been
studied to enhance photocatalytic activity. Gao et al. synthe-
sized TiO,/TizC, nanocomposites via a hydrothermal process,*
which showed improved photocatalytic activity for methyl
orange degradation under ultraviolet light irradiation
compared to simplex TiO, or Ti;C,. Their studies suggested that
the TiO,/Ti;C, composite exhibits more effective electron-hole

RSC Adv., 2018, 8, 19895-19905 | 19899
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(a) Photocatalytic degradation rate constant (k) of (001)TiO,/TizC, prepared for different hydrothermal times. (b) Schematic illustration of

the charge-transfer process over (001)TiO,/TizC,. Reprinted from ref. 56 with permission. Copyright 2016 American Chemical Society.

separation than pure TiO, or TizC, under UV irradiation. To
further improve the photocatalytic activity of the TiO,/Ti;C,
complex, Peng et al. synthesized a hybrid comprised of (001)
facets of TiO, nanosheets and layered Ti;C, via the facile in situ
hydrothermal partial oxidation of Ti;C,.*® The catalytic activity
is highly dependent on the hydrothermal time (Fig. 4a). The
unique hybrid significantly enhances the photocatalytic degra-
dation of methyl orange dye. The result was attributed to the
fact that the highly active (001) facets of TiO, allow the high-
efficiency photogeneration of electron-hole pairs, which are
substantially promoted by the hole trapping effect by the
interfacial Schottky junction with 2D Ti;C, acting as a reservoir
of holes, as illustrated in Fig. 4b. This design not only allows for
high-efficiency separation of electron-hole pairs, but also
overcomes the problem of their rapid recombination. Zhou
et al. synthesized a CeO,/Ti;C, nanocomposite via a one-step
hydrothermal method based on the electrostatic attraction
between Ce®" ions and Ti;C, nanosheets.”” The composite
shows excellent photocatalytic activity toward the degradation
of Rhodamine B compared with pure Ti;C, and CeO,, which is
attributed to the enhanced utilization of solar energy.

From the above literature, two basic conclusions can be
derived, the adsorption mechanism of dyes on MXenes is elec-
trostatic attraction and semiconductor/MXene nanocomposites
are an effective approach for the photocatalytic degradation of
dyes compared to their simplex component counterparts.

3.3 Radionuclide pollutant adsorption

With the rapid development of the nuclear industry and the
peaceful utilization of nuclear energy, nuclear waste pollution
has become a challenging environmental concern. As is known,
the contamination of some long-lived actinides can be a signif-
icant hazard even at trace amount due to their long-term
radiological and chemical toxicities. The unique characteris-
tics of MXenes such as high ability to resist strong radiation and
good chemical compatibility with molten salt harsh materials

19900 | RSC Adv., 2018, 8, 19895-19905

give them the potential to clean up radionuclides for nuclear
waste treatment.

Using multi-layered vanadium carbide V,CT, nanosheets as
a case study, MXenes have been shown to be competitive inor-
ganic adsorbents for actinide capture from aqueous solu-
tion.®* Uranium, which normally exists as UO,>" in most
processing and environmental conditions, is one of the most
important radionuclides due to its central role in the nuclear
energy industry and its relative enrichment in nature. It is
confirmed that V,CT, MXene can adsorb uranium U(vi) with
a high uptake capacity of 174 mg g™, along with fast sorption
kinetics and desirable selectivity.® Density functional theory
calculations in combination with X-ray absorption fine struc-
ture characterization suggest that uranyl ions prefer to coordi-
nate with hydroxyl groups bonded to the V sites of MXene via
the formation of bidentate inner-sphere complexes, as shown in
Fig. 5. According to the uranium speciation diagram, uranium
ions can exist with different ligands such as aqueous, carbonate
and hydroxylated species. To specify the adsorption behaviors
of uranium on MXene, the adsorption properties of hydroxyl-
ated V,C nanosheets for uranyl ions with different ligands in the
general form [UO,(L,)(L>),(Ls).]" (where, L,, L, and L; stand for
H,0, OH and COg3, respectively)® are further clarified. All uranyl
species can bond strongly with V,C(OH), nanosheets with high
adsorption energies greater than 3 eV. Among the studied
uranyl species, aquouranyl [UO,(H,0)s]>* bonds the strongest to
the hydroxylated V,C nanosheet. It is also found that the
terminated -F groups on the V,C nanosheets can weaken the
adsorption capability for uranyl ions.

Titanium carbide Ti;C,Ty, as the typical material of MXene,
with the merits of good development and inexpensive prepa-
ration, is the ideal adsorbent for radionuclide elimination with
respect to technology and the economy. DFT studies of the
adsorption behaviors of U(vi) ions on TizC,(OH), MXene® have
shown that U(vi) ions can form strong bonds with MXene in
aqueous solution regardless of the presence of anionic ligands
such as OH, CI” and NO; . Chemical interactions and

This journal is © The Royal Society of Chemistry 2018
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fits of U adsorbed on V,CT, nanosheets under different conditions. Reprinted from ref. 58 with permission. Copyright 2015 and 2016 American

Chemical Society.

hydrogen bonds are considered as the main adsorption inter-
actions. Based on the stable adsorption configuration, the
theoretical adsorption capacity can approach 595.3 mg g~ * for
the [UO,(H,0)5]*" species.

In experiment, a major challenge for radionuclide removal
using Ti;C,T, as the adsorbent material is the contradiction
between the small interlayer space of Ti;C,T, MXene and the
large hydrated radionuclide ionic radius, which limits the
radionuclide adsorption capacity. Delamination of multilayered
Ti;C,T, into nanoflakes is an ideal approach to significantly
improve the adsorption capacity. Furthermore, hydration is
found to be an effective method to enhance the adsorption
properties of U(vi) ions on MXenes.** Through this approach,
the presence of hydrophilic groups and van der Waals weak
interactions can increase the interlayered distance of MXenes,
and therefore enhance their adsorption capacity for U ions.

Briefly, MXene materials have been demonstrated to be
effective adsorbents for uranium ions both experimentally and
theoretically. Chemical interactions and hydrogen bonds are
the main adsorption mechanism. Except for uranium, the
adsorption of other radionuclide ions (e.g., Np and Pu ions) on
MXenes are still unknown and need further investigation.

3.4 Gaseous contaminant adsorption

Gaseous contaminants mainly include toxic inorganic gases
(NO,, SOy, H,S, NH;, and CO), and volatile organic compounds
(VOCs), most of which can cause serious diseases to humans
and other living organisms. Thus, both effectively sensing and
removing them are of high importance. A number of studies
have been carried out on gaseous contaminant adsorption
using MXenes.

Regarding inorganic gases, first-principles calculations of
the adsorption behaviors of NH;, H,, CH,;, CO, CO,, N,, NO,
and O, on monolayer Ti,CO, reveal that only NH; can be
chemisorbed on Ti,CO, (adsorption energy of —0.37 eV), while
the others are physisorbed on Ti,CO, with low adsorption

This journal is © The Royal Society of Chemistry 2018

energies, as shown in Fig. 6a°>. The electrical conductivity of
Ti,CO, changes significantly after the adsorption of NH3;, indi-
cating that Ti,CO, can be a potential NH; sensor with high
sensitivity (Fig. 6b). Additionally, the interaction between NH;
and Ti,CO, can be further enhanced by applying strain on the
nanosheet. The adsorption behavior of NH; on a series of O-
terminated semiconducting MXenes with the general form
M,CO, (M = Sc, Ti, Zr, and Hf) were investigated using first-
principles simulations.® All the studied MXenes can chemi-
sorb NH; with notable charge transfer. The adsorbed NH; can
be further released from the MXenes by injecting electrons into
them. These results indicate that M,CO, MXenes are very suit-
able as NH; sensors. The density functional theory investiga-
tions by Morales-Garcia et al. showed that bare M,C (M = Ti, Zr,
Hf, V, Nb, Ta, Cr, Mo, and W) MXenes without surface func-
tional groups can effectively adsorb CO, even at low CO, partial
pressures and high temperatures, and thus can act as very
promising candidates for carbon dioxide capture, storage, and
activation.**

Besides the adsorption of inorganic gaseous contaminants,
MXene materials can also be utilized to fabricate gas sensors for
VOCs. Kim et al. reported that Ti;C,T, MXene exhibits a very low
detection limit of 50-100 ppb for VOC gases (including acetone,
ethanol, and propanal) and ammonia at room temperature.*
The high metallic conductivity and fully functionalized surface
of Ti;C,T, MXene lead to an ultrahigh signal-to-noise ratio,
which is superior to conventional semiconductor channel
materials and other well-known 2D materials (e.g., MoS,). The
terminal hydroxyl (-OH) groups on the surface of TizC,T, are
mainly responsible for the adsorptive detection of the target
species.

3.5 Adsorption of other pollutants

In addition to the abovementioned pollutants, the adsorption of
some other pollutants have also been demonstrated using
MXene materials due to their active surface structures.

RSC Adv., 2018, 8, 19895-19905 | 19901
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Zhang et al. synthesized a novel sandwiched MXene-iron
oxide (MXI) 2D material by selectively exfoliating an Al layer
followed by magnetic ferric oxide intercalation for phosphate
sequestration in water.®® Compared with commercial adsor-
bents, the MXI nanocomposite exhibits superior treatment
capacities (2100 kg and 2400 kg kg~ * sorbent in simulated and
real phosphate wastewater tests, respectively), with fast kinetics.
The grown ultrafine nano-Fe,O; particles intercalate into the
interior layers of MXene, releasing the overlapped layers and
further forming Ti-OH terminated layered surface within the
MXene and Fe-OH exchanged sites of ferric oxide, and
contribute to the unique phosphate sequestration behaviors.
Additionally, after phosphate adsorption, the material can be
recycled using binary alkaline brine solutions. Wu et al. fabri-
cated an electrochemical tyrosinase biosensor based on the
Ti;C,T, MXene material, which demonstrates good repeat-
ability and reproducibility, long-term stability and high recovery
for the detection of phenol in water.*” The adsorption mecha-
nism involves the oxidation-reduction of phenol by the tyrosi-
nase biosensor.

For clarity, the specific uptake capacities of MXenes and
their derivatives for several pollutants are listed in Table 1.

Besides adsorption, MXene materials can also be fabricated
into a membrane form and used as a sieve for the filtration of
pollutant species in wastewater. Ren et al. fabricated Ti;C,T,
membranes using a vacuum filtration method and conducted
permeation tests for a series of cations.®® Their results revealed
that the separation properties of the membranes are highly
dependent on the size and charge of the cations, where, the
permeation of cations decreases with an increase in size and
charge, and cations with hydration radii larger than the inter-
layer spacing are nonpermeable (e.g. methylene blue ions). The
TizC,T, membranes demonstrated a better performance than
graphene oxide in the separation of higher charged cations
under the same test conditions. The hydrophilic nature of
Ti;C,T, accompanied by the presence of H,O between the layers
is attributed to the ultrafast water flux of 37.4 L (bar h m*)™".
Ding et al fabricated Ti;C,T, membranes with expanded
microchannels to further increase the water flux.®® During the
fabrication process, colloidal Fe(OH); was employed as the
intercalation medium to increase the interlayer spacing. The

19902 | RSC Adv., 2018, 8, 19895-19905

resulting TizC,T, membranes exhibited an excellent water
permeation performance (higher than 1000 L (bar h m*)~") with
a favorable rejection rate (over 90%) for Evans blue molecules.
Berdiyorov et al. investigated the mechanism of the charge-
selective permeation property of Ti;C,(OH), MXene using
first-principles density functional theory.” They found that this
phenomenon originates from the charged nature of the MXene
layers, where, ions with different charge states have different
energy barriers for the intercalation between the MXene layers
due to electrostatic interactions. The calculated energy barriers
are 0.14 €V, 0.26 eV, and 0.34 eV for Na‘, Mg”>*, and AI*",
respectively.

4 Summary and outlook

In summary, 2D transition metal carbides/nitrides, i.e. MXenes,
have demonstrated very promising results in the adsorptive
remediation of polar and ionic pollutants, including heavy
metal ions, organic dyes, radionuclides and gaseous pollutants.
Their overall performances seem better than that of conven-
tional pollutant adsorbents and even other low-dimensional
materials, such as carbon nanotubes and graphene. Neverthe-
less, there are still many open questions that need to be
addressed before these materials can be used practically.

Although theoretical simulations have predicted a large
number of MXene materials, the number of the experimentally
synthesized MXenes is limited. For example, calculations have
shown that Hf,CO, MXene possesses excellent thermal and
electrical properties to be a promising semiconductor,* but it is
yet to be synthesized experimentally. Thus, the synthesis of the
large number of MXenes becomes an important research
direction. We expect there are still many MXenes that are more
suitable as adsorbents, and worth investigating. Comparative
studies between the properties of the newly obtained and
readily available MXenes should be conducted.

Apparently, the functional groups on the surfaces and
delamination conditions of MXenes are strongly related to their
adsorption capabilities (in fact, also to most other chemical
properties). Large discrepancies are often found between the
theoretical and experimental uptake capacities, which are
generally attributed to non-ideal surface conditions (e.g. ref. 58).

This journal is © The Royal Society of Chemistry 2018
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Table 1 Specific uptake capacities of MXenes and their derivatives for several pollutants
MXene or derivative Pollutant Uptake capacity Reference
Ti;C,(OH/ONa).F, Pb(u) 140 mg g~ 43
TizCoTy Cr(v1) 250 mg g " 46
Ti;C,(OH)o sF1.» Cr(vi) 62mgg " 47
TiO,-C nanocomposite Cr(vr) 225 mgg " 47
Ti;C, Ty Ba(n) 9.3 mg g ' (for initial barium 48
concentration of 55 ppm)
TizC,Ty Cu(m) 78.45 mg g 49
Ti;C,Ty Methylene blue 39mgg ! 53
Ti;C, Ty Methylene blue 100 mg g~ " 54
LiOH-Ti;C, T, Methylene blue 121 mgg " 54
NaOH-TizC,Ty Methylene blue 189 mg g " 54
V,CT, U(vr) 174 mg g’ 58
V,C(OH), U(vr) 536 mg g~ ' (theoretical) 58
Ti,C Pb 2560 mg g~ ' (theoretical) 45
Ti,CH, Pb 1280 mg g~ ' (theoretical) 45
TizC,(OH), U(vr) 595.3 mg g~ ' (theoretical for [UO,(H,0)s]*") 60
M,C (M = Ti, Zr, Hf, V, CO,, Nb, Ta, Cr, Mo, and W) 103-363 mg g ' (theoretical) 64
Therefore, the development of new synthetic procedures and References

post treatments to achieve uniform functional groups (such as
hydroxyl, fluorine or oxygen) and full delamination are highly
necessary. Non-terminated MXenes, the surfaces of which are
comprised of metal atoms, are considered highly reactive,* and
thus need to be further studied for adsorption applications,
especially experimentally.

Since it is reported that Ti;C,T, MXene can be oxidized to
titania over a long period in water,* the stability of MXene
materials needs to be critically considered when used as
adsorbents, especially in water. Therefore, the stability of
various MXenes in water together with their adsorption capac-
ities are highly worth investigating. Highly stable and strongly
adsorptive MXenes are desirable in practical applications.

Toxicity is a significant issue in all applications. It is very
recently reported that delaminated Ti;C, MXene has effects on
the viability of both normal and cancerous cells.” Although this
is not an exciting result, deeper investigations on the toxicity of
MXenes are needed.

To evaluate the reliability and lifespan of recycled MXenes
used as adsorbent materials, more careful investigations are
still required. Especially, clarification of the exact mechanism of
the decline in performance after repeated use is of high
importance for practical applications.
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