Published on 04 November 2020. Downloaded on 5/14/2024 11:57:00 AM.

¥ ® ROYAL SOCIETY

Materials OF CHEMISTRY

Horizons -

REVIEW View Article Online

View Journal | View Issue

) Check for updates Engineered two-dimensional nanomaterials:
an emerging paradigm for water purification

Cite this: Mater. Horiz., 2021, . .

8,758 and monitoring

Minxiang Zeng, (2 ** Mingfeng Chen, Dali Huang,” Shijun Lei,? Xuan Zhang,®
Ling Wang*© and Zhengdong Cheng*®°%©

Water scarcity has become an increasingly complex challenge with the growth of the global population,
economic expansion, and climate change, highlighting the demand for advanced water treatment
technologies that can provide clean water in a scalable, reliable, affordable, and sustainable manner.
Recent advancements on 2D nanomaterials (2DM) open a new pathway for addressing the grand
challenge of water treatment owing to their unique structures and superior properties. Emerging 2D
nanostructures such as graphene, MoS, MXene, h-BN, g-CszN4 and black phosphorus have
demonstrated an unprecedented surface-to-volume ratio, which promises ultralow material use,
ultrafast processing time, and ultrahigh treatment efficiency for water cleaning/monitoring. In this
review, we provide a state-of-the-art account on engineered 2D nanomaterials and their applications in
emerging water technologies, involving separation, adsorption, photocatalysis, and pollutant detection.
The fundamental design strategies of 2DM are discussed with emphasis on their physicochemical
properties, underlying mechanism and targeted applications in different scenarios. This review concludes
with a perspective on the pressing challenges and emerging opportunities in 2DM-enabled wastewater
treatment and water-quality monitoring. This review can help to elaborate the structure—processing—

Received 21st August 2020, property relationship of 2DM, and aims to guide the design of next-generation 2DM systems for the
Accepted 4th November 2020 development of selective, multifunctional, programmable, and even intelligent water technologies. The
DOI: 10.1039/d0mh01358g global significance of clean water for future generations sheds new light and much inspiration in this

rising field to enhance the efficiency and affordability of water treatment and secure a global water
rsc.li/materials-horizons supply in a growing portion of the world.
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1. Introduction

Water is of paramount significance for all known forms of life,
and plays an important role in human civilization, social
development, and even space exploration."™ On Earth, water
mainly exists in form of salty seawater, where fresh water only
accounts for around 3% of the total water resources with mostly
groundwater, icecaps, and glaciers (Fig. 1a and b).>”” As the
fresh water demand rockets with the growth of the global
population, it has long been a grand challenge to provide clean
water affordably and sustainably.® Freshwater scarcity has been
intensified by water pollution, which is either from naturally
occurring contaminants or human activities. Various types of
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diseases and even lethal effects have been reported from
common contaminants such as pesticides,” pharmaceuticals,
volatile organic compounds (VOCs),"" pathogenic micro-
organisms,'? and heavy metals and metalloids (Fig. 1c)."**
In 2015, 29% of the global population lived without a safe
freshwater system, and contaminated water causes nearly half
a million diarrheal deaths annually.">'® Moreover, water
pollution not only prevails in underdeveloped water-stressed
areas, but also has been increasingly witnessed in developed
countries such as the United States. Thus, to address this
grand challenge, many wastewater treatment technologies,
such as coagulation, flocculation, screening, electrolysis,
centrifugation, aerobic and anaerobic treatments, have been
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Fig. 1 Challenges of freshwater scarcity and emerging water treatment technologies. (a) Water distribution on Earth. Credit: U.S. Geological Survey.*
(b) Estimated use of water in the USA (2015). Credit: U.S. Geological Survey.” (c) Schematic illustration of water treatment processes leveraging the
versatile behavior of 2D nanomaterials in membrane separation, adsorption, photocatalysis, and pollutant sensing.

traditionally employed. However, most of these processes
involve bulky/expensive systems or labour-intensive operation."”
Thus, there is a huge demand for innovations in conventional
water processes globally, such as banning the use of Cl, for water
disinfection because of the potential generation of carcinogens.'®

The 21st century has brought to the field of water treatment
exciting new opportunities in nanoscience and nanotechnology.
Various nanosystems, including zero-dimensional (0D) nano-
particles,">*° one-dimensional (1D) nanowires/nanorods,>'>*
two-dimensional (2D) nanoplates/nanosheets,”>’ three-
dimensional (3D) nanostructures,”® and their functional
composites,”** have garnered research interest in water
treatment and monitoring. Among them, 2D nanomaterials
(2DM) are arguably the thinnest materials and may possess
the largest surface-to-volume ratio,*” which promises ultralow
material use, ultrafast processing time, and ultrahigh treatment
efficiency.®**” In addition, the unique shape of 2D nanomaterials
also enables highly anisotropic physical and chemical properties
compared to 1D and 3D nanosystems.>*> Through control of their
size, thickness, and nanostructure, 2D nanomaterials have led to
innovations in multiple water treatment systems with exceptional
catalytic, adsorptive, and separation performances. These systems
include atomic-thin graphene membranes,*®*® high-efficiency
oil adsorbents,*® ultrafast visible light photocatalysts,*"** and
other smart/self-healing structures.**** Thus far, numerous 2D
nanomaterials have been designed and developed through the
bottom-up method from small-molecule precursors or top-down
exfoliation method from bulk crystals.*” Fig. 2 presents several

760 | Mater. Horiz., 2021, 8, 758-802

prominent examples of 2D nanomaterials that have emerged in
the field of water purification/monitoring, such as graphene (Gr),
graphitic carbon nitride (g-C3;N,), hexagonal boron nitride
(h-BN), metal carbides/carbonitrides/nitrides (MXene), transition
metal dichalcogenides (TMDs), transition metal oxides (TMOs),
black phosphorus (BP), metal organic frameworks (MOFs),
covalent organic frameworks (COFs), 2D nanoclays, and many
other 2D nanostructures. Graphene is a single-layer graphite,
where the sp® C atoms are arranged in a “honeycomb” lattice.
Similar to graphene, h-BN and g-C;N, can be viewed as doped
graphene by B and N atoms, though much more defective sites
are commonly found in g-C;N,. MXene and TMDs have an
ultrathin nanostructure with the chemical formula of M,,.1X,, T,
(n = 1-3) and MY,, respectively, where M is a transition metal
(e.g., Ti, Mo, W, and Zr); X is C and/or N atom; T is the surface
termination element (O, OH, and F); Y is a chalcogen (S, Se,
Te, etc.). TMOs, similar to TMDs, are transition metal-based 2D
nanomaterials, although TMOs possess larger bandgaps. 2D
MOFs are hybrid materials with metal ions or clusters inter-
connected by molecular linkers to form two-dimensional crystals.
2D COFs, known as ‘“organic zeolites”, are porous crystalline
polymer nanosheets, in which their organic molecular building
units are covalently bonded. Clay nanoplates such as kaolinite,
montmorillonite and layered double hydroxides (LDHs) are
naturally occurring 2D nanomaterials with layers of octahedral
hydroxide and/or tetrahedral silicate.*®

Despite the tremendous advancements in the literature
regarding 2DM-based water treatment technology, to date, very

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Different 2D nanomaterials and their schematic nanostructures. Reproduced with permission.>! Copyright 2019, The Royal Society of Chemistry.

few have made it to market, and thus the social benefit of 2DM
in the water sector has yet to meet its initial promise.’”*57>°
A question that this review seeks to answer is what are the
practical barriers preventing 2D nanomaterials from large-scale
applications, and more importantly, what are the next direc-
tions needed to be prioritized. In addition, the rich chemical
diversity of 2D nanomaterials offers numerous opportunities,
but also presents a great challenge for comprehensively under-
standing and predicting their performance in water cleaning,
particularly considering their complicated physicochemical
response to the aqueous environment in the colloidal state.
Therefore, we aim to provide a framework to better understand
how the fundamental structures of 2D nanomaterials affect
their collective behaviour, material properties, and corres-
ponding applications in water treatment. This review will
elaborate these connections in various application-targeted
scenarios and discuss the chemical properties and molecular
interaction of 2DM at the colloidal level (interaction radius
between approximately 1 and 1000 nm). Initially, the state-of-
the-art advances in functional membrane-based water treat-
ment technologies including ultrathin monolayer membranes,
stacked multilayer membranes, and solar desalination mem-
branes are discussed. The discussion on 2DM-based adsorbents
is sequentially presented, highlighting recent developments in the
adsorption of oil spills, organic pollutants, heavy metal ions, and
other contaminants. Then, various types of 2DM-based photo-
catalytic systems leveraging light in water decontamination are
introduced. Since sensors are used to quantitatively determine
the effectiveness of water decontamination, we expand our
discussion to the 2DM-related detection of pollutants. Finally,
promising directions and emerging trends of 2DM technologies
are considered together with their possible negative implications.

This journal is © The Royal Society of Chemistry 2021

This review aims to summarize the typical scenarios of targeted
applications, help to elaborate the structure-to-property relation-
ship of 2DM systems, and provide an impetus toward the
fast development of this highly interdisciplinary research field
involving chemistry, physics, hydrology, biology, microbiology,
materials science, chemical engineering, civil engineering, ocean
engineering, and others.

2. Functional membranes with 2D
nanomaterials

Since the primary objective of water treatment is the removal
of undesired components from water, functional membranes
offer a physical barrier to separate these components from
water based on their size or permeability.”>> Also, since there
is a typical trade-off between water permeability and selectivity,
the development of functional membranes that maintain high
permeability and high selectivity simultaneously is particularly
challenging based on traditional membrane materials. It is
well-known that the permeability is inversely proportional to
the membrane thickness. Therefore, 2D nanomaterials with a
thickness of one to a few atoms have emerged as promising
building units for the development of next-generation separa-
tion membranes. In particular, introducing 2D nanomaterials
into functional membrane design allows the realization of
atomic-thin separation structures, which can selectively facilitate
water molecules to pass through. These 2DM-based functional
membranes can maintain relatively high permeation without
serious sacrifice of the separation selectivity.”® Based on the phase
of water that permeates the membranes (i.e., either gas phase or
liquid phase), separation membranes can be categorized into

Mater. Horiz., 2021, 8, 758-802 | 761
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membrane filtration (liquid phase of water) and solar membrane
distillation (gas phase of water). Filtration membranes primarily
rely on the design of the hydrodynamic size of their pores for size-
selective separation (adsorption selective separation will be dis-
cussed in detail in the next section),”””*® while the design of solar
desalination membrane involves several factors such as water
evaporation enthalpy, hydrodynamic water transport, and light-
matter interaction.>®® In this part, we mainly introduce filtration
membranes and solar desalination membranes based on engi-
neered two-dimensional nanomaterials.

2.1. Filtration membrane

In size-selective separation, the purification of water by mem-
branes relies on the effect of the excluded volume repulsion
between the membrane pores and undesired pollutant molecules.
Therefore, two main strategies (i.e., monolayer membranes and
stacked multilayer membranes) have been studied to fabricate
2DM-based filtration membranes with a controlled pore size.
Since the membrane permeation rate is inversely proportional
to membrane thickness, the atomic thickness of 2D nano-
materials (e.g., fgraphene & 0.34 nm) helps to achieve higher
water permeability and less energy consumption than the
commercial polyamide membranes (d ~ 100 nm).*" Furthermore,
since the structural voids of many 2D nanosheets (e.g., graphene
or graphene oxide (GO)) are too small for water molecules to
permeate, additional modifications are commonly required.
By introducing nanopores with a controlled size by electron beam
irradiation, ion/plasma etching, and electrochemical oxidation
(as shown in Fig. 3a), membranes with a 2DM monolayer are

1/ etching

nanoporous graphene S

lon/plasma
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promising alternatives to conventional separation membranes.
Several examples of 2DM-based functional membranes are
listed in Table 1.

Theoretical works have predicted that nanoporous mono-
layers are highly efficient in water treatment.”® Driven by a
pressure difference, the nanoporous graphene monolayer
forms a physical “mesh”, which selectively allows water mole-
cules to pass through the membrane (Fig. 3g). Molecular
dynamics calculations showed that nanoporous graphene
may achieve an excellent water flux of 66 L cm > day " MPa
and salt removal efficiency of up to 99%.”® In these simulations,
the nanopores of graphene monolayer play an essential role in
water desalination, enabling H,O molecules to selectively pass
through. By controlling the size and functional groups of the
pores on 2D nanomaterials, some porous monolayers may
achieve a water permeation rate several orders of magnitude
higher than that of the current RO membranes (Fig. 3i).””"°

Experimentally, early studies on graphene have suggested
that an electron beam (e-beam) may be used to generate
nanopores on its 2D sheets with nanometer precision (Fig. 3b
and c).”®> Nanopores with a controlled size have been realized
on graphene using the focused e-beam technique.®® O’Hern et al.
fabricated nanoporous graphene monolayers via the transfer of
CVD graphene on porous polycarbonate.®” Scanning transmission
electron microscopy (STEM) showed that ~ 83% of the pores were
relatively small with a diameter of less than 10 nm. These nano-
pores on graphene enabled the selective transport of several
molecules, including potassium chloride, tetramethylammonium
chloride, and tetramethylrhodamine dextran (70000 Da).

Electrochemical

& oxidation

Salt water

Piston

Na‘cp

Fig. 3 Single-layer filtration membrane from 2D nanomaterials. (a) Popular strategies for the fabrication of single-layer nanoporous membranes.
(b) Transmission electron microscopy (TEM) image of a nanopore on graphene. (c) TEM image of multiple graphene nanopores forming a porous
structure. Scale bars in (b) and (c) are 2 and 10 nm, respectively. Reproduced with permission.”®> Copyright 2008, the American Institute of Physics.
(d) Nanopores in graphene by ion bombardment. Reproduced with permission.”* Copyright 2014, the American Chemical Society. (€) TEM image of MoS;
nanopore with a diameter of 5 nm. (f) Optical microscopic image of the single-layer nanoporous MoS, device. (e and f) Reproduced with permission.”®
Copyright 2016, Springer Nature. (g) Schematic illustration of water purification by nanoporous graphene. Reproduced with permission.”® Copyright
2012, the American Chemical Society. (h) Photo of nanoporous graphene membrane prepared by ion bombardment and oxidative etching. Reproduced
with permission.”* Copyright 2014, the American Chemical Society. (i) Modeled MoS, nanopore for membrane desalination. Reproduced with
permission.”” Copyright 2016, the American Chemical Society.
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Table 1 Examples of 2DM-based functional membranes for water treatment

2DM Pollutant Flux/permeance Efficiency Comments Ref.
Gr KCl 10°gm 25! ~100% Nanometer-sized pores in a graphene monolayer. 39
GO Congo red 84kgm 2h’ 99.5% Separates ions and organics. 62
GO RB5“ 375kgm > h™?! 99.2% Surface zwitterionic-functionalized graphene oxide. 63
GO MgCl, 42Lm>h! 93.9% LbL assembly of graphene oxide and polyethylenimine.” 64
GO MgSO, 2Lh 'm ?bar* 91.1% Moderate salt rejection of NaCl (60%). 65
GO Na,S0, 60.6 L m >h™" 93.57% Low salt rejection of NaCl (36.6%). 66
MoS, Ag' 160 Lh™' m > bar ' ~99% (0.2 ppm) High removal capacity of ~4000 mg g . 67
MoS, Evans blue  245Lh™' m™2 bar™! 89% High structural stability up to 1.0 MPa. 68
WS, Evans blue 730 L m ?h ! bar ! 90% Nanostrands forming fluidic channels in the WS, membrane. 69
MXene Evans blue 1084 L m > h ' bar ! 90% Colloidal Fe(OH); used as a distance holder. 70
h-BN CH,Cl, 2.65Lm %s" — Effective treatment of oil-polluted water. 71
g-C;N,  RhB® 957 Lm > h "' bar ! 60% Integration of filtration and visible light photocatalysis. 72

% RB5 stands for reactive black 5; RhB stands for rhodamine B and LbL stands for layer-by-layer.

The graphene composite membrane enabled KCl and tetramethyl-
ammonium chloride to pass through, while rejecting tetramethyl-
rhodamine dextran. To fabricate dense pores on graphene with
controlled sizes, Surwade et al developed a single-layer
membrane via ambient pressure CVD (APCVD) on copper.®”
During the fabrication process, nanopores were introduced on
graphene and tuned via the oxygen plasma etching technique.
The size-controlled nanopores improved the membrane selec-
tivity and allowed water to pass through, while rejecting other
species such as Li*, Na*, and K". In particular, this monolayer
membrane achieved excellent salt rejection (~100%) with high
water permeability. It is worth mentioning that the selectivity of
the low-porosity membrane exceeded five orders of magnitude;
however, it decreased at high porosities, possibly because of the
size change of the nanopores. Under an external pressure, a flux
of 10° g m > s ' at 40 °C was achieved. Based on the estimated
hole density of approximately 1/100 nm?, the permeation rate
at one nanopore could reach a value of three molecules per
picosecond.

The ion bombardment technique has also been applied for
the fabrication of nanoporous graphene membranes (Fig. 3).%>
Compared with conventional pore generation strategies, which
mainly rely on direct oxidative processes,*>®* ion-bombardment-
based techniques (for example, argon ion irradiation) can generate
pores with a controlled size and density.®> For example, O'Hern
et al. fabricated a monolayer graphene membrane with high-
density nanopores via a two-step method (Fig. 3d).”* In the first
step, gallium ion bombardment was used to generate isolated
reactive defects. In the second step, these defects were enlarged
using oxidative etching into permeable nanopores (0.40 =+
0.24 nm). After the two-step treatment, a nanoporous graphene
membrane with a pore density of over 10'> cm ™2 was prepared,
as shown in Fig. 3h. Interestingly, the authors found that the
nanopores by short-time etching were cation selective, which is
likely due to the formation of negatively charged groups
(e.g., -COOH). However, a longer oxidation time led to a larger
pore size, and thus the electrostatic effect determining the
K'/C1™ selectivity weakened. Owing to the size exclusion effect
of the graphene membrane, the authors also observed that the
membrane pores allowed small-sized salt to pass through,
while hampering the transport of larger organic species.

This journal is © The Royal Society of Chemistry 2021

As an economic alternative, electrochemical oxidation has
also been reported for the formation of nanopores on 2D
nanosheets (Fig. 3). For example, Feng et al. established a facile
approach to generate nanoholes on MoS, nanosheets by applying
electrochemical reaction (ECR).*® The formation of a nanopore
starts at the lattice defects of MoS, by the ECR process, which
subsequently enlarges these defects into nanoscale holes by
removing atoms or unit cells from single-layer MoS,. The step-
like feature in the ionic current gives direct feedback on the pore
dimensions, which can be calculated from a conductance vs
nanopore size model.®® Interestingly, Feng et al. took advantage
of the superior transport property of porous MoS, and prepared
single-layer MoS, nanopower generators (Fig. 3e and f). The
authors observed an osmotically driven current generated from a
salt gradient with an estimated power density of up to 10° watts
per m?, which is likely due to the high efficiency of the atomically
thin membrane of MoS,.””

Although monolayer 2DM membranes possess several
unique advantages including high water permeability, one
practical barrier preventing their application is the difficulty
of fabricating leak-free, large-area monolayer membranes with
precise pores on an industrial scale.”*®”#*® By contrast, com-
mercial nanofiltration membranes made from polymers or
polymer composites often have low production cost and high
scalability. Thus, to reduce the fabrication cost and improve the
scalability, novel separation membranes based on stacked
nanosheets have been proposed (Fig. 4). Owing to their highly
anisotropic feature, 2D nanosheets have been readily
assembled into lamellar structures by external assembly
methods (e.g., vacuum filtration and layer-by-layer (LbL) assem-
bly), as shown in Fig. 4a.*® Owing to their solution processable
feature, these fabrication methods are compatible with low-cost
nanosheets, which can be synthesized in large quantities
via liquid-phase exfoliation strategies. Therefore, the layered
stacking of 2DM promises the low-cost and industrial-scale
manufacturing of high-performance separation membranes.’>*!

During vacuum-assisted filtration, the nanosheet concen-
tration increases continuously, and thus they tend to assemble
into an ordered lamellar structure. Li et al. developed a lamellar
MXene-based membrane using vacuum filtration (Fig. 4b).”®
The MXene membrane exhibited a high water flux

Mater. Horiz., 2021, 8, 758-802 | 763
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Fig. 4 Common methods for the fabrication of multilayer filtration membranes from 2D nanomaterials. (a) Schematic illustration of nanoporous
membranes based on stacked nanosheets. Reproduced with permission.®® Copyright 2014, AAAS. (b) MXene membrane fabricated by vacuum filtration.
Reproduced with permission.”® Copyright 2017, Wiley-VCH. (c) GO-based separation membranes by LbL assembly. Reproduced with permission.”®

Copyright 2013, the American Chemical Society.

(>1000 L m~ 2> h™" bar ") and good rejection efficiency (> 90%)
for pollutants bigger than 2.5 nm. Han et al. reported a
graphene-based nanofiltration membrane by filtering chemi-
cally converted graphene (CCG) on porous substrates.”> This
graphene-based membrane demonstrated an excellent rejec-
tion efficiency (>99%) for dye molecules and inferior efficiency
(20-60%) for salts. The authors attributed the separation per-
formance to the effect of electrostatic interaction and size
sieving. Tsou et al. showed that the type of deposition method
can change the morphology of layered GO membranes.”® They
compared the effect of the vacuum-, pressure-, and evaporation-
assisted self-assembly techniques on the prepared GO
membrane. Under the tested conditions, the authors found
that pressure-assisted filtration techniques help to induce an
ordered laminate structure of GO, leading to an excellent
separation performance. In addition to the deposition meth-
ods, the deposition rate of GO through vacuum filtration is
another crucial factor in the membrane performance.’® Speci-
fically, it was found that a slow deposition of GO nanosheets
can adjust the separation efficiency and water flux of GO-based
separation membranes. The authors suggested that the inter-
layer spacing of GO laminates can be engineered by changing
the deposition rate.

Since GO nanosheets are intrinsically hydrophilic, GO
membranes that are solely vacuum-filtered may lack sufficient
bonding between GO nanosheets, and thus may suffer from
structural damage under the cross-flow conditions commonly
encountered in industrial membrane operations.®® Thus, to

764 | Mater. Horiz., 2021, 8, 758-802

improve the structural stability of 2DM stacked membranes,
tremendous efforts have been made in LbL assembly strategy to
introduce an interlayer bonding by electrostatic attraction or/
and covalent linkage during membrane fabrication. Multiple
molecular interactions, including coordination interactions,
covalent bonding, charge-transfer interactions, and biologically
specific interactions, have been increasingly investigated to
facilitate LbL assembly for the stabilization of the functional
multilayers.®>°> During the LbL process, 2D nanosheets are
first dispersed in a stable colloidal dispersion, followed by dip,
spin, or spray assembly. 2D graphene oxide nanosheets** %%’
with rich charged groups have been widely reported for the
fabrication of 2DM-based stacked membranes via LbL assem-
bly techniques. For example, Hu et al. developed a separation
membrane via the LbL assembly of graphene oxide, where
1,3,5-benzenetricarbonyl trichloride was used as the cross-
linker (Fig. 4c).”® The authors found that the cross-linkers
considerably improved the structural stability of the stacked
GO monolayers. This GO membrane showed a water flux in the
range of 80 to 276 LMH per MPa (depending on the number of
GO layers), which is roughly 4-10 times better than that of
many conventional nanofiltration systems.”

For most multilayer membranes, the interlayer spacing of
stacked nanosheets has been regarded as one of the most
crucial factors in determining their performance.®***'% Taking
GO nanosheets as an example, the average interlayer spacing can
reach ~0.9 nm in an ionic solution due to the hydration effect,
allowing ions with a hydrodynamic radius of 0.45 nm or smaller to
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permeate, while rejecting larger-sized molecules.'®" Therefore,
desalination requires that the interlayer distance of nanosheets
to be <0.7 nm for the separation of hydrated Na’ (with a
hydrodynamic radius of 0.36 nm) from water (Fig. 5a).%° This
small spacing can be achieved by covalently bonding GO with
small molecules to overcome the hydration force in an aqueous
environment. By contrast, a medium-sized GO spacing (0.7 to
2 nm) can be useful for the separation of pollutants and fuel
purification. If even larger-sized particles were adopted as spacers,
GO membranes with an interlay distance of >2 nm can be
obtained for possible application in biomedical processes
(e.g, artificial kidneys and dialysis), in which the separation of
large biomolecules is important. Long et al investigated the
transport properties of a metal-ion-decorated GO membrane.'®*
By using LiCl, NaCl, KCIl, MgCl,, CaCl,, SrCl,, Ca(NOj3),, MnCl,,
and YCIl; to functionalize the surface of GO, the authors system-
atically evaluated the effect of different salts on the permeation
rate of organic molecules on the metal-ion-decorated GO
membrane. They observed that the Ca**~/Mg**~GO membranes
showed high selectivity for organic solvents, such as acetone,
acetonitrile, and benzene. They attributed the selective perme-
ability of the metal-ion-decorated GO membrane to the relative
strength of the cation-m interaction, electrostatic force, and hydro-
gen bonding. In addition to the use of interlayer spacing, Wang
et al. reported a 2D multilayer membrane with both artificial
nanopores and self-supporting spacers (Fig. 5b).°® The authors
used porous g-C;N, nanosheets as building blocks and unstripped
fragments as self-supporting spacers to fabricate a separation
membrane, providing a water transport pathway that tolerates
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pH and pressure changes during the water treatment. A porous g-
C3;N, membrane with a thickness of 190 nm showed a salt
rejection of 90% with a decent water flux of 11.6 Lm > h™ " bar .
Recently, to suppress the swelling effect of 2D nanomaterials,
which adversely changes their ion sieving performance, Ding et al.
leveraged the intercalation of AI** ions for the fabrication of non-
swelling MXene membranes. As shown in Fig. 5c, the as-prepared
MXene membrane could effectively reject NaCl from seawater,
while maintaining strong structural stability with high water fluxes
(~11-85Lm >h ).

However, despite the significant advances in 2DM membranes,
major challenges, e.g. large-scale fabrication of these membranes
with long-term stability, still exist."® Fouling is a common issue
that prevents the long-term operation of many membranes since it
increases the energy consumption and reduces the water recovery
of desalination processes.”®*'** Thus, to mitigate fouling/bio-
fouling, several nanostructure-based materials have been proposed,
such as effectively inactivating bacteria on direct contact.'*'%
Combining GO nanosheets with other antibacterial nanomaterials
(such as silver nanoparticles) appears to be a promising approach to
ensure the inactivation of bacteria.'®” In addition, self-cleaning and
self-repair design may further facilitate the practical use of 2DM
membranes in water treatment.'*

2.2. Solar desalination membrane

The ability to generate desalinated water directly using sun-
light, solar steam desalination has emerged as an encouraging
solution toward addressing the increasingly pressing global
freshwater shortage.'% Different from separation membranes,
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Fig. 5 Pore size engineering for the separation of different compounds. (a) Tunable separation capability of 2D multilayer membrane by tailoring the
interlayer spacing. Reproduced with permission.8% Copyright 2014, AAAS. (b) Diagram showing water transport through g-CsN4 nanosheets via water
nanochannels including intrinsic nanopores (P1), artificial nanopores (P2), and self-supporting spacers. Reproduced with permission.%® Copyright 2017,
Wiley-VCH. (c) Schematic illustration of ion sieving with multilayer MXene membrane. Reproduced with permission.®® Copyright 2020, Springer Nature.
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which are primarily based on size selective separation, desali-
nation membranes leverage the difference in evaporation
enthalpy between water and pollutants. Fig. 6a presents a
typical solar desalination device, consisting of four compo-
nents, including a seawater reservoir, solar desalination
membrane, condenser, and freshwater collector. Among these
components, the solar desalination membrane plays a key role
in converting solar energy into heat for steam generation. Black
2D nanomaterials, such as graphene and MXene, have been
investigated for solar water evaporation applications due to
their outstanding photon-harvesting ability, low molar specific
heat, and tunable thermal conductivity by chemical doping.®°
In contrast to the popular lamellar design in filtration mem-
branes, high porosity and even vertically aligned structure of 2D
sheets have been proposed to promote the water transport.
For example, a vertically aligned graphene sheet membrane
(VA-GSM) was fabricated to convert solar energy into heat for
desalinated water production.’’® Compared to graphene with a
lamellar alignment (Fig. 6b) and random structure (Fig. 6c),
the VA-GSM (Fig. 6d) demonstrated unique advantages for
water transport, and thus showed a higher solar desalination
performance. The VA-GSM showed a high vapour generation
rate of 1.6 and 6.3 kg m~> h™ ' under 1 and 4 sun illumination with
an excellent efficiency of up to 86.5% and 94.2%, respectively."*
To maximize the use of solar energy and reduce thermal loss,
efficient solar absorption and effective heat management
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have been regarded as the two essential factors for solar
desalination."™ ! Efficient solar absorption has been achieved
in a variety of advanced functional materials,"**''*'*® and an
ideal sunlight absorber will minimize the effect of reflectance or
transmittance in a broad wavelength range. To date, several
strategies have been investigated to develop highly efficient
absorbers, including effective antireflection,'*'** strong light
coupling for efficient absorption,"?* and high density of optical
modes."">'** Due to the low-cost and environment-friendly
feature of carbon-based nanomaterials, they are increasingly
studied for membrane desalination and solar steam
desalination."**° However, despite their ability to absorbing
light by the n-band optical transitions, conventional graphitic
materials suffer from roughly 5-10% reflection at the air-dielec-
tric interface.’! Thus, to overcome this limitation, the design of
nanostructured carbon materials appears to be an effective
approach, e.g., porous graphene."****® These nanostructures
can on-demand confine sunlight to small regions by resonant
recirculation, increasing the interaction of light within the
materials."*” Moreover, plasmon resonance techniques have also
been studied to increase the absorption bandwidth.'*$4*
On the surface of a metal, light can trigger the collective
excitation of electrons if its frequency matches the oscillation
frequency of delocalized electrons. As shown in Fig. 6e-h,'*®
these excited hot electrons interact coherently with the incident
electromagnetic field, leading to heat generation in materials.'*®™*®
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Fig. 6 Solar desalination membranes from 2D nanomaterials. (a) Schematic demonstration of a solar desalination device. Reproduced with

permission.°® Copyright 2016, Springer Nature. Water transport channels based on lamellar (b), random (c), and vertically aligned structures (d).
Reproduced with permission.!® Copyright 2017, the American Chemical Society. Plasmon-induced hot carrier phenomena of metallic nanoparticles
involving photoexcitation (e), Landau damping (f), carrier relaxation (g), and subsequent thermal dissipation processes (h). Reproduced with
permission.**> Copyright 2015, Springer Nature. (i) Schematic of plasmonic colloidosomes prepared from metal precursors. Reproduced with
permission.®® Copyright 2018, Elsevier B.V. () Schematic of solar steam production in hierarchically nanostructured gel (HNG). Reproduced
with permission.®* Copyright 2018, Springer Nature.
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During this process, the hot carriers complete the energy redistribu-
tion through electron-electron scattering processes, generating a
considerable amount of heat, which can be further transferred to
surrounding materials by thermal conduction.'*°

Experimentally, various plasmonic components integrated
with 2D nanomaterials have been realized on membrane
substrates. As presented in Fig. 6i, Wang et al. designed a solar
desalination membrane using graphene oxide and a multiscale
plasmonic nanostructure, in which Ag/Au nanocubes were used
as assembly blocks to build plasmonic colloidosomes.'*® Owing
to the plasmonic coupling of the metal nanoparticles, the
authors reported an excellent efficiency of 92% at 10 kW m >
and steam generation rate of 12.96 kg m~> h™" for the solar
desalination membrane.

Since the average solar energy on Earth is commonly around
or even less than 1 kW m™2 (1 sun condition), effective heat
management can be equally important. Although a higher
efficiency can be achieved by applying a concentrated solar
flux,**13153 it will be advantageous if high efficiency can be
achieved under 1 kW m™? or even weaker light intensity. Thus,
to suppress undesirable heating loss such as water heating and
parasitic thermal loss during solar steam generation,">* heat
localization is an efficient strategy for solar energy utilization
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since it can restrict heat to small quantity of water for effective
evaporation."'>'*>'%® In addition, from dispersed particles,'>"**®
to porous carbon films,'**** and thin metallic absorbers,****** an
increasing trend of using a confined region for localized heating
has been observed for reducing heat loss to the bulk water
and surrounding environment. Zhao et al. developed an energy
confinement approach by hierarchical water pathways in a
hydrogel (Fig. 6j).">' This hierarchically nanostructured gel
(HNG) showed an excellent evaporation rate of 3.2 kg m™> h™,
producing 18-23 litres of H,O per square metre of HNG per day
from brine water. Li et al. reported a GO-based solar desalination
device and found that an efficient water supply and suppressed
heat loss could be achieved simultaneously by confining the water
path to a 2D geometry (Fig. 7a and b). Due to the suppressed heat
loss, the authors demonstrated that the exceptional performance
of solar desalination can be independent of the amount of water
and effective water evaporation can be achieved even in the
absence of thermal insulation in the container."®

For 2DM-based solar desalination membranes, graphene,
TMDs, and MXene have been demonstrated as advantageous
photothermal materials. Since TMDs contain active sulphide
bonds and can adsorb heavy metal ions, Li et al. showed that
MoS,-based photothermal devices not only produce a high
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Fig. 7 Strategies to improve the efficiency of solar desalination systems using 2D nanomaterials. (a and b) Enhanced thermal management by 2D path of
water supply. Reproduced with permission.>® Copyright 2016, the National Academy of Sciences. (c) Schematic of bifunctional MoS,/C microbeads.
Reproduced with permission.'®® Copyright 2018, Wiley-VCH. (d) Infrared thermal images of chemically exfoliated MoS,/bacterial nanocellulose
(Ce-MoS,/BNC) and reference samples. Surface temperature of bare water, Ce-MoS,/BNC, and bulk-MoS,/BNC aerogels (e) and camera image
showing the water steam at the surface of Ce-MoS,/BNC bilayer aerogel under light irradiation (f). Reproduced with permission.'®® Copyright 2018,
Elsevier B.V. Photographic images and solar steam generation of the hydrophilic and hydrophobic 2D MXene membranes before (g and i) and after 24 h
(h and j). Schematic showing the solar desalination process with (k) and without salt formation (). Reproduced with permission.”® Copyright 2018,
The Royal Society of Chemistry.
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evaporation rate (1.95 kg m~>h™") at 1 sun, but also can reduce
Hg from 200 to 1 ppb (Fig. 7¢)."®® In addition, chemical
exfoliation of MoS, enables a partial phase transition from
the 2H phase to the 1T phase, leading to a higher visible light
absorption of MoS,."**'®> Ghim et al. proposed chemically
exfoliated MoS, (Ce-MoS,) as a photothermal material for solar
desalination (Fig. 7d-f)."®® The authors used bacterial nano-
cellulose (BNC) as the support material for heat localization
and demonstrated that the chemically exfoliated MoS,/BNC
bilayer aerogel (96%) outperformed the unexfoliated MoS,/
BNC (~90%) and bare BNC (~10%)."%® In addition to TMDs,
MXene has also been suggested as a promising photothermal
material because of its high light-to-heat conversion efficiency.'®”
An MXene-based solar desalination membrane was developed by
vacuum filtration on a porous substrate, exhibiting a decent solar
conversion efficiency of 84% under 1 sun condition.'®® However,
despite the tremendous efforts in designing and developing 2DM-
based desalination membranes, some technical challenges still
exist. For instance, the long-term stability of many solar desalina-
tion membranes is limited in highly saline water because salt
continuously accumulates on the top of the membrane, and thus
decreases the light absorption and water supply, leading to
a decrease in the water evaporation performance.'*®'>*'%
To address this issue, Zhao et al. reported an MXene-based solar
desalination membrane with a hydrophobic surface (Fig. 7g-1)."”°
Using trimethoxy(1H,1H,2H,2H-perfluorodecyl)silane as the
surface modifier, this membrane showed strong hydrophobicity
under high salinity conditions, and thus demonstrated good
stability under one sun over 200 h."”® Another technical challenge
comes from the generated water vapour, which can interfere with
the light collection of solar desalination membranes. This issue
may be circumvented by integrating solar steam generation with
the conventional membrane distillation process using advanced
design of distillation geometries."”" In conventional membrane
distillation, a temperature difference is established between the
input fluid and distilled water for generating a vapour pressure
difference, which enables water vapour to pass through the
membrane from the input side to the distilled side. By modifying
the membrane with light-absorbing nanoparticles, solar energy
can be used to replace conventional heating of the input fluid for
the distillation process. This process integration of solar-driven
steam generation with membrane distillation may profoundly
improve the conventional membrane distillation process.
Therefore, in addition to the material aspect, judicious system
design and innovation, such as introducing Janus membranes or
enhanced convection,"”>"”” will be highly desirable for off-grid,
large-scale applications.

3. Functional adsorbents with 2D
nanomaterials

Although functional membranes can be readily adapted
into the workflow of wastewater treatment, adsorption-based

technology, due to its low capital expense and simple procedure,
is another promising option for wastewater treatment, particularly
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for oil spill mitigation and heavy metal collection. In particular,
2D nanomaterials have received broad interest for contaminant
adsorption applications. Since the adsorption of pollutants is
essentially an interfacial process, 2D nanomaterials with a large
surface area that enables high levels of surface/interface inter-
actions may possess exceptional adsorption efficiency. The
plausible adsorption or interaction mechanisms and selective
adsorptions are summarized in Fig. 8, including hydrophobic
interaction, n-n stacking, H-bonding, ion/ligand exchange,
Lewis acid/base and electrostatic interactions. In this section,
the recent developments in 2DM-based adsorbents are discussed
to address the challenges of oil spills, heavy metals, anions,
and hydrophilic organic pollutants.

3.1. Oil spill adsorbents

Frequent oil spills have resulted in serious harm to the marine
ecosystems and huge loss of valuable resources.'”®'”® Thus, to
quickly eliminate oil contaminants, efficient and environmen-
tally friendly oil adsorbents are needed. There are several
desirable features for an ideal oil spill adsorbent as follows:
(1) high-speed clean-up of oil spills to reduce the oil diffusion;
(2) the ability to restore the oil spill at a high oil water
separation efficiency; (3) negligible impacts to ocean creatures;
(4) applicable in a large area and easy to operate; and (5) work
effectively under severe ocean conditions. However, conventional
oil recovery processes, such as the use of chemical dispersants,"*°
emulsifiers,'®''®* solidifiers,'®* in situ burning'® and skimmers,'®°
have their own shortcomings, and thus new materials toward oil
spill mitigation are desirable.

2DM-based advanced sorbents with oleophilicity and hydro-
phobicity have become promising candidates for fast oil spill
mitigation. Taking advantage of conductive reduced graphene
oxide (rGO) nanosheets, Ge et al. reported that a graphene-
wrapped sponge (GWS) was designed for viscous crude clean-up
(Fig. 9a and b)."® After applying a current, the Joule-heated
graphene-wrapped sponge showed hydrophobic characteristics
and oleophilic features (Fig. 9c and d). As shown in Fig. 9d, the
highly viscous crude oil easily spread over the surface of the
heated GWS. This can be explained by the fact that the Joule
heating of GWS reduced the oil viscosity, which considerably
increased the oil-diffusion rate in the GWS pores, speeding up
the oil adsorption. It was observed that the adsorption time was
shortened by 5.4% of the original time. In addition, compared
with the unheated sponge, the heated one showed a much higher
oil recovery rate due to the reduced viscosity of the crude oil.

Compared with hydrophobic structures, superhydrophobic
materials with even higher contact angles (CA > 150°) have
shown further improvement in adsorbing oil pollutants from
water due to their exceptional water/oil selectivity. The func-
tional groups and geometric morphology of a surface directly
affect the wetting behavior of the testing liquids on it.*%'%°
In general, pristine nanosheets require surface functionaliza-
tion to become superhydrophobic. Jayaramulu et al. reported a
highly fluorinated graphene oxide, which exhibited a low oil CA
of 0° and large water CA of 162°. Thus, this fluorinated
graphene oxide showed high sorption selectivity and good
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absorbencies.'® Taking advantage of the versatile chemistry

of 2D COFs (Fig. 9e-g), superhydrophobic COFs were used as
coatings with excellent water repellency (water CA of 163°)."%’
It was found that the coatings still retained superhydro-
phobicity under harsh conditions from pH = 1 to pH = 14,
and temperature from 0 °C to 80 °C. In addition to the low
energy surface by chemical modification, high surface rough-
ness also plays a role in improving the superhydrophobicity.
According to Wenzel’s model,'®® the apparent contact angle,
0*, at the stable equilibrium state can be estimated by the
equation: cos0* = R x cos0, where 6 is the contact angle,
which corresponds to an ideal flat surface. R is the surface
roughness ratio of the sample.

This journal is © The Royal Society of Chemistry 2021

Since most flat surfaces do not exhibit sufficient hydro-
phobicity by only low energy coatings,"®>'** controlled manu-
facturing of the microstructures is critical to enhance surface
roughness and achieve superhydrophobicity. For instance,
Jiang et al. developed microstructures on plain surfaces by
introducing polymers/carbon nanotubes.'***** Yu et al. synthe-
sized hydrophobic aerogels with 1D carbonaceous fibers*>%
and 2D graphene sheets'®” as building blocks. Besides graphene
oxides, superhydrophobic and superoleophilic h-BN composite
materials have also been realized via the self-assembly of exfo-
liated h-BN nanosheets.”" The as-prepared composite material
can be used to effectively separate various water/oil emulsions,
in which droplets can be between 10 ® m to 10~° m in size
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with exceptional separation efficiency, even under severe high
flux rate.

To investigate the correlation between surface roughness
and nanoscale building blocks, Du et al. designed several
microstructures of various dimensions including zero, one,
two dimensions and 1D-2D and 0D-1D composites on com-
mercial melamine foams (Fig. 10a-g)."”® Experiments and
simulations were performed to explain the dimension-to-
wettability relation. Among these composites, the authors
found the highest surface roughness in the hierarchical struc-
ture of the 1D/2D nanomaterials, in which CNTs were confor-
mally deposited on Co(OH), sheets. Indeed, the hierarchical
structure allows larger surface interaction, and thus amplifies
the intrinsic hydrophobicity. Since 2D nanomaterials possess a
large surface area and tunable surface chemistry that enable
facile co-assembly or post-functionalization with other building
blocks, numerous hierarchical nanostructures made from 2D
nanomaterials have been extensively demonstrated in the recent
success in energy storage,'®® high-performance catalysts,>* and
bio-inspired structures.”’”" 2% Taking advantage of the barrier
properties of 2D zirconium phosphate nanoplates (ZrP), Cheng’s
group proposed a hierarchical structure with self-healing and
superhydrophobic features (Fig. 10h and i).>** With the hier-
archical porous platform textile fibers, the 2D ZrP nanoplatelets
with a superhydrophobic coating could remove oil from an oil-
water mixture with high separation efficiency (99.9%). After
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chemical etching, the hybrid film was capable of autonomously
and repeatedly recovering its hydrophobicity since the layered
structure protected the healing agent, which could gradually
diffuse to the surface to reduce the surface energy.

3.2. Hydrophilic organic pollutant adsorbents

Hydrophilic organic molecules, such as detergents, biphenyls,
fertilizers, pesticides, and pharmaceuticals, are common water
contaminants.?> Thus, to effectively remove these hydrophilic
species from water, judicious design of 2DM with electrostatic
attraction, van der Waals force, and hydrogen bonding are
important approaches for developing 2DM-based adsorbents.
In particular, water-soluble dyes have been extensively studied
as model pollutants for investigating the decontamination
behavior of adsorbents for the following two reasons: (1) dye
pollution exists in the textile, rubber, plastic, printing and other
industries, which easily results in water body contamination
and (2) importantly, the ability of dyes to absorb a certain
wavelength of light allows the pollutant concentration to be
monitored in a simple, straightforward, and accurate manner.
Therefore, the removal of dyes by 2DM-based adsorbents is
highlighted herein.

Li et al. reported a water-stable graphene-like MOF (BUC-17)
for the adsorption of dyes from simulated wastewater, showing
excellent adsorption properties at room temperature.>” Ahmad
et al. reported a 2D MOF material for the removal of rhodamine
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B (RhB), methyl orange (MO), methylene blue (MB), and Congo
red (CR), as shown in Fig. 11.>°® Adsorption was selective for
the size, shape, and ionic strength of the dye. In addition, MoS,
nanosheets have also been developed into adsorbent materials,
which have a good adsorption capacity for various organic dyes,
including MB, MG, RhB, CR and fuchsin acid.>*®**® Similar
dye-adsorption behavior has been observed for other 2D nano-
materials, such as graphene-based adsorbents.>'® The dye
adsorption efficiency of 2D nanomaterials typically originates
from van der Waals interaction, covalent bonding, or electro-
static attraction.”°®*°® Since colloidal MoS, typically shows a
negative charge, the adsorption of cationic species on MoS, is
much more effective than that of anionic molecules, which
demonstrates the important role of electrostatic attractions.>*

One popular strategy to preserve the high surface area of 2D
sheets in devices is to integrate 2DM on a 3D framework. A 3D
sponge skeleton can adhere exfoliated 2D nanoplates by van
der Waals interactions.>'" Besides, a three-dimensional flower-
like nanostructure of 2D MoS, nanosheet was successfully fabri-
cated using a hydrothermal process.>***'> The specific surface
area of MoS, nanoflowers could reach above 100 m* g~ '.>%° The
flower structure of molybdenum selenide with a good adsorption
performance could be achieved by a self-assembly hydrothermal
method.>"* Hydrothermal strategies based on combining 2D
nanomaterials and other functional materials are popular to
prepare novel composite adsorbents. Magnetic Fe;O, can be
integrated with 2D nanomaterials to form heterostructures with
strong adsorption capability, in which the composite can be easily
recovered using a magnetic field.”*?

3.3. Heavy metal ion adsorbents

Heavy metals are toxic pollutants commonly found in industry
wastewater and poorly managed water resources.”’* Some of
the heavy metal ions that are known to be harmful to humans
include Cd, Cr, Hg, and Pb.?*>"2° Above the allowable limit,>**
cobalt will result in vomiting, nausea, asthma, and carcinoma.

Thus, to remove heavy metal ions, several strategies (including
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optimizing surface area and enhancing bonding strength
with metal ions) have been proposed to fabricate efficient
2DM-based adsorbents.

Single-layer and few-layer 2D nanomaterials have exceed-
ingly high surface areas, which can facilitate the adsorption of
heavy metals. For example, 2D TMDs (e.g., M0S,) can be utilized
as high-performance adsorbents for removing several heavy
metal ions such as Hg ** and Ag".*° This adsorption process
often involves the Lewis soft acid and soft base interaction. For
example, MoS, functions as an adsorbent for the removal of Hg
vapour or Pb**, Cd**, Zn**, and Co*" ions.”® Non-chalcogenide
2D nanosheets can also function as effective adsorbents for the
removal of heavy metals. Chengchun et al. prepared h-BN-
based structures, including porous BN whiskers,>** activated
BN sheets,?*® and three-dimensional carbon/BN structure, for
the removal of heavy metals.”*® The 2D fluorinated boron
nitride nanoplates with high absorbency were demonstrated
to be a capable adsorbents for heavy metal removal, and their
water-cleaning capability was attributed to the surface defects
and hydroxyl groups of BN.

Since many 2D nanomaterials are weakly bonded layered
compounds by short range forces such as van der Waals forces,
one of their unique characteristics is the possibility of fine-
tuning their properties through tailoring their interlayer
distance.”® Consequently, size-selective adsorption on the
interlayer porosity of 2D nanomaterials is often achievable
during the decontamination process. Wang et al. reported the
synthesis of intercalated MXenes with a controlled interlayer
distance.?*® Their work showed that the larger interlayer space
of hydrated Ti;C,T, can enhance the adsorption performance
with higher selectivity of radioactive U over other elements
including Co, Ni, and Zn (Fig. 12a).>*° This intercalation
process of TizC,T, was confirmed by SEM analysis (Fig. 12b-d).
As an example of designed framework structure, Chen et al
fabricated two-dimensional silicate RUB-15, which exhibited a
high adsorption energy and efficient regeneration of heavy metal
ions such as UO,>" ions (Fig. 12e-g).>*’ Very recently, Ping’s group
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Fig. 11 Removal of hydrophilic organic pollutants by 2D nanomaterials. (a) Crystal structure of 2D MOF (Cu(i)-5N3IP). (b) 2D MOF sheets in the (001)
plane. One sheet is shown in red. (c) Solvent-accessible voids in the Kagomé-type structure. (d) SEM of 2D Cu(i)-5N3IP. (e) Adsorption of Congo red (CR)
using Cu(i)-5N3IP. Reproduced with permission.2°® Copyright 2018, The Royal Society of Chemistry.
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successfully integrated MoS, nanosheets with one-dimensional
silk nanofibrils for the removal of heavy metal ions and dyes
(Fig. 12h).>*®

In addition, natural multilayer clay-based 2D nanomaterials
have exchangeable interlayer cations such as vermiculite and
montmorillonite (MMT), which can be used as low-cost adsor-
bents for large-scale heavy metal ion removal.>**">*? In addition
to vermiculite, titanate nanoplates®**
layered 2D nanomaterials®®> have been demonstrated to
remove toxic heavy metals. After the adsorption/intercalation
process, a structural change in the thin layers due to the
sorption of metal ions was observed.”****®> To accelerate the
interaction of the adsorbent and heavy metals, surfactants are
commonly applied to treat 2D clays.”** Montmorillonite was
functionalized with the anionic surfactant sodium dodecyl
sulfate (SDS), resulting in excellent heavy metal adsorption.
During this process, MMT was first intercalated with SDS
surfactant, which enables 2D nanoclays with a larger negative
{ for better heavy metal adsorption.”*’

Owing to their unique structure of pore walls and skeletons,
two-dimensional COFs provide a porous framework for adsorb-
ing heavy metal ions from the aqueous phase. Huang et al
synthesized an Hg>" adsorbent TAPB-BMTTPA-COF using
1,3,5-tris(4-aminophenyl)benzene (TAPB) and 2,5-bis(methyl-
thio)terephthalaldehyde (BMTTPA) (Fig. 13).>*° This framework
structure includes bigger pores than many MOF systems. The
methyl sulfide terminal groups have active sites to adsorb the
Hg>" element. This COF material could tolerate strong acids
or bases, while maintaining its capability, reusability, and
selectivity. Thus, these results demonstrate the huge research
opportunities of COFs and other framework materials for heavy
metal adsorption.

and vanadate-based

3.4. Anion and oxyanion adsorbents

Many toxic elements, including some heavy metals, exist as an
oxyanion in aqueous solution, forming negative charges, and
thus the electrostatic attraction of some 2DM-based adsorbents
should be redesigned. Arsenic has long been regarded as a
deadly poison because of its lethality, and the toxicity of As
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derivatives decreases from left to right in the order of (1)
arsenite, (2) arsenate, (3) monomethyl arsenic acid, and (4)
dimethyl arsenic acid.>*> In addition, NO, /NO;~, F~, and
C,0,>” also have some detrimental effects at high concen-
tration. For example, high concentrations of nitrate (NO;™)
can cause children to develop blue infant disease.**® Some
anions such as $S0,>7, PO,*7, and CI~ in high concentrations
can change the taste of water and have adverse effects. Thus, to
eliminate anions and oxyanions, ion exchange, anion intercala-
tion, and other mechanisms have been adopted for the design
and development of 2DM-based adsorbents.

The large surface areas of thin 2D nanomaterials not only
accelerate the adsorption kinetics, but also result in higher
adsorption capacity and chemical reactivity compared to many
other traditional nanomaterials. Another characteristic of
layered 2D nanomaterials (such as 2D clays) is their ion
exchange properties, which are related with their interlayer
space. For instance, a layered double hydroxide (LDH) is a 2D
clay consisting of brucite-like layers with positive charges.
It has been reported that LDHs were utilized for the removal
of contaminants such as PO,*”,>*' F,**> and an anionic
herbicide.>** The adsorption of LDHs toward anions mainly
relies on their cations, and thus a high content of trivalent
cations in LDHs typically leads to a good adsorption ability.>**
On the other hand, some molecules such as sodium dodecyl
sulfate can also be incorporated into the LDH gap by ion
exchange.”** It has been reported that chloride ions can be
embedded in LDHs to effectively remove As(v) from polluted
groundwater.>*> The As(v) adsorption capacity of LDHs was
about 90 mg g~ ', while >98% of As was eliminated from
contaminated water. It was shown that the MoS,>~ intercalated
LDH (MoS,-LDH) has excellent removal efficiency (>93%)
of As(v) in 60 s.>*® This adsorption/intercalation of HAsO,>~
into LDH induced a decrease in the interlayer distance of
MoS,-LDH.

Furthermore, the efficient removal of As(imr) on Fe(i) modi-
fied montmorillonite was reported for anion removal.>*°
As shown in Fig. 14a, the authors employed a low-
temperature clay intercalation approach using FeCl; followed

This journal is © The Royal Society of Chemistry 2021
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Fig. 14 2D nanoadsorbents for inorganic anion removal. (a) Schematic illustration of the modification of MMT with iron(in) species. Reproduced with
permission.2*® Copyright 2018, Elsevier B.V. (b) TEM image of functionalized TisC,T, nanosheets after exfoliation. (c) Dosage effect of functionalized
TisC,Ty nanosheets on the removal of Cr(v)) (pH = 5). Inset is a photograph showing the change in colour in the case of 0.4 g L™* MXene nanosheets.

Reproduced with permission.24® Copyright 2015, the American Chemical Society.

by treatment of NH,OH solution. This nanoclay adsorbent
showed a fast arsenite removal with 55% of As(m) removed
within 30 s. Recently, two-dimensional MOFs (e.g., FIR-53)
with abundant nanotubular channels were used for the
removal of Cr,0,>7, in which FIR-53 presented quick adsorp-
tion kinetics, high regeneration ability, and high selectivity for
Cr,0,>~ over Cl7, Br~, and NO;~ ions.**” However, the selec-
tivity showed a decrease upon the introduction of coexisting
ions. It is noteworthy that some 2DM adsorbents were found

This journal is © The Royal Society of Chemistry 2021

to be effective to remove same-charged ions. For example, in
addition to their good adsorption performance for cations, 2D
MXene (Ti;C,T,) nanosheets also exhibited excellent removal
capacity for anions Cr,0,>~ (Fig. 14b and c).>*° The XPS study
demonstrated that Cr(vi) ions were reduced when adsorbed on
the surface of Ti;C,T,. This is likely due to the metallic
property of MXene and high oxidative capability of Cr,0,%".
Additional examples of 2DM-based adsorbents can be found
in Table 2.
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Table 2 Various 2DM-based adsorbents for water treatment

Pollutant Composite Synthesis Time Removing capability Ref.
Pb(u) GO/poly(N-vinylcarbazole) Sonication mixing 24 h 887.98 mg g " 248
Pb(u) MXene (Ti;C,Ty) Chemical etching 2h ~30mgg " 249
Pb(u) GO/modified silica Multi-step method 24 h 333mgg ! 250
Pb(n) MoS,/CeO,/biochar Pyrolysis 24 h 263.6 mg g " 251
Cd(u) GO/polyamidoamine Grafting method 360 min 253.81 mg g " 252
Cu(n) GO/chitosan Electrostatic self-assembly 90 min 425mgg " 253
As(m) GO/MnFe,0, In situ growth 120 min 146 mg g ' 254
U(vi) GO/amino siloxane oligomer Cross-linking reaction 30 min 310.6 mg g~ " 255
Cr(vi) rGO/NiO In situ growth — 198 mg g ' 256
RhB MosS,-glue sponge Dip-coating method 60 min 127.39 mg g " 257
Rh6G MosS,/CuS Hydrothermal method 240 min 21118 mg g~ " 258
Methylene blue 1T-WS, Hydrothermal method 2 min 210.2 mg g ! 259
Pump oil Polyimide/MXene Freeze dry 30 min 58g¢g 260

In addition to the judicious design of surface interactions
within the aqueous phase, the colloidal stability of 2DM-based
adsorbents is important to prevent the aggregation of 2D
nanomaterials, which inevitably will reduce their effective sur-
face area for adsorption. When colloidal 2D nanomaterials are
dispersed in water, the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory can provide useful information on the trend of
nanoparticle aggregation.’* According to the DLVO theory,
the design of electrostatic repulsion and van der Waals
attraction may lead to excellent colloidal stability of 2D nano-
materials in water, maintaining the effective adsorption
of aqueous pollutants during the contact time. Similar to
aggregation, gravity can also negatively impact the colloidal
stability of 2DM nano-adsorbents due to the sedimentation
(Oparticle > Pwater) OF creaming effect (pparticle < Pwater)- FOI @
spherical particle, the terminal sedimentation (creaming)
velocity, Uy, can be estimated using Stokes’ law, in which U,
is related to the particle size, density, gravity force, and solvent
viscosity."*¢

D*-Ap-g
Up=—2E"2
0 18u

where D is the particle diameter, and y, g, and Ap represent the
viscosity, gravity constant, and density difference between the
solution and particles, respectively.

In pursuit of developing high-performance 2DM adsorbents,
the terminal sedimentation rate needs to be prudently consi-
dered since fast sedimentation leads to the removal of
adsorbents before effective decontamination, while ultra-slow
sedimentation may increase the recovery cost in separating
used adsorbents from water. More importantly, the judicious
design of the dimensions of nano-adsorbents and comprehen-
sive understanding of their nanosheet behaviour in colloidal
dispersions can be crucial for the practical application of
pollutant adsorbents in lakes and offshore conditions, where
homogeneous stirring is often inaccessible. Overall, considering
the broad chemical and physical diversity of 2D nanomaterials,
more research is needed for the understanding of their molecular
levels and adjustment of their surface chemistry to precisely
control their adsorption behaviour.
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4. Photocatalytic wastewater
treatment with 2D nanomaterials

To solve environmental issues with minimal energy input,
photocatalysis using solar energy to clean water has been
researched broadly and considered as one of the most sustain-
able approaches.”®*%** Generally, photocatalysis involves one
or several photo-reaction processes catalysed by a photo-
catalyst, where free electrons are excited to the conduction
band (CB) and holes are left in the valence band (VB). These
electron-hole pairs play an important role in photocatalytic
applications, including water splitting, pollutant degradation,
and carbon dioxide reduction.”®>**® However, the excited photo-
generated charge carriers are not stable and easily recombine,
which reduces the conversion efficiency of photocatalysis.®*
Due to the unique structures of 2D nanomaterials and their
nanocomposites, 2DM-based photocatalysts are encouraging
candidates to provide signature features such as diverse host-
guest species, abundant surface-active sites, and high specific
surface areas.”®” Recently, several 2DM-based photocatalysts,
including graphene, carbon nitride, metal oxide and chalcogenide
nanosheets, have been investigated for various applications.
According to the pollutant type, the application of 2DM-based
photocatalysts can be mainly divided into three main cate-
gories: biological disinfection, organic decontamination, and
inorganic pollutant removal. The nanosheet size/thickness,
chemical structure, and edge morphologies of 2D nanomaterials
are important for applying these materials in photocatalytic
processes. Here, we consider the synthetic strategies of 2DM-
based photocatalysts and critically evaluate their performance
in the above categories. Other efficient catalyst systems (e.g.,
electrocatalysts) have been developed for water treatment, and
details can be found in recent topical reviews.>**”* Table 3
presents several recent examples of 2DM-based photocatalysts
for water treatment.

4.1. Photocatalysts for bio-disinfection

Virus and bacteria are pathogens that can cause diseases and
threaten human life. Water pollution due to these pathogens
is a common phenomenon in some developing countries, and
thus the decontamination of water is paramount. By using
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Table 3 Various 2DM-based photocatalysts for water treatment
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Pollutant Photocatalyst Synthesis Design Photocatalytic conditions
Formaldehyde TiO,/graphene composites Solvothermal method 0D/2D UV light in air*”
Methylene blue ZnO/rGO Ultrasonic treatment 0D/2D UV light irradiation®”®
Methylene blue CdSe/TiO, Hydrothermal method 0D/2D Visible light irradiation®””

Rhodamine B
Rhodamine B
Methyl orange
Methyl orange
Methyl orange

TiO, nanorod/SnS, nanosheet
Ag,CO;/g-C3N, nanosheets

Copper doped SnS, nanosheet/rGO

Cr(vi) Cds/rGO

Cr(v1) g-C;N,/N-doped graphene/MoS,
NH; WS,/MoS,

CO, TiO, nanosheets and graphene
Bacteria (E. coli) AgBr/g-C;N,

Bacteria (E. coli) Ag/Zn0/g-C3N,

Bacteria (S. aureus) MnO,/g-C;N,

Virus (bacteriophage MS2) Ag/MoS,

strategies such as bandgap engineering and nanocompositing,
several 2D nanosystems have been investigated and developed
for the removal of these contaminants from water.?8">%
During a typical photocatalytic process, the photo-exited charge
carriers help to generate reactive oxygen species (ROS), which
can deactivate bacteria (Fig. 15a and b).>*" For example, as an

extension of conventional TiO, photocatalysts, TiO,-Bi,WOs
nanosheets (TBWO) were synthesized by Jia et al. using a two-
step hydrothermal method. Bi,WOg¢ was grafted on the surfaces
of TiO,, which has the ability to absorb visible light. Therefore,

TBWO could induce the cell rupture and inactivate E. coli due to
292

visible-light-driven photocatalysis.”~ Liu et al. fabricated a

H,0/OH

Carbon quantum dots/TiO, nanosheet Assembly method
Hydrothermal method
Ex situ assembly
Bi,Ti304, nanofiber/BiOCl nanosheet Electrospinning and solvothermal 1D/2D Xenon lamp Irradiation?®?
Cysteine-assisted hydrothermal
Microwave

Multi-step method

Liquid exfoliation
Layer-by-layer assembly
Adsorption-deposition method
Adsorption-deposition method
Multi-step method

Multi-step method

‘OH
. Z‘ 2 Bacteria

0D/2D Visible light irradiation®”®
1D/2D UV and visible light irradiation®”’
0D/2D visible light irradiation®®

2D/2D Visible light irradiation®®
0D/2D Visible light irradiation®®®
2D/2D Visible light irradiation®**
2D/2D Visible light irradiation®®”
2D/2D Xenon lamp Irradiation®*®
0D/2D Visible light irradiation®”
0D/2D Visible light irradiation®*®
2D/2D Visible light irradiation*’
0D/2D Low-power LED>?°

novel MoS, (FLV-MoS,) film by vertically aligning several layers
of 2D platelets, which could absorb the whole spectrum range
of visible light (which contains about 50% of solar energy) in
the water disinfection process (Fig. 15c-€).*> To increase the
bandgap of MoS,, the domain size was decreased. The results
showed that the bandgap increased from 1.3 to 1.5 eV, which
enabled FLV-MoS, to inactivate bacteria in water by generating
reactive oxygen species (ROS), enabling the deactivation of
>99.999% bacteria in 20 min. In addition to metal oxides
and dichalcogenides, a metal-free 2D g-C;N, nanosheet photo-
catalyst was developed via a two-step template-free method
(Fig. 15f-k).*** This porous g-C;N, nanosheet possessed
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Fig. 15 Photocatalysts based on 2D nanomaterials for the removal of bacteria. (a) Simplified schematic showing the photocatalytic process of 2DM
photocatalysts. (b) Examples of the antibacterial mechanism of Ag/ZnO photocatalyst. Reproduced with permission.?9* Copyright 2017, Elsevier B.V.
(c) Schematic illustration of bacteria deactivation by FLV-MoS, in water. (d) TEM image of FLV-MoS, showing the vertically standing layers. (e) Disinfection
performances of FLV-MoS, compared with that of bulk MoS, and horizontal nano-MoS,. (c—e) Reproduced with permission.*? Copyright 2016, Springer
Nature. Photos and TEM images of E. coli before (f and i) and after photocatalysis for 2 h (g and j) and for 4 h (h and k) using porous g-C3sN,4 nanosheets.
(f-k) Reproduced with permission.?®* Copyright 2017, the American Chemical Society.
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abundant surface reactive sites and better capability of charge
transfer than the bulk g-C;N,. Therefore, the performance of
organic pollutant degradation and visible-light-driven photo-
catalytic disinfection of the nanosheets were significantly
improved. The unexfoliated g-C3N, could only inactivate some
E. coli within 4 h, whereas the g-C;N, nanosheet could inactivate all
the E. coli cells completely, confirming the advantage of bandgap
engineering based on the dimension-control method.>**
Compared with bacteria, viruses have been regarded as more
dangerous pathogens due to their higher illness risk and lower
infectious dose under a similar level of exposure.*** For example,
exposure to one rotavirus particle can increase the chance of
infection by up to 31%.?° In addition, viruses possess extremely
small sizes and unique surface properties, and thus physical
removal methods are often unavailable. For example, in water
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treatment, granular activated carbon adsorption was reported to
be effective in removing protozoan parasites and bacteria, but not
viruses.”*® To deactivate viruses via photocatalysis, extensive
efforts have also been made using a variety of 2D nanomaterials.
Li et al. evaluated the virucidal performance and mechanism of
g-C3N,.>%7 During the photocatalysis, the authors found that a
shape distortion, protein oxidation, and RNA damage occurred,
leading to virus death (Fig. 16a-d). The virus inactivation
performance of g-C;N, was also comparatively analysed with
other visible-light-driven photocatalysts, namely TiO,, Bi,WOg
and Ag@AgCl, indicating that surface plasmon resonance and
dissolved Ag" of Ag nanoparticles may further improve the
performance (Fig. 16e and f). Inspired by the discovery of the
photocatalytic reduction of GO to rGO by W05;,>**7% Akhavan
et al. added GO nanosheets to WO; films to construct rGO-WO;
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Fig. 16 Photocatalysts based on 2D nanomaterials for virus removal. (a) Main mechanisms of virus disinfection by 2D photocatalysts, including RNA
damage (b), protein oxidation (c), and shape distortion (d). (e) g-CsN4 photocatalyst for viral disinfection under visible light. (f) Virucidal performance of
g-C3N4 compared with other nanomaterials. (b—f) Reproduced with permission.%” Copyright 2016, Elsevier B.V. (g) Virucidal performance of graphene—
WO5 composites. Reproduced with permission.*** Copyright 2012, the American Chemical Society. (h) 3D response surface and (i) 2D contour plots of
viral disinfection with light intensity (X;) and g-CsN4 loading (X2). (j) 2D contour plots of inactivation efficiency with light intensity (X;) and temperature (Xs).
(h—j) Reproduced with permission.*°? Copyright 2018, Elsevier B.V.
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films, in which the composite film was shown to decrease the
virus concentration from 2 x 10° PFU mL ' to <5 PFU mL ™"
within 3 h under visible-light irradiation (Fig. 16g).>** To accel-
erate the disinfection process, Zhang et al. used the response
surface methodology to optimize the operational conditions for
photocatalysis.**> The optimal conditions of 135.40 mg L~
(photocatalyst), 24.05 °C and 199.80 mW c¢m™ > (light power),
were obtained with the disinfection time of 240 min (Fig. 16h-j).
Bio-disinfection of 2DM by other mechanisms such as the
photothermal effect and Fenton reaction can be found in another

recent review.>®

4.2. Photocatalysts for removing organic pollutants

Compared with bio-disinfection, which only requires the
deactivation of cell or proteins, removing organic pollutants
requires the formation of sufficient reactive oxygen species that
can destroy or mineralize organic contaminants completely.’**
To develop an effective photocatalyst, the band structures of
2DM need to be carefully designed since they play a crucial role
in the redox potentials of photogenerated electron-hole
pairs.>*> Compared with bulk 2D materials (Fig. 17a), mono-
layer or few-layer 2D nanoparticles (such as MoS,) possess
a larger bandgap to shift the band edge position to generate
a redox potential, which favours ROS, even though the photo-
catalysis of these nanosheets sometimes only uses a narrow
range of the solar spectrum.*® Thus, to develop photocatalysts
that utilize light in the desired wavelength range, several
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strategies, such as heterostructuring, element doping, and size
control, have been utilized to modulate the band structure of
2D nanosheets.>® To date, 0D nanoparticles and 1D nanorods/
nanowires/nanotubes have been composited with 2D
nanomaterials.”®'2%"3"? For example, some 2DM-based com-
posites have been achieved by incorporating metal-containing
nanoparticles, such as Pt,>'° Ru0,,>'* Au,*™ Rh(OH);,>'® into
the space between the layers of metal oxide nanosheets.
Recently, a new method that can intercalate metal nanoclus-
ters, such as Pt, Pd, Rh, and Ru, into KCa,Nb;0,, nanosheets,
was reported by Oshima et al®' The prepared colloidal
KCa,Nb;0,, nanosheets with intercalating Pt exhibited a high
photocatalytic performance due to the co-catalysts of the well-
dispersed Pt nanocluster between the 2D layers.

Compared with 0D/2D and 1D/2D nanocomposites, 2D/2D
heterostructures have unique coupling hetero-interfaces, facil-
itating the separation and transfer of photogenerated charge
carriers, thereby leading to higher photocatalytic activity.
Numerous studies have indicated that the properties of cata-
lysts can be modulated by controlling the morphology and size
of the semiconducting component in hybrid systems. For
example, a systematic comparison study between 1D CNT-
TiO, composite photocatalysts and 2D graphene-TiO, was
conducted by Zhang et al®'® The interfacial contact of gra-
phene-TiO, sheets was shown to be superior in comparison
with that of the CNT-TiO, heterostructure.*'® Yang et al
reported a comparative study of a TiO, photocatalyst, where
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Fig. 17 Photocatalysts based on 2D nanomaterials for the removal of organic pollutants. (a) Adsorption spectra of various materials compared with
sunlight spectrum. Reproduced with permission.*® Copyright 2017, the American Chemical Society. (b) Schematic diagram of the growth mechanisms of
hybrid nanocomposites. The black and silver colors represent MoS, and TiO,, respectively. (c) SEM images of hybrid 2D composites of TiO,@MoS,
(1 and 2) and MoS,@TiO, (3 and 4). (b and c) Reproduced with permission.>22 Copyright 2015, The Royal Society of Chemistry.
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TiO,-graphene, TiO,-carbon nanotube, and TiO,-fullerene
(Ceo) manocomposite photocatalysts were prepared.*’® The
authors found that the three types of TiO,-carbon photo-
catalysts followed an analogous oxidation mechanism for the
photocatalytic oxidation of benzyl alcohol. In addition, a
graphene-based nanocomposite with different shapes of TiO,
nanomaterials, including TiO, nanosheets, nanotubes, and
nanoparticles, was developed.®*® It was discovered that com-
pared with the other two composites, the TiO, nanosheet-rGO
heterostructure possessed better photocatalytic performance
for the degradation of 2,4-dichlorophenol and RhB. Through
the analysis of the interfacial charge transfer kinetics, the 2D/
2D hybrid structure was demonstrated to possess strong elec-
tronic coupling effects. The coupling effects can promote
charge transfer across the interface of heterojunction, and
thereby enhance the photocatalytic performance. Similar results
were also obtained for graphene-CdS composite systems, including
the graphene oxide-CdS (the shapes include nanoparticle,
nanorod, and nanosheet) composites prepared by Bera
et al.**' It was shown that the pollutant degradation by the
composites varied upon engineering the shape of the CdS
nanocrystals. The CdS nanosheet/rGO heterostructure showed
the highest photocatalytic result compared with CdS nano-
particle/rGO and CdS nanorod/rGO.

In pursuit of an optimized heterostructure, Fu et al. con-
structed two types of MoS,/titania heterostructures (Fig. 17b),
i.e., M0oS,@TiO, and TiO,@MoS,.*** The successful synthesis
of these two nanocomposites was confirmed using SEM
(Fig. 17c). The authors observed that TiO,@MoS, exhibited a
higher photocatalytic performance and better adsorption abil-
ity, which is primarily because of the large percentage of highly
reactive (001) planes of TiO, nanorods and the formation of
heterojunctions. Meanwhile, MoS,@TiO, exhibited a better
performance in field emission due to the wide distribution of
TiO, nanoparticles, which led to sharp edges for emitting.
Recently, the 1T and 2H phases of MoS, were chemically
exfoliated successfully by Bai and co-workers, which were used
to form a co-catalyst with TiO, nanocrystals.**® Their results
indicated that the photocatalytic activity of the 1T phase of
MoS, is better than that of the 2H phase. The excellent
performance of the 1T phase of MoS, originates from the
higher conductivity of this metallic phase, which promotes
the charge transfer kinetics. The authors suggested that the
1T-phase MoS, not only provides a high-mobility electron
transfer path, but also possesses more reaction active sites on
its basal plane.

In the context of the effective degradation of organic pollu-
tants, oxidative species (e.g. H,O,) have been incorporated in
the photocatalytic process to further improve the oxidation
processes. For example, photo-Fenton systems, which contain
hydrogen peroxide and Fe species, have been extensively
studied. There are reports presenting that H,O, can react with
dissolved Fe species rapidly and the generated reactive hydroxyl
radicals can oxidize organic compounds.***>*” Yoon et al.
combined the photo-Fenton system with traditional photo-
catalytic reaction, developing an innovative Fe-doped C;N,/WO;
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hybrid structure (Fig. 18a).**® The authors found that compared
with the pristine g-C;N, sample, the hybrid structure enabled an
improved efficiency from 10% to 90% using visible-light irradia-
tion. The mechanism was studied using electron paramagnetic
resonance analysis (Fig. 18b). Compared to the Fe(m) counterpart,
the Fe(u)-doped sample exhibited a higher initial catalytic activity,
as suggested by the cyclic mechanism of [Fe** + H,0, — Fe®" +
OH™ + OH*].***%*%° The Fe(n) concentration can be supplemented
by the reduction of Fe(m) under visible-light irradiation.*****' As
another example, Lin et al. developed iron-doped graphitic C3N,
(Fc-CN) via the Schiff base reaction of ferrocene (Fc) and C;N,
(Fig. 18¢).*** The results showed that the charge transfer/separation
and the reaction of reversible photo-redox were significantly
improved, which is due to the strong m conjugation between the
aromatic C;N, and Fc. Compared with C3;N,, the obtained com-
posited Fc-C;N, showed considerably higher catalytic activity in
activating hydrogen peroxide for the degradation of RhB (Fig. 18d
and e). The photogenerated electrons from C;N, can keep the
bivalence state of Fe species in Fc effectively, which also leads to the
activation of hydrogen peroxide.

4.3. Photocatalysts for the removal of inorganic pollutants

Some inorganic pollutants can be converted into less toxic or
nontoxic forms by oxidative or reductive photocatalysis. These
processes may involve the oxidation of NH; to N,, H,S to S, and
the reduction of Cr(vi) to Cr(m). Prakash et al (Fig. 19a)
fabricated In,S;/CuS nanosheets, which photocatalytically con-
verted toxic H,S into nontoxic S,0;>~ with the production of
H,.*** Monolayer g-C;N, was reported to have a good photo-
catalytic performance for the removal of total ammonia nitro-
gen (TAN) from contaminated water.”* The oxidation of
ammonia can thermodynamically proceed on g-C;N, since
the corresponding redox levels of ammonia are fully covered
by the bandgap range of g-C3;N, (Fig. 19b). More importantly,
the photocatalytic performance of the exfoliated g-C;N, was
noticeably better than that of the bulk g-C;N, (Fig. 19c).
As another example, flower-like MoS, was obtained via a
hydrothermal method followed by further compositing with
polyaniline (PANI).*** The authors demonstrated a maximum
capacity for the removal of Cr(vi) of up to ~600 mg g~ " under
UV irradiation. This can be explained by the photocatalytic
reduction of Cr(vi) to Cr(m), and following complexation with
PANI. Deng et al. studied the photocatalytic oxidation of
2,4-dichlorophenol (2,4-DCP) and reduction of Cr(vi) simulta-
neously by doping phosphorus into porous g-C;N, nanosheets
(Fig. 19d-g).**® The results showed the 2,4-DCP oxidation and
Cr(v1) reduction can be enhanced by dissolved oxygen and low
pH value. The photocatalytic efficiency for the 2,4-DCP oxida-
tion and Cr(vi) reduction reached 90% and 75%, respectively,
and no notable reduction in photocatalytic activity was
observed in 5 cycling experiments.

To apply photocatalysts in the decontamination of pollutants
in rivers, lakes, and oceans, the photocatalytic performance of
nanomaterials in unstirred or weakly stirred conditions is of
great importance for practical implementation.*®” Particle
aggregation can occur due to the lack of photostability.**®
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Fig. 18 Photocatalysts based on 2D nanomaterials by bandgap engineering. (a) lllustration of the photo-Fenton reaction on the 0D/2D hybrid
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(a and b) Reproduced with permission.>® Copyright 2017, Elsevier B.V. (c) Scheme for the synthesis of ferrocene-functionalized CsN4 (Fc-CN).
(d) Degradation of RhB under various conditions. (e) Fc-CN dosage effect on decontamination performance. (c—e) Reproduced with permission.>*2
Copyright 2017, Elsevier B.V.
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Fig. 19 Photocatalysts based on 2D nanomaterials for the removal of inorganic pollutants. (a) Photocatalytic degradation of H,S by In,Ss/CuS
composites under visible light irradiation. Reproduced with permission.>**> Copyright 2018, Elsevier B.V. (b) Illustration of the band structure of g-CsN,
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During photocatalysis, oxidation and the subsequent desorption
of ligands (e.g., thiols) lead to a reduction in steric stabilization.
In addition, electrostatic repulsion can decrease when the surface
charge of a photocatalyst diminishes or the charged solute
is depleted. The uncontrolled aggregation seriously reduces
the effective surface area of photocatalysts. As discussed in
Section 3.4 (Stokes’ law), the terminal sedimentation rate is
proportional to the square of the particle diameter, and thus
uncontrolled aggregation leads to the fast removal of the
photocatalyst from wastewater. This undesired aggregation
may be mitigated by stirring the reaction mixture; however,
the stirring of a lake may not be accessible in practice. Thus, to
alleviate the detrimental effect of uncontrolled aggregation,
judicious design of particle interaction, surface engineering
of photocatalysts, and prudent selection of ligands have
emerged as promising approaches.”™® For example, self-
assembly or controlled aggregation, as opposed to uncontrolled
aggregation, may be beneficial for photocatalysis.**” In fact, the
charge hopping among self-assembled nanoparticles alleviates
the fast charge recombination. Park et al. demonstrated the
improved photocatalytic reduction of Cr(vi) to Cr(m) by the
controlled assembly of dye/TiO, with bare TiO,.**® As another
example, CdSe/CdS quantum dots were self-assembled with a Pt
co-catalyst, leading to significantly improved electron transfer
between particles with a good internal quantum efficiency of 65%.>*"

5. Water pollutant sensors with 2D
nanomaterials

The accurate, sensitive, and rapid detection of pollutants is
crucial in water treatment processes since it quantitatively
determines the effectiveness of water decontamination. A large
number of nanomaterials have been investigated for detecting
and monitoring pollutants in water.***** Noteworthily, the
ability of 2D nanomaterials to respond to external stimuli with
ultrahigh surface sensitivity reveals key characteristics for water
monitoring and pollutant sensing. Recently, 2D nanomaterials
with remarkable optical/electrical properties have attracted
tremendous interest for the development of high-performance

Table 4 Different 2DM-based sensors for pollutant detection
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pollutant sensors. Depending on the type of analyte, non-
covalent interactions (e.g., electrostatic force) and covalent
linkages (e.g., amide bonding) can be used to probe pollutants.
In this section, we focus on the state-of-art of 2DM-based
sensors for monitoring water pollutants by electrical®*>~>¢*
optical outputs.’*>>”? Specifically, fluorescent sensors, colori-
metric sensors, electrochemical sensors, and field-effect-
transistor-based sensors are highlighted, while several recent
examples of these sensors are shown in Table 4.

or

5.1. Fluorescent sensors

Fluorescent sensors or photoluminescent sensors are based on
pollutant-induced changes in fluorescence (intensity, wave-
length, and lifetime).*®® These changes in light intensity or
wavelength originate from the structure/composition alteration
of the sensor upon binding of the pollutant. Since photolumi-
nescence is related to energy transfer processes, the electronic
bandgap structure of 2D nanomaterials is a crucial factor for
the development of fluorescent sensors. As shown in Fig. 20a,
2D nanomaterials, ranging from large bandgap g-Cs;N, (Fig. 20b
and c) to ~zero bandgap graphene, have offered enormous
opportunities in the field of sensing with a wide range of
bandgap options.>'*5¢

For some 2D nanomaterials with bandgaps in the UV-vis
range, they can be used as fluorescent sensors directly or
combined with other materials to form functional composites.
For example, Rong et al. reported a fluorescence sensor for the
label-free and selective detection of Cr(vi) based on g-C3N,
nanosheets (Fig. 20g).**” With a low limit of detection
(0.15 uM) and large linear sensing range (0.6 to 300 uM), the
g-C3N, dispersion showed an “on-off-on” fluorescence
response by using a redox reaction between ascorbic acid and
Cr(vi). Based on a similar strategy, a g-C3N,-MnO, nanocom-
posite was prepared to monitor the glutathione level in cells.**®
During the sensing process, MnO, is reduced to Mn** and
restores the fluorescence of the g-C;N, nanosheets, resulting in
a turn-on fluorescence sensor.

For graphene, BP, and other low bandgap 2D nanomaterials,
bandgap engineering has been demonstrated as a viable
approach. As shown in Fig. 20d and e, the bandgap of graphene

Sensor type Materials Analyte LOD Working range Ref.
Fluorescent Gr QDs TNT* 2.2 UM 10710 "'gL ! 374
Fluorescent MoS, QDs Hg2+ 1.8 nM 0.005-41 pM 375
Fluorescent N-Doped MoS, Hg>* 0.02 pM 0.1-5 pM 376
Colorimetric GO/MnO, Glucose 3.1 mgdL ™" 25-300 mg dL ' 377
Colorimetric LDH/CeO, H,O0, 0.015 mM 0.05-2 mM 378
Electrochemical Pt/Gr H,0, 80 nM 1-500 uM 379
Electrochemical rGO NH,NH, 0.43 UM 2.5 uM-1.16 mM 380
Electrochemical N-Doped Gr Ascorbic acid 2.2 uyM 5.0-1300 uM 381
FET Gr E. coli 10 CFU mL ™" 10-10* CFU mL ™" 382
FET MosS, Hg* 0.1 nM 0.1-10 nM 353
FET MosS, Streptavidin 100 fM — 383
FET snS, NO, 30 ppb 0.6-10 ppm 384
FET BP pb** 1 ppb 10-10° ppb 372

¢ 2,4,6-Trinitrotoluene (TNT).
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Fig. 20 Fluorescent sensors based on 2D nanomaterials and their photoluminescent derivatives. (a) Bandgap ranges of several 2D nanomaterials
compared with the light spectrum. Reproduced with permission.> Copyright 2019, The Royal Society of Chemistry. (b) Macroscopic flake of g-C3Ng.
(c) TEM image of g-C3N,4 nanosheets. (b and c) Reproduced with permission.>®® Copyright 2014, Wiley-VCH. (d) TEM image of BP QDs. Reproduced with
permission.**® Copyright 2018, Wiley-VCH. (e) TEM image of carbon-based graphene quantum dots. Reproduced with permission.>*® Copyright 2014,
Wiley-VCH. (f) Optical image of luminescence carbon quantum dos prepared using different reaction conditions under different excitation light. The
bandgap of the carbon quantum dots can be tuned by using citric acid and urea under different reaction conditions. Reproduced with permission.>*°
Copyright 2017, Wiley-VCH. (g) Fluorescence responses of g-C3N4 nanosheets with Cr(vi). The inset shows the relationship between the fluorescence
change (I/lg) and the concentration of Cr(v). Reproduced with permission.*®” Copyright 2015, Elsevier B.V. (h) Fluorescence sensor based on
tetraphenylporphyrin tetrasulfonic acid (TPPS) and BP QDs, showing high selectivity for the detection of Hg?*. Reproduced with permission.®”®
Copyright 2017, the American Chemical Society. (i) Selective PL response of nitrogen-doped graphene quantum dots (N-GQDs) solution towards
different metal ions. Fo and F are the fluorescence intensities without and with the presence of metal ions, respectively. Inset shows photos of the
fluorescence response of N-GQDs upon the addition of heavy metals under sunlight and UV light. Reproduced with permission.>*” Copyright 2014,

Elsevier B.V.

and BP can be enlarged by reducing their particle dimensions,
which leads to the formation of graphene quantum dots
(GQDs) and BP quantum dots (QDs), respectively. Gu et al
fabricated BP QDs from bulk crystals using a sonication-
assisted solvothermal approach (Fig. 20h).*”® The authors
demonstrated the ability of the BP QDs to fluorescently probe
Hg>" in the aqueous phase. In addition to an ultralow detection
limit (0.39 nM), the BP QDs showed strong tolerance to other
heavy metal ions, such as Pb** and Cd>'. Owing to the inner
filter effect of tetraphenylporphyrin tetrasulfonic acid (TPPS)
with BP QDs, the authors found no significant interference
even when the concentration of Pb®>" was 1000% higher than
that of Hg>". Similar to BP QDs, graphene QDs and carbon QDs
(CQDs) are emerging semiconducting materials that have
demonstrated potential in the fields of energy storage/
conversion,***°° bioimaging/biosensing,**"*** and Pickering

This journal is © The Royal Society of Chemistry 2021

nanosurfactants.’***?* GQDs and CQDs are mono- or few-layer
graphene platelets with lateral sizes smaller than 100 nm, while
GQDs possess higher crystallinity.*>®> Owing to the versatile
surface chemistry of carbon, these carbon-based quantum dots
can demonstrate a wide variety of colors by tuning their
chemical structure and corresponding bandgaps (Fig. 20f).>*°
In the field of pollutant sensing, Ananthanarayanan et al.
synthesized fluorescent GQDs using CVD-synthesized graphene
via a controlled electrochemical approach.?*® The authors also
found that the change in fluorescence intensity in GQDs is
moderately selective to Fe®" (400 pM Fe*" showed 68% fluores-
cence quenching), while another work by Ju et al. suggested the
possible intervention by oxidative metal ions such as Hg*"
(Fig. 20i).>*” The doping strategy has also been widely investi-
gated for tuning the bandgap of 2D nanomaterials. For exam-
ple, doping MoS, nanosheets with B or N was found to greatly
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improve their fluorescence properties.>” These doped nano-
sheets could selective adsorb Hg?*, and consequently fluorescence
quenching occurred, leading to the development of label-free Hg>"
sensors.*®” Interestingly, some heavy metal dopants (e.g., Pb>*) were
found to improve the fluorescence of MoS,, which can be later
quenched upon the addition of sulfide species. Based on this
mechanism, Wang et al. proposed the use of fluorescent MoS,
nanosheets for the detection of Pb®* and sulfide ions.**®

The capability of 2D nanomaterials to form long-range
energy transfer has enabled many 2D nanomaterials to possess
strong fluorescence quenching abilities. A variety of fluorescent
dyes (e.g., fluorescein) show strong fluorescence in dilute form,
whereas fluorescence quenching occurs in the adsorbed state
of fluorescent molecules on 2D nanomaterials, which is the
so-called aggregation-caused quenching (ACQ) effect.*%34%
By designing appropriate target-probe interactions, numerous
approaches have been utilized to design fluorescent “turn-on”
sensors, such as fluorescence resonance energy transfer and
photo-induced electron transfer. The quenching property of
2D nanomaterials has been studied in the fluorimetric sensing
of heavy metals, DNA, RNA, proteins, and other small
biomolecules.**™*%® As shown in Fig. 21a, a heavy metal sensor
was developed based on the quenching of a silver-specific
cytosine-rich DNA probe on the surface of GO.*** The fluores-
cence intensity of the cytosine-rich oligonucleotide (SSO) probe
increased considerably with an increase in Ag" concentration
due to the desorption of SSO on GO. This mix-and-detect assay
showed excellent selectivity toward the detection of Ag" over
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other interference metal ions. In addition, a dye-labelled single-
stranded DNA (ssDNA) could interact with TMDs (e.g., MoS,)
through van der Waals forces, which enabled TMDs nanosheets to
adsorb the nucleotides and cause fluorescence quenching,**%%41°
When ssDNA hybridizes with its complementary target DNA, the
formed double-stranded DNA cannot be sufficiently bonded with
the basal plane of the TMDs nanosheets, recovering the fluores-
cence. A DNA sensing platform was fabricated based on the high
fluorescence quenching efficiency of monolayer MoS,.*'* Similar to
MoS,, WS, monolayers have also been demonstrated to form
fluorescence-based DNA sensors.’®® To further improve the
sensitivity, sequence specific hairpins were integrated into an
MosS,-based sensing platform followed by rapid hybridization
chain reactions (Fig. 21b)."*® With the target DNA, hybridiza-
tion chain reactions enabled the enzyme-free recognition of
DNA since the fluorescent-labelled probe desorbed from the
MoS, nanosheets.*®® Furthermore, this “off-on” fluorescence
analysis can be compatible with microfluidic techniques, leading
to the high-speed, high-sensitivity, and possible high-throughput
detection of multi-DNA.*** Furthermore, the multiplexed recog-
nition of DNA molecules has been demonstrated using the
combination of different fluorescence probes in a TMD system
(Fig. 21¢).*”" A composite material consisting of multiple 2D
nanomaterials may possess potential for the development of an
efficient biosensing platform. A graphene/MoS, heterostructure
was established to detect the sequence of DNA (Fig. 21d).*** This
PL-based graphene/MoS, heterostructure sensor could even
differentiate a single base mismatch at a low DNA concentration.
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Fig. 21 Fluorescent sensors from high-quenching 2D nanomaterials and target—probe interaction. (a) Schematic showing the detection of Ag* using
fluorescent silver specific oligonucleotide (SSO) and high-quenching GO nanosheets. Reproduced with permission.*®* Copyright 2010, The Royal
Society of Chemistry. (b) Schematic drawing of 2DM-based DNA sensor based on the hybridization chain reactions of HP1 and HP2. HP1 and HP2 are two
complementary hairpin probes. Reproduced with permission.*°® Copyright 2015, The Royal Society of Chemistry. (c) Fluorescent DNA sensing based on
TMD nanosheets (MoS,, TiS,, and TaS, nanosheets). P1, P2, and T1 are 6-carboxyfluores-cein (FAM)-labeled ssDNA probe, Texas Red-labeled ssDNA
probe, and the influenza A virus subtype HIN1 gene, respectively. Reproduced with permission. % Copyright 2015, Wiley-VCH. (d) MoS,/graphene
heterostructure sensor for fluorescent DNA sensing. Reproduced with permission.*°? Copyright 2014, Wiley-VCH.
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In addition to the aggregation-caused quenching effect,
innovative luminogenic strategies, e.g., aggregation-induced
emission (AIE), have been developed recently.*'* This recently
discovered AIE mechanism, combined with 2DM, possesses
huge potential since it allows a wide range of dye concentrations
in biosensing.’™ Benefitting from luminogenic aggregation,
developing ‘““turn-on” sensors provides higher accuracy and
better sensitivity in comparison with their conventional ACQ
counterparts.*'* For example, Tang’s group developed an
AlE-based fluorene sensor for the detection of heparin.*'?
By employing GO nanosheets, the authors significantly
improved the sensitivity and selectivity of the AIE detector for
sensing heparin. The AIE probe exhibited bright green emis-
sion only in the presence of heparin and tolerated the inter-
ference of heparin analogues, including hyaluronic acid and
chondroitin-4-sulfate. This turn-on sensor could also quantify
the heparin concentration with a low detection limit. Moreover,
AlE-active ligands have been applied to develop MOFs/COFs to
enable exceptional fluorescent properties.*'®*'® Zhou’s group
cleverly developed a 2D MOF that can detect volatile organic
compounds.** When volatile organic compounds fill the chan-
nels, the fluorescence quantum yield of the MOF-pollutant
complexes increases dramatically. It is worth noting that a shift
in the fluorescence peak was observed upon the contact with
analytes. Therefore, the authors combined the change in emission
enhancement with the emission shift to accurately to monitor
various VOCs based on AlIE-based MOF nanoplates.

5.2. Colorimetric sensors

Compared with fluorescence sensing, which often needs UV
light or laser excitation, colorimetric sensors, which change
their colours upon interaction with pollutants, can be just read
out using the naked eye, allowing point-of-care testing of
pollutants under sunlight. For example, nanomaterials that
can mimic biological enzymes have been suggested as promis-
ing candidates for colorimetric detection.**®**° Several nano-
particles with different geometries have been studied as
artificial enzyme mimetics.**"***> Lin et al. demonstrated that
MoS, and WS, nanosheets could serve as peroxidase-like materials
(Fig. 22a), which showed a color change upon the addition of the
analytes.*>**** The authors fabricated a colorimetric sensor for
the visual detection of the glucose concentration in blood.
By using the agarose hydrogel-based system, the authors demon-
strated a portable test kit for measuring the glucose concen-
tration in serum samples (Fig. 22b and c). Similarly, it was
also found that g-C;N,; nanosheets can mimic the behavior of
peroxidase. In the presence of H,0,, g-C3N, nanosheets can
initiate the catalytic oxidation of 3,3’,5,5'-tetramethylbenzidine,
yielding a coloured solution. Similarly, a colorimetric approach
was implemented for sensing blood glucose.*”> MnO,
nanosheets were used to develop a colorimetric sensor array
for detecting the antioxidant levels in bovine serum.*?® Since
antioxidants (e.g. cysteine, ascorbic acid, and uric acids) have
different reducing capabilities, the MnO, nanosheet-3,3’,5,5'-
tetramethylbenzidine system generated different colorimetric
feedback with peaks at 650, 450, and 370 nm. The authors

This journal is © The Royal Society of Chemistry 2021
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realized the colorimetric detection of various antioxidants with
a low detection limit (~20 uM).

To enhance the performance of pollutant sensing,
composition-based strategies have been recently adopted for
colorimetric detection. One example is to integrate noble metals
with 2D nanosheets. Nirala et al. developed an Au-decorated TMD
composite as a colorimetric sensor.*?® The authors observed that
the Au-decorated MoS, nanosheets showed enhanced catalytic
activity. Upon the addition of cholesterol oxidase, a colorimetric
probe that could detect cholesterol in serum samples was
realized. In addition, a hemin-functionalized MoS, sensor
was developed by Li et al.**® Based on the van der Waals force
between hemin molecules and the nanosheets, the hemin-
functionalized nanosheets exhibited excellent catalytic perfor-
mance for H,0,. During this process, the authors observed
both metallic and semiconducting phases of MoS,, suggesting
that phase transformation occurs for a portion of the MoS,
nanosheets. Recently, an intriguing colorimetric probe was
developed using the size-dependent optical property of MoS,.**°
As salt can cause nanosheet aggregation, which changes the
absorption spectrum of MoS,, the authors developed a colori-
metric biosensor for single nucleotide polymorphism detection.
Specifically, MoS, nanosheets were first bonded with a ssDNA
probe to form an ssDNA/MoS, complex, which inhibited the salt-
induced aggregation process. In the presence of the target DNA,
the bonded ssDNA will desorb from the MoS, nanosheets and
form double-stranded DNA (dsDNA). During this process, the
charged base groups of the nucleobases are shielded within the
oppositely charged phosphate backbone of dsDNA, making
dsDNA difficult to stabilize the MoS, nanosheets in saline
conditions. Consequently, the characteristic adsorption peak
shifts quantitatively due to the salt-induced aggregation of the
MoS, nanosheets, leading to the label-free detection of DNA.

In addition to pigment-like color (coloration due to adsorp-
tion of certain light), structural color can also be used for
sensing applications. Structural coloration commonly refers
to ordered nanostructures that can produce colors owing to
their interference/scattering of visible light. To achieve struc-
tural colors, the design of microscopically structured materials
is particularly important. For instance, Liu et al.*** developed a
photonic hydrogel with interconnected porous cavities, which
could detect methyl phosphonic acid. This photonic hydrogel
showed a low limit of detection (10°® mol L™"). Upon the
adsorption of methyl phosphonic acid, the color intensity of
the photonic hydrogel decreased considerably. In addition to
the detection of organic pollutants, strategies based on struc-
tural color have also been developed to probe heavy metal ions,
including Ba®* #***3? and Hg**.*** However, despite these signi-
ficant advances, the development of photonic sensors has been
largely limited to spherical nanoparticles, primarily due to the
shortage of 2D photonic building blocks. Recently, 2D nano-
materials such as GO have been engineered to form photonic
structures.”*>3” In particular, exfoliated TiO, nanosheets
formed a co-facial geometry with a photonic colour that is
controllable over the entire visible range by applying stimuli
(Fig. 22d-f)."*” These photonic 2D nanomaterials, with appropriate
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Fig. 22 Colorimetric sensors based on 2D nanomaterials with color-changing capability. (a) Colorimetric glucose sensor from MoS, nanosheets and
glucose oxidase (GOx). (b) Procedure for glucose detection using the portable test kit, involving initiating the test kit (1), loading the serum sample (I1),
60 min incubation at 37 °C (lll), and observing the sample colour (IV). (c) Standard colorimetric card of glucose concentration (from left to right: O, 3, 5, 7,
9, and 12 mM) and images of the hydrogel demonstrating the concentration of the serum glucose in the test kit. (a—c) Reproduced with permission.*2
Copyright 2014, The Royal Society of Chemistry. (d—f) Color changes of 2D TiO, dispersion in response to external stimuli. Optical images of the
magnetically oriented photonic nanosheet dispersion on changing the temperature (d), angle of an externally applied magnetic flux (e) and the pH value

(f). Scale bars are 5 mm in (d—f). (d—f) Reproduced with permission.*?” Copyright 2016, Springer Nature.

surface modification and large surface area, are expected to be
valuable for sensing aqueous pollutants.*”

5.3. Electrochemical sensors

The electrochemical detection of aqueous pollutants typically
relies on detecting electrodes that can produce an observable
electrical signal in response to electrochemical adsorption/
reaction with analytes. A typical electrochemical sensing pro-
cess involves the use of a working electrode, counter electrode,
and reference electrode. The presence of pollutants can induce
a change in current, resistance, capacitance, and potential,
which will be recorded and analyzed. For example, a sensor
prepared by screen-printing conductive inks on a polymer
substrate followed by the introduction of Bi particles and
ferricyanide was developed to detect Cd** and Pb*" (Fig. 23a),
where the electrochemical potential was evaluated.**® Recently,
SnS,, WS,, MoS,, and other 2D nanostructures have been
investigated to boost the efficiency of nanomaterial-based
electrochemical sensors.**'** To improve the sensor signals,
gold and other noble metals have also been implanted into
these materials.**>™**” For instance, Zhao et al. developed a
polypyrrole-rGO (PPy-rGO) nanocomposite-modified glassy
carbon electrode for probing Hg?*.>** During the reducing
reaction of adsorbed Hg>" to Hg® the authors used square
wave anodic stripping voltammetry to achieve high selectivity,
where a low limit of detection (15 nM) and high sensitivity
(0.124 pA nM ') were also attained. The authors found that rGO
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in the nanocomposite is crucial for high sensitivity. As another
example, Zhou et al. reported Mn-mediated MoS, nanosheets
for sensing Pb**.**° The affinity of Pb>* with S atoms from MoS,
nanosheets was promoted by defect- and phase-engineering
processes (Fig. 23b).

In addition to heavy metal sensing, 2DM-based electro-
chemical sensors can detect other pollutants. For example, a
bisphenol sensor was fabricated by integrating MoS, nano-
flowers into a chitosan/Au-based glassy carbon electrode.**®
It was shown that the MoS,/chitosan/Au modified electrode has
a strong anodic peak at around 0.9 V, and there was no
reduction peak in the presence of bisphenol. This can be
explained by the irreversible oxidation of bisphenol at this
potential. In another study, Xia et al. reported a electrochemical
sensor for the detection tryptophan, which was realized by
compositing Ag-doped MoS, with chitosan.**® In the sensing
process, tryptophan undergoes an irreversible oxidation
reaction via a two-electron transfer route. In addition, the
electrochemical detection of acetaminophen was achieved by
combining graphene with MoS,-based electrodes.**® In contrast
to the pristine MoS,, the graphene-MoS, electrodes showed a
superior performance, possibly owing to the high carrier mobi-
lity of graphene. With a large linear range of 0.1 to 100 pM, the
sensor showed a low sensing limit of 2.0 x 10~® M. Huang et al.
reported a WS,-graphene composite for the simultaneous detec-
tion of catechol, resorcinol, and hydroquinone. In comparison
with the pristine electrode and graphene-modified electrode, the
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Fig. 23 Electrochemical sensors based on 2D nanomaterials. (a) Schematic illustration of the fabrication of electrochemical sensors for the detection of
Pb?* and Cd?*. Reproduced with permission.**® Copyright 2014, the American Chemical Society. (b) Electrochemical response (1) and sensitivity (2) of
glassy carbon electrode (GCE), MoS,, and Mn—MoS,-modified GCE for Pb?* sensing. The high response of Mn—MoS,-modified GCE can be explained by
the improved in situ redox reactions (3) with inset showing Pb mapping on the surface of Mn—MoS,. Reproduced with permission.*3° Copyright 2018, The
Royal Society of Chemistry. (c) Array-based color code identification of various pollutant vapors from sensors based on porous graphene oxide (pGO) and
its chemically modified derivatives (phenyl-GO (1), dodecyl-GO (2), and ethanol-GO (3)). The colors are related to the percentage capacitance response
with the color bars displayed on the right. Reproduced with permission.*4° Copyright 2017, The Royal Society of Chemistry.

WS,-graphene electrode exhibited improved electrocatalytic
behaviour for the oxidation of catechol, resorcinol and
hydroquinone.***

For volatile pollutants (e.g., NH; and toluene), gas sensors
can also be useful for monitoring water quality. Here, we briefly
introduce a few recent advances in gas sensing of common
pollutants in water, and a comprehensive review on gas sensing
with 2D nanomaterials can been found in a recent review
paper.’” The surface chemistry of 2D nanomaterials can be
engineered to develop sensors for recognizing different gases.
Yavari et al.*>' developed self-standing graphene foam via CVD
growth on a porous nickel template, followed by template
removal. This graphene foam showed an observable response
to 1000 ppm of NHj;, although a slow recovery time was
observed (~1000 s). GO nanosheets have emerged as a strong
candidate for sensing hydrogen bonding donors owing to their
oxygen-bearing groups, which make GO exceedingly hydro-
philic.*** Ruoff et al.*** confirmed that the interaction between
moisture and the oxygen-bearing groups of GO affects the
device performance, and suggested that highly reduced GO
may be unsuitable for sensing humidity or other hydrogen
bonding donors. Jelinek et al.**® reported a vapour sensor by
integrating porous graphene oxide (pGO), anilinegrafted GO
(phenyl-GO), dodecylamine-grafted GO (dodecyl-GO) and
ethanolamine-grafted GO (ethanol-GO) onto interdigitated elec-
trodes (IDEs). Due to the different surface chemistry of func-
tionalized GO, this array could selectively probe several
analytes, including NH;, moisture, ethanol, toluene, phenol
and cyclohexane (Fig. 23c).

5.4. Pollutant detection via field-effect transistors

2D nanomaterials have attracted increasing attention in FETSs
for pollutant sensing. For a typical FET-based sensor, the
design strategy involves the adsorption of targeted pollutants

This journal is © The Royal Society of Chemistry 2021

on 2D nanosheets, which changes one or several key para-
meters of the FET, such as I,,/Io¢ ratio, threshold voltage, and
field-effect mobility. In particular, semiconducting nanosheets
have been heavily investigated owing to their excellent charge
carrier mobility and suitable bandgaps. In addition, the large
lateral size of 2DM enables them to have conformal contact
with metal electrodes, which reduces the contact resistance in
FET-based sensors. FET-based sensors possess several unique
advantages. For instance, FETs are very responsive, whereas
a relatively longer detection time is commonly expected in
fluorescent sensors. In particular, 2DM-based FET sensors
often feature small dimensions and low power consumption,
facilitating the design of integrated and wearable sensors.

A classic FET-based sensor includes drain (D) electrodes,
channel materials, source (S) electrodes, gate electrodes, and
gate oxides (Fig. 24a). A typical working mechanism of FET-
based sensors involves a conductance change in the channel
material upon the introduction of analytes (e.g., heavy metal
ions) (Fig. 24b). Generally, charge transfer and electrostatic
gating are the two main principles for sensing chemicals in
water. For p-type semiconductors detecting positively charged
heavy metal ions, these two mechanisms compete with each
other since the charge transfer of electrons from p-type 2D
nanomaterials to the heavy metal ions increases the current,
while the current can be reduced by the effective gating effect
(Fig. 24¢).>**> Compared with conventional FETs, there are a few
additional factors that determine the gating effect of FET-based
sensors, such as analyte type and analyte concentration. For heavy
metal ions, a larger electron negativity usually allows a stronger
interaction with channel materials, and thus the gating effect may
occur at a relatively low concentration. Taking Hg>" ions as an
example, the electron negativity of Hg>" is 1.9, which is higher
than that of Pb** (1.8),"****> and thus channel materials often
show higher sensitivity to Hg>" in comparison with Pb**,4>%4°7
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Fig. 24 2DM-based field-effect transistor (FET) for sensing applications. (a) Schematic drawing of a typical field-effect-transistor sensor. (b) Illustrational
example of the current change after pollutant adsorption and desorption on a sensor. (c) Illustration of the effective gate voltage due to the metal ion
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In pursuit of highly sensitive/selective FET sensors, the
judicious selection of the channel material is a key element.
Owing to their unique structures and exceptional electronic
properties, 2D nanomaterials have been investigated for the
development of FET-based sensors for water quality monitoring
and pollutant detection. As a representative 2D nanomaterial,
graphene has gained enormous interest for graphene field-
effect transistor (GFET)-based sensors because of its large
surface area, versatile chemical functionalization, and high
carrier mobility.*>® For example, functionalized graphene field
effect transistors have been demonstrated for Hg** sensing.’*
It was found that the self-assembly of 1-octadecanethiol forms
a large monolayer on graphene. The adsorption of Hg>" by the
functionalized graphene was monitored using AFM, showing
that the thickness of graphene increased to 1.6 nm upon
exposure to mercury. The GFET-based sensor showed a low
detection limit for Hg** of 10 ppm. With the goal of the
practical application of GFET sensors, other strategies are being
pursued, including solution-processable rGO,**”**® and graphene
derivatives.?*>3*°3%1 Ags shown in Fig. 24d, a micropatterning
approach was proposed to fabricate FET sensors for the detection
of metal ions.*"” Serving as the gating materials, micropatterned
rGO films were functionalized with metallothionein type II
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protein due to its high affinity with metal ions. This rtGO-FET
sensor showed an obvious current increase upon the addition
of 1 nM mercury (Hg>"), demonstrating high sensitivity with a
low detection limit. The very same FET sensor also detected
Cd”" at 1 nM with a signal-to-noise ratio of 15-20.

In addition to graphene, the semiconducting properties of
TMDs make them attractive candidates for applications in FET
sensors.*”® For instance, mechanically exfoliated MoS, nano-
sheets have been used to fabricate FET sensors for the detection
of Hg*" ions.*® The strong affinity between the S group and
mercury ions allows the quick and robust binding of Hg>" with
MoS,. The authors observed that the adsorption of mercury
ions leads to p-type doping, and subsequently decreases the
carrier concentration in n-type semiconducting MoS,. These
changes were reflected in the conductance of few-layer MoS,,
resulting in high sensitivity of FET sensors with an ultralow
detection limit. In addition, a DNA-functionalized MoS,/Au nano-
composite FET sensor was developed for mercury sensing.***
A thin layer of Au NPs was sputter-coated on the exfoliated
MoS,, followed by the grafting of DNA molecules. This FET sensor
was also examined under different Hg>* concentrations, in which
the sensor responded to Hg”" within several seconds, confirming
the dynamic response of Hg>" in an aqueous environment.

This journal is © The Royal Society of Chemistry 2021
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For water-sensitive 2D nanomaterials, a thin film of protec-
tion layers, such as metal oxide, is often needed to prevent
irreversible degradation of the channel materials. During the
analysis of aqueous pollutants, an electrostatic double layer
forms at the surface of the adsorbed target analytes, often
causing negative effects on FET-based sensors. This is because
the strong electrostatic double layer (i.e., short Debye length)
reduces the field produced by charged pollutants and/or gate
potential.**® Thus, to mitigate the screening effect on FET
sensors, several direct and indirect strategies, such as involving
a desalination process, use of thin top gate oxide, and the
deposition of functional polymer on channel materials, have
been reported.*®**%* Alternatively, Li et al. fabricated air-stable
black phosphorus sensors by ionophore encapsulation
(Fig. 24e).>”> The ionophore layer could reduce the oxidation
from air, while it allowed the selective permeability of some
molecules. After 7 days of ambient exposure, this ionophore-
encapsulated BP FET sensor showed a source-drain current g
change smaller than 10%. More importantly, this sensor could
effectively probe several hazardous ions with low detection
limits, including Pb**, Cd**, Hg”*, and AsO,".

6. Conclusion and perspectives

The development of emerging water treatment methodologies
that leverage sophisticated nanostructures of advanced func-
tional materials to clean and monitor various water systems in
a scalable, controllable, affordable, and sustainable manner
presents great research opportunities and challenges for the
next several decades. In this review, we summarized and
evaluated the state-of-the-art works on emerging 2D nano-
materials and their applications in water treatment, high-
lighting the important role of their 2D nanostructure and
exceptional properties in membrane separation, adsorption,
photocatalysis, and pollutant detection. Although it is almost
impossible to cover every research work or paper regarding
2DM, Table 5 aims to provide general information on various
2DM technologies that have already been successfully demon-
strated in the fields of water decontamination and water quality
monitoring.

To realize the large-scale application of 2DM in water
purification, there are a number of challenges that need to be
addressed. Firstly, the production cost of many 2DM remains
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relatively high compared with conventional materials, and thus
significant cost reduction is desirable. Strategies that are based
on high scalability and processability may help to lower the cost
of 2DM. For example, solution-based top-down exfoliation can
achieve the scalable production of 2DM in an affordable
manner due to the use of cheap and abundant layered crystals
(e.g. graphite).>*' Compared with 1D nanomaterials, which
are mostly made from bottom-up approaches from molecular
precursors (such as CVD growth), the top-down exfoliation
techniques for 2D nanomaterials are relatively mature and
readily scaled up in an industrial environment by exfoliating
bulk-layered precursors using sonication or shear force.>*>>*
In addition, the sustainability of 2DM (including production
sustainability and application sustainability) should be considered.
Production sustainability is important to ensure that the con-
tinuous supply of 2DM is sustainable and will minimize any
negative influence on the ecosystem and environment (e.g.,
using less hazardous chemical reagents®** or consuming mini-
mal energy®*>>*®). Since water treatment is essentially a decon-
tamination process, the biocompatibility of 2DM has to be
considered to avoid any possible recontamination of water from
the materials, and thus environmental-friendly 2DM with low
toxicity (e.g., LDHs) should be prioritized.*®> Considering that
most 2DM are made from earth abundant elements (e.g., C, N, B,
Mo, S, and Ti), the sustainability and the issue of material
scarcity will be manageable when judicious measures (e.g,
materials recovery) are taken. From the application perspective,
the continuous use of 2DM should not cause material loss,
degradation, damage, and secondary pollution. Therefore, appli-
cation sustainability is also an important factor. For example,
the widely reported GO laminates are hydrophilic in nature and
can be hydrated in water over time, leading to a change in their
interlayer spacing during membrane separation. This hydration
issue is unsustainable for long-term operations in water desali-
nation. Thus, methods that can maintain precise nanochannels
with long-standing operational stability need to be developed.
For solar desalination membranes, the formation of high-
throughput channels is essential for efficient water transport
and high-performance solar desalination, and thus advanced
self-assembly and directed assembly strategies that form ordered
structures with high-throughput channels can be highly beneficial.
For example, the self-assembly of 2D nanomaterials can lead to
various ordered nanoarchitectures, ranging from orientationally
ordered to positionally ordered structures.>®’ Recently, Yang’s

Table 5 Overview of several 2D nanomaterials with their applications in water decontamination and water quality monitoring

Gr TMDs BP MXene h-BN 2-C3N, LDH MOF/COF
Filtration +455 +69 +70 +71 +72,98,466 +467 +468f470
Solar desalination 171 166 {167,472 4473 4474
Adsorption +475 176477 +478 +100 +479 480 481-483 4484
Photocatalysis +485,486 +487—489 +490,491 +492,493 +494 +495—499 +500—502 +503—507
Fluorescent SenSing +5()8 +5()9 +510 +5117513 +514 +5157517 +518 +519
Electrochemical sensing 4520 4521 522,523 4524-526 4527 528,529 4530 4531
FET Sel’lSOra +532—534 +535,536 +537 +538 +539,540

“ Field-effect transistor (FET) sensors here only consider the use of 2D nanomaterials for channel materials, while non-conductive 2D

nanomaterials (e.g. h-BN) may be also used as separators in FETs.

This journal is © The Royal Society of Chemistry 2021
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group developed a lamellar liquid-crystal phase of 2D MXene
to achieve the vertical alignment of nanosheets for fast ion
transport.>*® These self-assembly and directed assembly tools
appear to be attractive approaches to fine-tune the transport
channels of 2DM-based nanostructures, and thus the implemen-
tation of the above approaches in water treatment process needs
more research attention.

For the processes of adsorption, photocatalysis, and sensing,
efficient manipulation of the material-pollutant interaction is
needed for the development of a new generation of intelligent
nanostructures that are multifunctional, selective, adaptive, and
programmable. Since weak and unspecific interactions with
pollutants are seen in many pristine, defect-free 2D nanocrystals,
the defect engineering of 2D nanomaterials can greatly improve
the selectivity of pollutant absorption. This is often due to the
presence of dangling groups on the surface of 2D nanomaterials,
and appropriate defect engineering is often used to improve
the performances of adsorption, catalysis, and detection. For
example, according to the hard-soft-acid-base (HSAB) theory,
TMD (such as MoS, and MoSe,) nanosheets possess soft dangling
groups including S and Se, and thus interact strongly with soft
acids such as Hg”>" and Pb>", while the surface groups of MXene
contain -F and -OH, leading to better adsorption on hard acids
such as U(v1).>* Furthermore, chemical programmability through
the fabrication of multi-component assemblies and superlattice
2D nanomaterials®® may achieve multiple functions (e.g.,
removal of multiple pollutants) in a single material system. For
example, combining photocatalysts with membranes can enable
the photocatalytic degradation of organic foulants, alleviating
organic fouling in membrane separation.’® In the future, the
field of 2D nanomaterials is expected to witness tremendous
innovation in synthesis methodologies, device fabrication, post-
processing, and performance characterization. Although some
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have yet to be directly used for water treatment, Table 6 and
Fig. 25 aims to summarize the recent encouraging development
of nanomaterial synthesis, device fabrication/processing and
performance characterization related to 2D nanomaterials and
potentially transformable to water-related applications.

In the past decade, the development of advanced robotics
and manufacturing techniques in materials science has
emerged as a rapidly expanding area of research. Remarkably,
Masubuchi and co-workers demonstrated a robotic system
that could autonomously assemble van der Waals hetero-
structures.”>>>®' With the capability of autonomously detecting
monolayers, the robotic system could stack four cycles of the
designated 2D nanosheets per hour with minimal human
intervention, realizing the production of a complex superlattice
consisting of 29 alternating layers of graphene and h-BN.
Recently, robotic arms have been integrated in layer-by-layer
assembly processes, such as the fabrication of 2D clay-
embedded polyelectrolyte multilayer membranes.>*® With the
aid of robot arms, the numbers of polymer layers between clay
depositions can be readily controlled, leading to the precise
tuning of the interlayer spacing in separation membranes.>**>%®
In addition, additive manufacturing (e.g,, 3D printing) has
attracted tremendous interest from the industry and research
community.**>****%¢ 3D printing allows the pervasiveness of
desktop-size and relatively low-cost fabrication units, enabling
tremendous opportunities for the rapid prototyping of 2DM-based
devices.”"*** Zhang et al. developed a 3D-printed graphene aerogel
with unique mechanical and electrical properties.”®” Recently,
Tour’s group described the synthesis of structured graphene foam
using a modified, automated 3D-printing process.*®*® The authors
further refined the graphene foam into more complex 3D shapes
using laser techniques. Although these works are not directly
related to water treatment, the advanced manufacturing may offer

Table 6 Examples of emerging technologies in the field of functional nanomaterials

Emerging field Examples

Capabilities & features

Nanomaterial synthesis Robot-assisted

synthesis van der Waals materials
High-throughput Continuous flow exfoliation
synthesis method

Autonomous robot assembly of

Accelerated development of complex nanostructures
with less human intervention®°

Continuous production of high quality 2D
nanomaterials with good consistency>>"

Heteronanostructures Block-by-block epitaxial growth of Precise modulation of chemical compositions and

2D heterostructures

Green chemistry

graphite

Device fabrication 3D printing

Robotic assembly

Orientation Liquid-crystalline assembly
engineering

Large-scale Roll-to-roll production of
manufacturing 2DM-based photoelectronics

Post-processing & Fast processing

characterization & analysis techniques
Data-centric
informatics
Advanced imaging &
probing

Photonic sintering

Machine learning
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Electrochemical exfoliation of

3D printing of 2D nanomaterials
and their composites
Robot-assisted LbL assembly

Cryogenic electron microscopy

electronic structures®>?

Providing a low hazard, and highly scalable
method>?*>**

Fast prototyping and flexible fabrication of 2DM-based
devices®">>

Fabricating multilayer membranes for wastewater &
effluent treatment®>°

Liquid-crystalline 2D nanosheets can form structures
with high orientational ordering**”**®

Reducing the production cost and enabling possible
industrial applications®®’

Improved conductivity of printed films on polymer
substrates within seconds®>®

Rapid prediction of the bandgaps of 2D
nanomaterials®>®

Clarifying micro-/nanostructures*
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Fig. 25 Overview of the recent innovations in synthesis, manufacturing/processing, characterization, and simulation/analysis, which may potentially
improve and optimize current water technologies. Reproduced with permission.>*%-°* Copyright 2018, Springer Nature. Reproduced with permission.>*
Copyright 2019, The Royal Society of Chemistry. Reproduced with permission.®®? Copyright 2020, Wiley-VCH. Reproduced with permissions. Copyright

2019,5%% the American Chemical Society.

unique opportunities to develop innovative 2DM and 2DM-based
composites for water-related applications.

In pursuit of a new generation of intelligent materials for
water treatment, it remains extremely important to build a
fundamental structure-processing—performance relationship
using innovative theoretic approaches (e.g., machine-learning
method). Thanks to the recent algorithmic developments,
data-driven approaches are starting to play a significant role
in materials engineering.”®*"®®® These data-driven methods,
e.g., machine learning, data mining, and artificial neural
network, have demonstrated the ability of fast predicting
material structures/properties based on past data instead
of by performing experiments and simulations.”®> Machine
learning can be particularly helpful for predicting the proper-
ties of 2D nanomaterials when measuring/computing using
traditional methods is expensive or time consuming. For
instance, the machine-learning approach was used to predict
the bandgap of MXene using several machine-learning
algorithms.>> Among these algorithms, the authors found
the calculated bandgap with lowest root-mean-squared error
(RMSE) of 0.14 eV. However, despite increasing data-driven
efforts on 2DM in the energy field,°° the investigation of
2DM-based water treatment remains an underexplored avenue,
and thus certainly needs more attention.

High-throughput manufacturing of stable 2D materials with
high quality and low cost is critical toward the realization of
mass commercialization. Production cost, scalability, process-
ability, stability, and the quality of 2DM are important and
sometimes interdependent factors that should be considered
simultaneously for large-scale implementation.®®” For example,
improving scalability via roll-to-roll manufacturing will also

This journal is © The Royal Society of Chemistry 2021

lead to a lower production cost for 2DM.%°® In the case of
stability, the challenge of maintaining long-term stability and
high performance simultaneously may be even more urgent
under the current scenario. In fact, many water treatments
involve harsh conditions, such as strong chemicals, extreme pH
values, high salinity and high humidity. Recent progress in
device passivation and packaging has provided improved stability
for various 2D nanosystems against oxygen and moisture;*°
however, techniques that can maintain the high quality of 2DM
over an extended period of time (10+ years) under severe condi-
tions have yet to be developed. Addressing this challenge not only
requires material innovation (such as surface chemistry and
compositional nano-structuring), but also calls for fundamental
understanding of the underlying physics/mechanism of these
processes. Therefore, future pioneering research from diverse
and multidisciplinary areas is needed to advance the fundamental
understanding of the structure-behavior-property relationship
and facilitate the development of multifunctional, selective,
adaptive, programmable 2DM-based devices for water treatment
applications.
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