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and Morgan in 1959 and utilized by Cad-
otee in 1981.[10] TFC membranes are fab-
ricated via an interfacial polymerization 
(IP) process involving two monomers: 
an amine such as m-phenylenediamine 
(MPD), piperazine (PIP) and phenylen-
ediamine (PPD) dissolved in an aqueous 
solution; and a polyfunctional acid chlo-
ride such as trimesoyl chloride (TMC) 
dissolved in an organic solvent.[11] As 
shown in Figure  1a, a common configu-
ration of TFC membranes includes: 1) a 
top ultrathin skin polyamide (PA) layer 
(200  nm) which controls the separation 
performance; 2) a middle porous support 
layer (60  µm) which provides the neces-
sary mechanical support and functions 

as a platform for IP process; and 3) a bottom nonwoven fabric 
layer (100 µm) which gives further mechanical support.[12] With 
the advantages of this structure, TFC membranes can achieve 
efficient separation while maintaining mechanical strength.

Despite its wide applications, TFC membranes are still 
facing many challenges, particularly, the trade-off between the 
water permeability and the solute rejection in PA films.[13] The 
latest review in 2019 presented a more accurate upper bound 
of polymer TFC membranes through analyzing more than 
300 TFC-related studies, as shown in Figure  1b.[14] Based on 
the solution–diffusion mechanism of the TFC membranes, an 
increase of water permeance would inevitably lead to a decrease 
of solute rejection. There is an ultimate limit for the develop-
ment of traditional polymer TFC membranes. Moreover, mem-
brane fouling and chlorination pose constant challenges in the 
application of polymer TFC membranes. However, the demand 
for freshwater in human society seems  bottomless, and thus 
high-performance TFC membranes are required.

Integrating nanomaterials into the polymer TFC mem-
branes to form TFN membranes has been identified as a prom-
ising technique to solve the drawbacks of TFC membranes. 
In 2007, Hoek and co-workers[15] originally developed a thin-
film nanocomposite (TFN) membrane by adding NaA zeolite 
into the PA matrix. Afterward, various advanced nanomate-
rials, carbon nanotubes,[16,17] zeolite,[15–19] inorganic nanopar-
ticles,[20,21] zeolitic imidazolate framework,[22,23] metal-organic 
framework,[24] and so on have been incorporated with TFC 
membranes. Particularly, the 2D forms of these nanomate-
rials are believed to be excellent candidates for fabricating 
high-performance TFN membranes. This work is to make an 
exhaustive examination of current research on 2D materials 
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1. Introduction

With the increasing world population and level of industrializa-
tion, the freshwater shortage has become a critical issue that 
threatens humans.[1] Currently, ≈1 billion people are suffering 
from the freshwater shortage, and the number may reach 
3 billion by 2025.[2] Given that seawater counts 97.5% of the total 
water resources on Earth, seawater desalination has become 
an effective method to augment the freshwater supply.[3,4] In 
addition, water recycling from industrial or municipal waste-
water is another effective strategy to alleviate the challenge of 
freshwater shortage.[5,6] Compared with thermal desalination or 
conventional wastewater treatment processes, membrane-based 
separation technologies, especially reverse osmosis (RO), nano-
filtration (NF), and forward osmosis (FO), are easier to operate, 
more energy-efficient, and have less environmental impacts.[5–9] 
Under these merits, membrane technologies show critical 
importance across scientific and engineering disciplines.

Among currently feasible techniques, the state-of-art 
membranes for RO, NF, and FO processes are thin-film com-
posite (TFC) membranes that were first proposed by Emerson 

Adv. Mater. Technol. 2021, 6, 2000862

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmt.202000862&domain=pdf&date_stamp=2021-02-22


www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2000862 (2 of 15)

www.advmattechnol.de

based thin-film nanocomposites (2D-M-TFN) membranes. 
Here, we first introduce the 2D nanomaterials that have been 
applied in the TFN membranes. Then, the 2D-M-TFN mem-
branes are categorized into two sections, depending on the 
existing pattern of 2D material in the TFN membranes. The 
first one is mixed matrix TFN, where 2D materials are ran-
domly dispersed inside the polymer matrix. The other is 2D 
laminar layer TFN, where the 2D materials are fabricated as a 
laminar layer either above or below the polymer layer. They are 
named as the mixed-matrix functional layer (MMF) TFN mem-
branes and laminar structured 2D-M-TFN membranes, respec-
tively, as shown in Figure 2. The functions and effects of the 
2D nanomaterials in those two modes are elucidated in the two 
sections, respectively. Finally, the most urgent challenges and 
corresponding opportunities that emerge regarding 2D-M-TFN 
membranes are highlighted.

2. 2D Materials in TFN Membranes

Since it has been found that GO nanosheets can present an 
interlayer channel for ultrafast water molecule transport, var-
ious 2D materials have been widely researched and developed 
into membranes in the field of water treatment.[25] So far, 2D 
materials that have been applied to TFN membranes include 
graphene oxide (GO), molybdenum disulfide (MoS2), graphitic 
carbon nitride  (g-C3N4), hexagonal boron nitride (h-BN) and 
MXene. The detailed information of these materials is intro-
duced below.

GO can be regarded as a monolayer of graphite with multiple 
oxygen-containing groups, such as epoxy, carbonyl, carboxyl, 
and hydroxyl groups. The most commonly accepted chemical 
structure of GO, shown in Figure  2d, is the Lerf–Klinowski 
model.[26] In 2014, Baoxia et  al.[27] reported a GO laminar 

Figure 1. a) The conceptual illustration of TFC membrane and b) the upper bound of TFC membranes. b) Reproduced with permission.[14] Copyright 2019, 
Elsevier.

Figure 2. a) Conceptual illustration of MMF 2D-M-TFN membrane. Conceptual illustration of the laminar structured 2D-M-TFN membrane: b) 2D 
laminar protective layer and c) 2D laminar sublayer. d) Conceptual illustration of 2D materials applied in TFN membrane.
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membrane that can be noncovalently fabricated through 
layer-by-layer (LbL) assembly via vacuum filtration. Due to its 
unique nanochannels between GO nanosheets, water mole-
cular is allowed to permeate as speed ten orders of magnitude 
faster than that of He. Afterward, this hydrophilic, negatively 
charged, flexible nanosheet has been commonly used in the 
field of water treatment.[28–32] It is also the most widely reported 
2D material applied in TFN membranes.[33]

MoS2, a typical transition metal dichalcogenide (TMD), is a 
2D nanosheet sandwich composed of hexagonal layers of Mo 
and S atoms,[34,35] shown in Figure  2d. The unique character-
istics of MoS2 include negative charge, hydrophilicity, high 
rigidity, low water resistance, and an interlayer channel of 
≈0.62 nm, which allows water molecules to pass through while 
rejecting Na+.[36] In 2013, laminar MoS2 membranes were suc-
cessfully developed with excellent dye separation capabilities.[37] 
Then, a  dynamics simulation work in 2015 showed the possi-
bility of applying MoS2 membranes to desalination.[38]

g-C3N4 is a novel type of 2D material consisting of C, N, and 
some impurity H, connected via tris-triazine-based patterns. 
The high thermal stability and hydrothermal stability enable 
this material to maintain high performance in complex liquid-
phase environments.[39] In addition to forming internal chan-
nels like other 2D materials, its unique uniform nanopores, as 
shown in Figure 2d, can also enhance the interlayer transport 
of water molecules. In recent research, this ideal 2D material 
has been used in water treatment[40] and has shown remarkable 
potential in desalination.[41,42]

h-BN, so-called “white graphene,” consists of stacked sheets 
of covalently bonded alternating boron (B) and nitrogen (N) 
atoms within a hexagonal network (Figure 2b). It has a host of 
excellent properties, including mechanical robustness, thermal 
stability, chemical inertness, and nontoxicity.[43,44] Due to the 

similar structure to graphene, h-BN is expected to have an 
extremely high value in the field of water treatment, which is 
supported by many studies.[45–48]

MXene materials are transition metal carbides, nitrides, 
and carbonitrides, with a general chemical formula of Mn+1Xn 
(or Mn+1XnTx), where M, X, and T represent early transition 
metals, carbon and/or nitrogen, and surface functionalities 
added through etching (e.g., –O, –F, or –OH), respectively.[49,50] 
The latest review by Karahan et al.[51] thoroughly discussed the 
preparation and physicochemical characteristics of MXene and 
introduced the applications of this material in the field of mem-
brane-based separation.

3. Mixed-Matrix Functional Layer TFN 
Membranes
MMF is the most primitive and straightforward TFN mode, in 
which nanofillers are randomly distributed in the PA matrix. 
The mainstream preparation method of MMF 2D-M-TFN 
membranes is very simple and almost the same as the labo-
ratory-scale TFC membrane preparation process. As shown in 
Figure  3a, a porous-supported UF membrane, typically PES, 
PSU, or PSf, is prepared via a simple phase inversion tech-
nique. The prepared UF membrane is subsequently immersed 
into an aqueous solution with amine monomers, such as MPD, 
PIP, or PPD. The excess aqueous solution remaining on the UF 
membrane is removed by squeezing the membrane under a 
butadiene rubber roller. After that, the membrane is immersed 
in a TMC hexene solution to form a PA layer via IP. Last, 
washing, drying, and heating can be applied as posttreatment. 
During this process, 2D materials can be dispersed into either 
the aqueous solution or the hexene solution, depending on the 

Figure 3. a) The laboratory-scale synthesis routes of MMF 2D-M-TFN membrane. b) Conceptual illustration of interfacial channel and c) interlayer channel. 
b,c) Adapted with permission.[132] Copyright 2018, Royal Society of Chemistry.
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compatibility between 2D materials and the aqueous or hexene 
phases.

In the resulted MMF 2D-M-TFN, 2D materials serve as ran-
domly dispersed nanofillers rather than as a continuous selec-
tive layer. The changes of the TFN membranes fabricated by this 
approach can be classified into additional channels, improve-
ment of surface hydrophilicity and electronegativity, effects on 
structure and morphology, and aggregation impact. The mecha-
nism and implications for membrane performance of those 
changes are discussed in the following aspects, respectively.

3.1. Additional Channels for Water Molecules

In MMF mode, 2D materials do not directly influence the 
separation mechanisms of the polymer matrix; instead, it func-
tions as noncontinuous nanofillers claimed to have better mass 
transfer performance and thus can enhance the overall mass 
transfer and achieve better membrane performance. The cen-
tral hypothesis explaining the enhancement of the overall sepa-
ration performance is that introducing 2D nanosheets forms 
additional water molecular transport channels. There are two 
possible forms of additional channels in the MMF 2D-M-TFN 
membrane.

The first type of channels is the interfacial channel 
(Figure  3b) between PA and 2D materials. Such channels 
allow water molecules to pass more quickly than in the 
polymer matrix. This hypothesis was initially proposed for 

other nanofiller TFN membranes. For example, apparent 
boundaries and voids between Ag nanoparticles and PA were 
observed by TEM.[52] However, such boundaries and voids have 
not been observed in MMF 2D-M-TFN membranes, which 
might be due to the better compatibility between PA and 2D 
materials. Taking GO as an example, there are noncontinuous 
hydrophilic and hydrophobic regions on the surface of GO,[26] 
where the oxygen-containing groups in the hydrophilic region 
could be hydrogen-bonded to amide groups of PA. Thus, a 
noncontinuous and cave-like microstructure formed between 
the nanosheet and the PA, which are not detectable by TEM 
but can still let water molecules passing through. The same 
situation may also occur in oxidized MoS2

[53,54] and aminated 
h-BN.[43,55,56]

The other type of channels is the interlayer channels 
between nanosheets (Figure  3c). It has been found in pre-
vious researches that the nanofillers with inner channels can 
significantly improve water permeability of TFN membrane. 
Afterward, a hypothesis was proposed that water molecules 
can pass much more quickly through those channels than 
in PA matrix.[57] Similarly, the inner layer channels formed 
among 2D nanosheets can also present an ultrafast passage 
for water molecules transport in MMF 2D-M-TFN mem-
branes, contributing to the improvement of water permea-
bility. However, unlike the nanofillers with intrinsic channels, 
a critical issue cannot be ignored whether interlayer channels 
exist in the PA matrix or not. For 2D materials with a poor 
dispersibility and are hard readily prepared in single-layer 

Figure 4. Surface water contact angle and electronegativity of a) GO, b) h-BN, and c) MoS2 based MMF TFN membrane. a) Reproduced with permis-
sion.[65] Copyright 2017, Elsevier. b) Reproduced with permission.[44] Copyright 2013, Royal Society of Chemistry. c) Reproduced with permission.[54] 
Copyright 2020, Elsevier.
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nanosheets, similar intrinsic inner layer channels exist and 
can directly employ this hypothesis. For 2D materials with 
good dispersibility, like GO, they may exist as individual 
nanosheets without forming any interlayer channels. Here, 
confirmation of multilayer stacks formed by 2D nanosheets in 
PA matrix is necessary. Yin et al.[58] reported GO-based MMF 
TFN membranes and discussed the possibility of GO forming 
the multilayer stacks in the functional layer. First, multilayer 
stacks of the GO nanosheets were observed in TEM images 
and d-space between GO layers was measured as 0.83 nm by 
XRD before introducing into the PA matrix. Second, the syn-
thesized GO TFN membrane showed a 2D band at approxi-
mately wavenumber of 2710 cm− 1 in the second-order Raman 
spectrum due to zone-boundary phonons, which was higher 
than the typical peak (2679 cm−  1) of a single-layer structure. 
This phenomenon proves that multilayer nanosheets stack 
with interlayer chann el existed in the TFN membrane. 
A direct evidence is that the stacks of MoS2 were observed 
in TEM image of the membrane cross-section. As shown in 
Figure  5c, the position of 2D nanosheets with size of hun-
dreds of nanometers is dark and can be considered as pres-
ence in multilayer.[53]

Except for the formations of additional channels, the rigid-
ness and orientation of 2D nanosheets in the PA matrix affect 
the membrane performance as well. From the perspective of 
rigidness, rigid nanosheets do not deform during the synthesis 

process, so they could present straight channels which may 
give better mass transfer of water molecules. In contrast, flex-
ible nanosheets, such as GO, maybe curl up in the membrane 
functional layer, which lengthens the water transport path, so 
the contribution to overall membrane performance could be 
minimal. From the perspective of orientation, vertical channels 
are beneficial to enhance the transmission of water molecules 
theoretically, because the vertical additional channels present 
the shortest pathway for water molecules transport. However, 
nanosheets are more likely to exist in the horizontal orienta-
tion due to pressure, flow, squeezing, and other factors during 
the preparation process. This factor will be further discussed in 
detail in Section 4.2.

3.2. Improvement of Surface Hydrophilicity 
and Electronegativity

Here, the main changes include the enhancement of the hydro-
philicityand electronegativity of the membrane surface (shown 
in Figure  4). Generally, the improvement of hydrophilicity is 
considered to be another important factor in increasing water 
permeability as it contributes to the adsorption of water mole-
cules. Embedding hydrophilic fillers and/or increasing surface 
roughness are effective methods to increase the hydrophilicity 
of the membrane surface. h-BN,[55] MoS2,[59] Ti3C2Tx MXene,[60] 

Figure 5. a) Conceptual illustration of GO effects on IP. b) Morphological changes after introducing GO into aqueous solution. c) Cross-section 
TEM image of MoS2 based MMF TFN membrane. d) AFM image of TFC and MoS2 based MMF TFN membrane. b) Reproduced with permission.[81]  
Copyright 2016, Elsevier. c,d) Reproduced with permission.[53] Copyright 2020, Elsevier.
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and CN[61] are hydrophilic and rigid 2D materials that increase 
surface roughness after being embedded into the functional 
layer and have a significant effect on improving the hydro-
philicity of TFN membranes. GO can be considered the most 
hydrophilic 2D material. Although the surface will become 
smoother due to the limitation of diffusion during IP process, 
improvements in the hydrophilicity of GO-based MMF TFN 
membranes were still found in most related studies. Further-
more, 2D nanosheets functionalized with hydrophilic groups 
show the ability to further enhance the surface hydrophilicity, 
such as PVA-modified GO,[62] maleic anhydride-functionalized 
GO nanosheets (MAH-GO),[63] amine-functionalized BN, oxi-
dized MoS2,[53] and TA-functionalized MoS2.[54]

As discussed above, the enhancement of water permeability 
is mainly due to the additional channels and enhanced hydro-
philicity introduced by 2D materials. In addition, the salt rejec-
tion was also improved in some reports after embedding 2D 
nanosheets,[59,64–67] according to the Donnan exclusion theory.[68] 
The overall electronegativity of MMF 2D-M-TFN membranes 
can be improved by introducing more electronegative 2D mate-
rials to obtain better salt rejection performance. Chae et  al.[64] 
developed a GO-based TFN membrane for RO desalination. 
They found that the salt rejection of the TFN membrane was 
significantly enhanced compared with that of the original TFC 
membrane. Membrane characterization showed that the GO 
TFN membrane had a more negative zeta potential than the 
original TFC membrane, which was the reason for the improve-
ment in salt rejection. In a study of oxidized MoS2 MMF TFN 
membranes,[53] the loading rate of MoS2, salt rejection, and the 
absolute value of zeta potential were positively correlated.

3.3. Effects on Structure and Morphology

Embedding 2D materials into polymer matrix inevitably 
impacts on the structure and morphology of the PA functional 
layer. In the IP process, the structure and morphology of PA 
layer are directly determined by the localized concentrations 
of the amide (for example, MPD) and TMC monomer on the 
substrate surface. Generally, the lower the monomer concen-
trations are, the thinner and smoother the PA layer would be. 
The embedded nanosheets would impact the functional layer 
by reducing the activity and localized concentrations of MPD in 
two possible ways.

First, 2D nanosheets can reduce the activity of the MPD 
solution by blocking its amine groups. The oxygen-containing 
groups and amino groups on the surface of 2D materials can 
form hydrogen bonds with the amine group on MPD, which 
would collide with TMC when 2D materials absent. The formed 
complex would not only result in a steric hurdle but also 
requires more energy for TMC to replace the hydrogen-bonded 
2D materials to collide with MPD. Therefore, the eventual PA 
layer is believed to be thinner and smoother than that when 
2D material is absent. Previous studies confirmed this reac-
tion between amide monomers and 2D nanosheets that the 
MPD solution was easily oxidized, and the color of the solution 
changed from transparent to black within a few hours. Upon 
adding GO to the solution, the color changed little with time, 
which means the reactivity of MPD was reduced by GO.[65]

The other impact is named as “limitation of monomer dif-
fusion.” According to previous works on the mechanism of IP, 
the commonalities are that the faster the diffusion rate of the 
aqueous monomer, the thicker the PA film and the rougher 
surface.[69–73] Generally, after IP consumes the amide monomer 
at the interface, other amide monomers in the solution will 
diffuse to the interface and participate in the reaction. This 
maintains the localized concentration of the monomer at the 
reaction interface. However, aqueous monomers will have 
a lower diffusion rate in the hydrophilic substrate because of 
strong mutual attraction and lead to a reduced monomer con-
centration at the interface. Therefore, if 2D materials are polar 
and hydrophilic, they could also limit amide monomer diffusion 
in solution and reduce the localized concentration. In short, 
although 2D materials are not directly involved in the reaction, 
they have reduced effectively localized concentration of amide 
monomer via the above two impacts. The most direct effect of 
this is that the functional layer becomes thinner and smoother, 
and the cross-linking degree of PA becomes low.[64,74–80]

The above phenomena have been observed in nearly all the 
studies of GO MMF TFN membranes.[16,81–89] Compared with 
TFC, TFN becomes smoother and thinner to varying degrees 
after embedding GO nanosheets. The similar phenomenon 
is also observed in MMF TFN with other 2D materials in high 
polarity and/or rich functional groups, including amine function-
alized-BN,[43] MoS2,[59] oxidized MoS2

[53] and Ti3C2Tx MXene.[60] 
However, those 2D materials are rigid and hard to reform during 
the preparation process. Therefore, the large humps shown in 
Figure 5d, unlike the typical ridge formation of the conventional 
PA surface, are formed on the surface, increasing the roughness 
of the membrane surface. Weakly polar CN has little effect on 
IP, and the thickness of the functional layer does not change 
significantly.[61] Only one special case shows the exact opposite 
effect, in which acyl chloride graphene oxide (COCl-GO) was 
embedded in the polyamide (PA) layer, causing a rougher sur-
face and thicker functional layer.[90] The researchers believe that 
GO nanosheets with acyl chloride groups were involved in the IP 
as a hexene monomer. Thus, the PA chain formed between the 
nanosheets and expended the inner layer space of GO, resulting 
in an increase in thin-film thickness. However, it is more likely 
that the π electron distribution on GO makes the reactive inter-
mediate (CO+-R-GO) more stable, reducing the reaction energy 
and accelerating the reaction.

3.4. Aggregation Impact

Aggregation is a common phenomenon in MMF 2D-M-
TFN membranes as the loading rate of 2D materials 
increases, water permeability increases first and then decre
ases.[43,64,65,67,80,81,83,84,91,92] When the 2D material content in the 
monomer solution is higher than a certain value, the dispers-
ibility becomes poor, forming impermeable inorganic aggre-
gates that cause reduced water flux. Aggregation impacts may 
also cause a severe decrease in salt rejection, which is because 
massive inorganic aggregates can destroy the continuity of the 
PA layer and cause defects. Such synchronous reductions in 
both water permeability and salt rejection in MMF 2D-M-TFN 
membranes with high loading rate of 2D materials have been 
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found in many related studies.[58,65,81,82,85] In addition to the 
reductions of water permeability and salt retention, another typ-
ical aggregation phenomenon is the formation of large humps 
on the surface. Taking GO as an example, when the loading rate 
is low, the surface of the TFN membrane becomes smoother, 
as mentioned in Section 3.3. Upon further increasing the GO 
loading rate, the TFN membrane becomes rougher, and the 
large humps are found on the membrane surface.[58]

Improving the dispersibility of 2D materials in solution 
and increasing their compatibility with the PA matrix through 
functionalization are effective ways to alleviate the aggrega-
tion impact. Generally, the higher the zeta potential is, the 
more stable the dispersion of 2D materials would be.[93] Poly-
vinylpyrrolidone (PVP)-modified GO had a higher absolute 
value of zeta potential than the original GO in aqueous solu-
tion.[62] As shown in Figure  6b, the surface of the PVP-GO 
TFN membrane has fewer smooth regions (agglomeration on 
the surface) than that of the original GO membrane, which 
proofed improvement of compatibility between PA and GO 
by PVP modification. Another example is that MoS2 prepared 
by the modified Hummers’ method[94] with more  hydrophilic 
oxygen-containing functional groups showed better dispers-
ibility in aqueous solution.[53] In a tannic acid (TA)-functional-
ized MoS2 TFN membrane, the interface compatibility of the 
two phases was improved by covalent interactions between TA 
molecules and the PA matrixes confirmed by the peak of ester 
groups formed between TA and TMC in the FT-IR spectrum.[54] 
In addition, hydrophilic amine-functionalized BN nanosheets 
could easily achieve a homogeneous dispersion in aqueous 
solution,[43,56] significantly prohibiting their aggregation.

3.5. Mass Transport Discussion

The most accepted transport mechanism for membranes 
(dense membranes) is the well-known solution–diffusion 
mechanism.[95] The critical factors characterizing membrane 

performance can be ideally expressed as follows, including 
water flux (Jw), solute flux (Js), and rejection (R)[96]

J
K D
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V

R T
p π( )=

∆
∆ − ∆w

w w w

g

 (1)

Here, Kw is the water–membrane partition coefficient, Dw 
is the water diffusion coefficient in the membrane, Δx is the 
thickness of the selective layer, Vw is the molar volume of water, 
Rg is the gas constant, T is the temperature, Δp is the pressure 
difference across the membrane, Δπ is the osmotic pressure 
across the membrane

J
K D

x
C C( )=

∆
−s

s s
f p  (2)

Here, Ks is the solute–membrane partition coefficient, Ds is 
the solute diffusion coefficient within the membrane, Cf is the 
solute concentrations in the feed side, Cp is the solute concen-
trations in the permeate side
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During a membrane-based water treatment process, 
V
R T

p π∆ − ∆( )w

g
 and (Cf  − Cp) are determined by operation 

conditions and can be ideally regarded as constants. D (dif-
fusion coefficient), K (partition coefficient), and Δx are deter-
mined by membrane itself. Here, D represents the diffusion 
rate of the substances within the membrane, and K represents 
the partition rate of the substances on the membrane surface.

The performance improvement of the MMF TFN mem-
branes can be explained by the solution–diffusion mechanism. 
When introducing 2D materials in the membrane, additional 
interfacial channels could also be provided. For interfacial chan-
nels which are nonselective to water and salt, the additional 
channels in the functional layer could reduce membrane mass 

Figure 6. a) The typical trend of permeate flux of GO,[66] h-BN,[44] g-C3N4,[68] and MoS2
[93] based MMF TFN membrane. b) The surface SEM image 

and AFM image of GO and PVP-GO based TFN membrane.[63] a) Adapted with permission.[66] Copyright 2016, Elsevier. Adapted with permission.[44] 
Copyright 2013, Royal Society of Chemistry. Adapted with permission.[68] Copyright 2019, Elsevier. Adapted with permission.[93] Copyright 2020, Elsevier.  
b) Adapted with permission.[63] Copyright 2017, Elsevier.
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transport resistance for both water and salt, improving Dw and 
Ds simultaneously. In this case, Jw and Js could increase at the 
same time according to Equations (1) and (2). The salt rejection 
of TFN membranes would also remain unchanged or only vary 
slightly according to Equation (3). For interlayer channel which 
are selective to water over solute, Dw would be promoted and Ds 
remains unchanged. In this situation, TFN membranes would 
show an increase in water flux and unchanged salt flux. The 
salt rejection could also increase based on Equation (3).[97]

The introduction of 2D materials can also affect membrane 
hydrophilicity, which eventually affect the partition rate of the 
substances on the membrane surface (K).[58,98] In general, most 
2D materials are hydrophilic and the addition of hydrophilic 2D 
materials would lead to an enhancement in Kw and thus the 
improvement of Jw.

The electroproperties of the 2D materials is also important 
since they can alter membrane surface charge and thus affect 
partition rate of solutes (Ks). The change of Ks is determined by 
both surface charge of 2D materials and solute types. As men-
tioned in Section 3.3, for a negatively charged 2D materials[53,64] 
and divalent salts like Na2SO4, and MgSO4, the strong repul-
sive force between membrane surface and the negative charged 
anion could result in a reduction in Ks, thereby reducing salt 
flux and improving salt rejection eventually.

Finally, the addition of 2D materials will cause the change 
of functional layer thickness. For example, membrane thick-
ness become smaller in some GO-based MMF TFN related 
studies.[16,81–89,99] A thinner membrane thickness means a 
reduced Δx, and will improve both water flux and salt flux.

To summarize briefly, the performance enhancement of the 
MMF TFN membranes can be attributed to the change of D 
(diffusion coefficient), K (partition coefficient), and Δx (thick-
ness). As shown in Figure  7, most 2D material based MMF 
TFN membranes present improvements in water permeability 
to varying levels.[66,67,91,92,99–101] In some studies, salt rejection is 
not sacrificed or is even improved. This improvement success-
fully overcomes the bottleneck “trade-off” mentioned above that 
restricts the development of TFC membranes. Even though 
aggregation is an unfavorable phenomenon that is closely 
related to the 2D materials loading rate, dispersibility, and com-
patibility with PA, through reasonable management of these 
three factors, high-performance 2D material based MMF TFN 
films can be developed.

Furthermore, the chlorine resistance and antifouling of 
membranes are highly preferred in practical applications. In 
MMF mode, 2D nanosheets with chemical stability dispersed 
on the surface of the functional layer can effectively protect the 
underlying PA from chlorine attack.[60,91] The improvement in 
the antifouling properties of MMF 2D-M-TFN membranes is 
substantial too. It is considered to derive from the increased 
surface hydrophilicity of the membrane and the more negatively 
charged surface when 2D materials are embedded in the active 
membrane layer. Such materials include GO,[62,63,65,66,91,102] 
MoS2,[53] g-CN,[67] h-BN,[43,56] and MXene.[60]

4. Laminar-Structured 2D-M-TFN Membranes

Although significant improvements of membrane performance 
have been observed form 2D material based MMF TNF, this 
random mixed matrix mode does not fully explore the poten-
tial of 2D materials. The possibility to form a laminar structure 
is the primary feature that distinguishes 2D materials from 
other nanomaterials. Different from random distribution in 
the above MMF 2D-M-TFN membranes, 2D materials can form 
a regular laminar structure in the functional layers of mem-
branes which would further improve the membrane perfor-
mance. Depending on the location and function of 2D laminar 
film, the new laminar mode can be further classified into 2D 
laminar protective layer TFN membrane shown in Figure  2b 
and 2D laminar sublayer TFN membrane shown in Figure 2c. 
The following sections will introduce these two types of lam-
inar-structured 2D-M-TFN membranes in detail.

4.1. 2D Laminar Protective Layer 2D-M-TFN Membranes

Membrane fouling and chlorination are two consistent bottle-
necks that limit separation efficiency, thus developing a 2D lam-
inar film as a protective barrier for TFC membranes has been 
a popular area of research for several years due to the advan-
tages of 2D materials, including chlorine resistance, a smooth 
surface, high hydrophilicity, and negative charge. Unlike con-
ventional surface modification or protective layers for TFC 
membranes which bring additional water transport resistance, 
novel 2D laminar films does not sacrifice water permeability 

Figure 7. a) Main enhancement factors of 2D materials in the MMF 2D-M-TFN membrane. Performance of MMF 2D-M-TFN membrane in b) RO 
and c) NF.
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due to their ultrafast pathways for water molecules. The prepa-
ration methods of the 2D laminar layer have been intensively 
studied which can be directed applied to prepare 2D-M-TFN 
membranes. The simplest method to prepare 2D laminar mem-
branes is a layer-by-layer assembly (LBL-SA) method, where the 
2D laminar film can be noncovalently attached to the mem-
branes surface via a similar way.[103] However, the risk of this 
LBL-SA method is that 2D nanosheets disperse into the hydro-
sphere during operation which leads to reduction of service 
life. Hence, covalent cross-linking[100,104–107] and spin-coating[108] 
methods were proposed to obtain a more stable and durable 2D 
laminar protective layer on the membrane surface. In this field, 
most of the reported research is related to GO, and few studies 
on other 2D materials could be found.

Chlorine or chlorine-based chemicals are widely applied in the 
water treatment process for sterilization purpose. However, the 
active chlorine in water can attack the amide group of PA, causing 
bond cleavage via hydrolysis and eventually destroying the cross-
linked network. This process is termed chlorine-induced degra-
dation, which nominally reduces solute rejection and improves 
water permeability. The contribution of the 2D laminar protec-
tive layer to chlorine resistance, represented by GO, is shown in 
Figure 8a and mainly involves two aspects. On the one hand, the 
nanosheets protect the PA layer like shields to resist attacks from 
active chlorine.[103] The transport speed of larger chlorine-based 

ions is expected to be lower than that of water molecules and salt 
ions due to size exclusion effect of GO laminar layer. In addition, 
according to Donnan effects, negatively charged GO nanosheets 
could also enhance the diffusion resistance of chlorine-based 
anions. Consequently, the GO laminar protective layer serves 
as an effective barrier that blocks direct contact between active 
chlorine and PA. Here, the integrity of the “shield” is the key 
to effectively blocking active chlorine. Choi et  al.[103] found that 
only when the theoretical number of GO layers is greater than 
or equal to 5 does the membrane show high chlorine-resistance 
performance as shown in Figure  8c, because too thin laminar 
films are difficult to effectively reject ClO− due to a large number 
of defects. On the other hand, functional groups of GO can serve 
as sacrificial agents to react with active chlorines and fix them on 
nanosheets before they reach PA layer. OCl bonds are found in 
GO laminar films after being chlorinated,[108] which is evidence 
of the above assumption.

TFC membranes suffer from membrane fouling caused 
by various materials, including solutes, organisms, inor-
ganic colloids, and biomass. Membrane fouling reduces water 
permeability, deteriorates water quality, and increases energy 
consumption.[109,110] Smoother, more hydrophilic, and more 
negatively charged surfaces have proven to be beneficial for anti-
fouling;[111] these properties are perfectly matched with the char-
acteristics of 2D nanosheets. Therefore, a 2D laminar protective 

Figure 8. a) Main functional of the 2D laminar protective layer. b) Morphological changes of membrane surface after coating 2D laminar protective 
layer. c) The changes in water flux and salt rejection of the number of GO layers after the chlorination process and d) time-dependent relative flux 
recovery of TFN membranes during three BSA solution fouling–cleaning cycles. e) Long-term operation performance of the TFN membranes in terms 
of normalized flux and rejection during the filtration of BSA solutions. b,c) Adapted with permission.[103] Copyright 2013, American Chemical Society. 
d) Adapted with permission.[61] Copyright 2017, Elsevier. e) Adapted with permission.[60] Copyright 2019, Elsevier.
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layer is expected to effectively enhance the antifouling perfor-
mance of membranes, as shown in Figure 8a. For instance, the 
total fouling resistance of the h-BN TFN membrane during the 
filtration of hydrophilic natural organic matter increased by 
almost 50%, as shown in Figure 8d, which was attributed to the 
higher hydrophilicity and negative charge density of the h-BN 
laminar surface.[61] Choi  et  al.[103]  used aminated GO and GO 
with an opposite surface charge to construct a GO laminar bar-
rier on top of the PA layer which exhibited improved protein 
resistance. GO functionalized with chitosan covalently attached 
to the PA surface presented a better bovine serum albumin 
resistance.[104] Additionally, 2D materials have been proven to 
be novel antimicrobial agents,[112,113] which suggests that a 2D 
laminar layer could effectively resist biofouling as well. Subse-
quent studies have confirmed this view,[100,107] and functional-
izing nanosheets with conventional antimicrobial agents, such 
as Ag,[105,106] could further improve the biofouling resistance.

The lack of detrimental effects on the separation capability 
of the original membranes is the major advantage of 2D pro-
tective layer compared with the conventional protective layers. 
The transport of water molecules in this mode can be divided 
into three steps. The first step is ultrafast transport of water 
molecules across the 2D laminar film through inner layer chan-
nels. Second, water molecules transfer in the interface between 
the 2D laminar layer and the PA layer. In the last step, water 
molecules are distributed into and diffused through the PA 
selective layer. The high water permeability of GO films at low 
thickness has been confirmed in related research on laminar 
membranes.[114,115] Due to the highly rough ridged structure on 
the surface of PA and electrostatic repulsion, a large gap exists 
at the interface between GO films and PA layer which allows 
water molecules to pass through quickly. Therefore, the last 
step, water molecule transferring in PA layer, is the diffusion-
controlled step which is the same as original TFC membranes. 
The transport mechanism is the same as discussed in section 3. 
Not surprisingly, the 2D laminar protective layer has almost no 
negative effects on membrane performance in most reported 
studies.[103–106] Rather, due to the increase in surface hydro-
philicity and Donnan effects, in some studies, the water per-
meability and salt rejection of membranes were even slightly 
improved after coating a nanosheet protective layer.[104,108]

4.2. 2D Laminar Sublayer 2D-M-TFN Membrane

Thinning the PA layer to achieve ultrafast solvent permeance 
is a vital branch of TFC membrane optimization research, 
and 2D laminar sublayer is a novel design for this purpose 
via controlling IP rate. The diffusion rate of the monomer is 
an essential factor affecting the morphology and structure of 
the PA layer. For example, Karan et  al.[71] first used cadmium 
hydroxide nanostrands as a sublayer to adjust the diffusion rate 
of the aqueous monomers (MPD) and obtained a defect-free 
PA selective film under 10  nm. First, a nanostrand layer was 
prepared on the top of the porous alumina. The nanostrand 
layer was saturated with an MPD solution and then contacted 
with TMC solution to form the PA layer. Finally, the nanostrand 
layer was removed by acid dissolution, and an ultrathin PA film 
was attached to the supporting porous alumina. The resultant 

membrane showed excellent water permeability and high dye 
ion selectivity in the FO process. The mechanism of this design 
is that the molecule sieving effect and strong attraction of the 
sublayer to MPD reduce its diffusion rate and thus lead to a 
thinner PA layer, which has been proven by other studies as 
well.[74,86,116–121]

Following this idea, 2D materials, such as GO with nanoscale 
channels and multiple functional groups, are considered as 
a novel choice for building such sublayers for controlled dif-
fusion of aqueous monomers. As mentioned in Section  3.3, 
there is a strong interaction between the functional groups 
on 2D materials and the functional groups on aqueous mono-
mers in MMF mode. Such interaction also exists in 2D lam-
inar sublayer mode, reducing the effective localized concentra-
tion of aqueous monomers and limiting their mass transfer. 
This has been discussed and confirmed by previous researc
hers.[74,86,116–121] In addition, the 2D laminar formation present 
regular and continuous inner layer nanochannels. The nano-
channels in the 2D laminar sublayer are much smaller than 
the ones in traditional UF sublayers and thus have a stronger 
effect on limiting the aqueous monomer solution diffusion the 
surface. Unlike nanostrand films, the 2D nanosheets sublayer 
allows water molecules passing through quickly and does not 
affect the water permeability of the final membrane, thus the 
2D laminar sublayer does not need to be removed which sim-
plifies the preparation process.

Shi et al.[122] reported a controlled IP strategy for preparing a 
novel GO laminar sublayer TFN membrane with excellent per-
formance in RO desalination shown in Figure 9a–d. Upon the fil-
tration of MPD solution through ultrathin GO laminar films, the 
negatively charged GO with oxygen-containing groups adsorbed 
MPD molecules. Then, as shown in Figure  9b, controlled IP 
between MPD and TMC at void regions was carried out and 
refined by the size of transport nanochannels. TFN membranes 
were thus prepared to have a thickness smaller than 30 nm 
and smooth surface, exhibiting an impressive NaCl rejection 
of ≈99.7% and water permeance of roughly 3.0 L m−2 h−1 bar−1. 
From the perspective of transport mechanism, the ultrathin 
selective layer means a dramatic decrease in Δx, which leads to 
an improvement of water flux without the sacrifice of salt rejec-
tion. Zhao et al.[123] used GO and carbon nanotube to construct 
a sublayer for IP, and the resultant membranes presented an 
enhanced performance of FO membrane with the thickness of 
PA layer reduced by up to 60%. Very recently, MXene nanosheets 
were also reported as a 2D sublayer for controlled diffusion, in 
which Ti3C2Tx was facilely brush-coated on nylon supporting 
and the IP process was carried out on the MXene sublayer.[124] 
As shown in Figure 9e, the resulting membrane showed excel-
lent performance in the FO process with water permeance of 
31.8 L m−2 h−1 and low specific salt flux of 0.27 g L−1.

There are challenges with this mode as well. Defects and 
aggregation of the sublayer could lead to the failure of pre-
paring the PA layer. For example, Lai et  al.[125,126] prepared a 
TFN membrane through a similar method, but the obtained 
membrane showed a very different structure and morphology. 
The thickness and roughness were increased compared with 
those of the original TFC membrane. This may be due to the 
incompleteness and irregular aggregation of the GO laminar 
layer which resulted in poor diffusion control.
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5. Challenges and Future Designs

5.1. Current Challenges of 2D-Based TFN Membranes

In MMF 2D-M-TFN membranes, the 2D materials serve as an 
inserted noncontinuous nanofiller phase rather than a contin-
uous selective film; therefore, their major advantages, such as 
interlayer nanochannels with size exclusion and ultrafast trans-
port of water molecules, have not been fully utilized. Enhanced 
performance is mainly due to additional channels, thinning 
the functional layer, and improving surface hydrophilicity after 
embedding 2D materials into the PA layer; therefore, this config-
uration does not fully explore 2D materials potential yet. In addi-
tion, due to the limitations of existing technology, the orientation 
of nanosheets in the functional layer still cannot be character-
ized and thus remains unclear. Generally, nanosheets are more 
likely to assume a horizontal orientation due to pressure, flow, 
squeezing, and other factors during the preparation process, 
forming an additional channel perpendicular to the transmission 
path of water molecules. From this perspective, 2D nanosheets 
as nanofillers have no  advantages compared with conventional 
0D nanomaterials. Aggregation and its accompanying defects 
also threaten the separation performance of these membranes.

For 2D laminar protective layer 2D-M-TFN membranes, there 
are also a few hidden issues. First, a complete 2D film will be 
more conducive to antifouling and antichlorine protection, but 
the technology for preparing ultrathin and defect-free 2D laminar 
films has yet to be developed. Thickening of 2D film is a common 
method to reduce the number of defects, but it would also increase 
the length of the water molecules path which may compromise 

the permeance of the membrane. Second, concentration polari-
zation[127] and transmembrane pressure drop[128] also need to be 
considered. For traditional TFC membranes, salt ions deposit on 
the membrane surface and are taken away by water flow, which 
stabilizes the salt concentration in the solution. However, after 
constructing a 2D laminar protective layer on the top of the PA 
layer, salt ions would accumulate at the interface between the 2D 
film and PA layer and cannot be washed away. Local concentra-
tion polarization would happen, which leads to degeneration of 
membrane performance. In addition, the transmembrane pres-
sure drop is defined as the pressure loss during mass transport 
across a selective layer.[128] An additional top layer could cause a 
pressure loss, which means that the 2D laminar protective layer 
would reduce the driving force of water molecules diffusion in 
the PA layer. Although no reported studies are focusing on these 
issues yet, the possibility of their existence should not be ignored.

So far, 2D-M-TFN membranes have not been able to achieve 
industrial applications, and no pilot-scale studies have been 
reported as well. One of the main reasons is that the cost of 2D 
materials remains at a high level. For example, the price of high-
quality GO is 373 US$ g−1,[129] and the MoS2 nanosheets even 
cost 1216 US$ g−1.[130] This would lead to a sharp increase in the 
2D-M-TFN production cost. Another reason for this is the com-
plex production process of 2D-M-TFN. Among the several 2D-M-
TFN membranes introduced in this article, the MMF membranes 
have the simplest production process; however, they are still facing 
the challenges to be commercialized. For example, the agglomera-
tion and sedimentation of 2D materials in the monomer solutions 
may occur during a long production cycle, which could result in 
unstable and discrepant products. For the laminar-structured TFN 

Figure 9. Conceptual illustration of IP process in a) TFC and b) 2D laminar sublayer controlling diffusion TFN membrane. c) Cross-section SEM image of 
GO sublayer TFN membrane. d) GO sublayer TFN Membrane performance in RO. e) MXene sublayer TFN Membrane performance in FO. c,d) Adapted 
with permission.[122] Copyright 2018, Elsevier. e) Adapted with permission.[124] Copyright 2020, American Chemical Society.
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membranes, the situation is even more complicated. Currently, 
vacuum filtration is mainly used to synthesize 2D laminar films in 
lab scale, but this method can hardly be scaled up as a continuous 
process with currently feasible techniques. Therefore, reducing 
the cost of 2D materials and optimizing the production process of 
2D-M-TFN membrane are the keys to the future development of 
2D-M-TFN for industrial applications.

5.2. Future Designs for 2D-Based TFN Membranes

Although the MMF and laminar protective layer modes have 
improved membrane performance, they are still limited in con-
ventional nanofillers or surface coating modes which cannot be 
seen as revolutionary progress. TFN membrane with ultrathin 
selective PA layer and 2D laminar sublayer is a more innova-
tive model. Currently, GO, and MXene have been studied in 
this field, but other 2D materials, such as oxidized MoS2,[53,54] 
aminated h-BN,[43,55,56] and g-C3N4, have not been explored. The 
later three materials are possible candidates for constructing 
2D laminar sublayers membranes and could also show a con-
trolled diffusion impact during IP.

In addition, using 2D laminar materials with more efficient 
inner layer channels instead of PA as the separation core could 
be seen as a breakthrough for the further development of TFN 
membranes. An innovative strategy presented by Jin et  al.[131] 
is cross-linking GO nanosheets by MPD to form mini laminar 
selective units and then deposit them on supports (Figure 10). 
In this strategy, PA, fabricated through IP, is employed as a 
glue to seal the large gaps among mini laminar selective units. 
Ideally, cross-linked nanosheet aggregates are more likely to be 
aligned perpendicular (instead of parallel) to the membrane 
surface to minimize the tortuosity of the pathway for water 
molecules, and PA serves as a glue to construct a complete 
and defect-free layer. Although there is no solid evidence that 
this ideal model has been successfully established, it provides a 
novel idea for future research.

6. Conclusion

In summary, the emerging 2D materials offer a promising 
way to enhance the separation performance of conventional 

TFC membranes. The exploration of 2D-M-TFN membranes 
will persist far into the future. The main functions and action 
mechanisms of 2D materials in TFN membranes have been 
systematically discussed in this review in the context of very 
recent works. Based on the choice of different 2D materials 
and embedding strategies, the resultant TFN membranes are 
reported to have distinct structures, morphologies, and physical 
and chemical features, exhibiting various improvements in 
membrane performance, including water permeability, solute 
rejection, and antichlorine and antifouling behavior. Although 
incredible progress has been achieved in the past decade, 
further development of 2D-M-TFN membranes still needs 
to transcend a number of practical and theoretical hurdles. 
Herein, we cautiously predict two trends in future research 
in this field. First, more 2D materials will be applied in TFN 
membranes. At present, few 2D materials are applied in this 
field; thus, more abundant materials will be more conducive to 
deepening our understanding of the functional mechanism of 
2D materials in TFN. Second, breaking through the traditional 
incorporation mode by employing 2D materials as a selective 
core instead of PA may result in novel TFN membranes with 
far better performance than traditional TFC membranes.
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Figure 10. The schematic diagram for the synthesis of the PA cross-linking GO TFN membrane: a) intra-cross-link GO by MPD in aqueous solution; 
b) form GO aggregation film via vacuum filtration; c) inter-cross-link GO aggregation by TMC via IP. d) Schematic illustration for the functional layer 
of inter-cross-linked GO TFN membrane.[131]
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