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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
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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 mult