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ABSTRACT: Membrane-based water purification is poised to play an important
role in tackling the potable water crisis for safe and clean water access for the
general population. Several studies have focused on near two-dimensional
membranes for this purpose, which is based on an ion rejection technique.
However, membrane swelling in these materials has emerged as a significant
challenge because it leads to the loss of function. Herein, we report a self-cross-
linked MXene-intercalated graphene oxide (GO) membrane that retains ion and
dye rejection properties because the physical cross-linking interaction between Ti−
O−Ti and neighboring nanosheets effectively suppresses the swelling of the
membrane. In addition to the associative Ti−O−Ti bonds, C−O−C, O�C−O, and C−OH bonds are also formed, which are
important for inhibiting the swelling of the membrane. To ensure the longevity of these membranes in a service context, they were
subjected to heat pressurization and subsequent thermal annealing. The membrane subjected to this novel processing history
exhibits minimal swelling upon immersion in solutions and retains function, rejecting salt and dyes over a wide range of salt and dye
concentrations. Furthermore, these membranes successfully rejected dye and salt over a period of 72 h without a degradation of
function, suggesting that these membranes have the requisite durability for water filtration applications.
KEYWORDS: membrane separation, two-dimensional polymers, graphene oxide MXene membranes, physical cross-linking, ion sieving,
swelling inhibition, mechanical compression

■ INTRODUCTION
Despite the abundance of water on earth, a significant portion
of the world’s population is facing the possibility of losing
access to clean water.1−3 To address this socially important
issue, scientists have proposed the use of membrane-based
technologies, like reverse osmosis (RO) membranes, to
remove salt from water belonging to various sources, including
brackish groundwater, recycled wastewater, seawater, and other
environmental remediation contexts.4 Although RO technol-
ogy approaches the theoretical minimum energy required for
saltwater separation, RO systems continue to carry significant
costs. Enhancing system efficiency can then be achieved
through process intensification.5 Thus, two-dimensional
graphene oxide (GO)-based membranes show great promise
in water and wastewater treatment for their high flux and, thus,
potential for intensifying the desalination process and
improving its system efficiency.
GO sheets, which are made from graphite and disperse easily

in water due to their ionized oxygen groups, have been found
to form paper-like membranes with exceptional mechanical
properties.6 Although GO films are known for their stability in
water, their negative charge would typically cause them to
separate from each other.7 There have been reports of GO
films redispersing in water,8 highlighting the need to ensure
their structural integrity. Due to unresolved issues pertinent to

swelling, employing these near two-dimensional membranes
for ion rejection has emerged as a major problem.9 Upon
immersion in aqueous solutions, it has been found that these
membranes tend to exhibit significant water absorption into
the space between the layers of neighboring sheets, and owing
to this phenomenon, the membranes swell significantly, and
their ion-exclusion capacity is degraded.10 In some instances,
the GO’s interlayer spacing has even increased by a factor of 2
under aqueous conditions compared to the dry material. There
is a practical “molecular permeation cutoff” near ≈1.0 nm that
implies that smaller hydrated salt ions, such as Na+ (0.70 nm),
Cl− (0.66 nm), and SO4

2− (0.76 nm), then exhibit low
rejections.
Recent developments have focused on enhancing the

efficiency and stability of these membranes.11,12 For instance,
a study demonstrated that the cross-linking of divalent cations
could improve resistance against swelling in partially reduced
GO membranes, leading to improved dye-rejection efficiencies
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of up to 98.88% for certain dyes.13 In another research by
Chandio et al.,14 a GO membrane was fabricated by employing
a cross-linker, which was chosen to be serine amino acid
(SAA), and reducing agent. The fabricated membrane showed
impressive results by appreciably rejecting dyes like rhodamine
B and methyl blue and salts like NaCl, MgCl2, and Pb(NO3)2
while maintaining ultrafast permeability. In addition to the
impressive rejection performance, the membrane also
remained stable for several days in an aqueous milieu. There
remain several challenges associated with the GO-based
membranes proposed in the literature, with the primary one
being associated with the inability to control the interlayer
spacing. The variation of interlayer spacing between the GO
sheets makes it difficult to reduce the interlayer spacing
sufficiently to exclude small ions and to maintain this spacing
against the tendency of GO membranes to swell in an aqueous
environment.15

Wang et al.5 suggested that microstructural control of these
membranes might be achieved through the introduction of
strong π−πelectrostatic interaction between GO and π-
conjugated polycyclic cations16 that might inhibit the
membrane swelling. It was admitted in this work, however,
that the noncovalent nature of these interactions might make
these materials unstable under solutions and thus unsuitable
for commercial applications.17,18 The present work explores a
new noncovalent cross-linking strategy for stabilizing this class
of membranes.
MXenes16 are two-dimensional (2D) metallic materials

composed of transition metal carbides and nitrides.6,19,20 The
MXene family involves the addition of various hydrophilic

Ti3C2Tx functional groups (T corresponds to hydroxyl,
oxygen, or fluorine groups), and this material has proven to
be chemically versatile and useful in numerous previous
applications.21 In particular, there are many applications in the
areas of energy storage, electromagnetic interference shield-
ing,22,23 membrane-based separation, and other areas, and
these materials continue to be of great interest for many
applications.24,25 MXene exhibits superior resistance to
swelling compared to GO. When MXene, specifically
Ti3C2Tx, is combined with graphene, it readily integrates
into the graphene sheet layers. Moreover, the nanosheet
surface of MXene is rich in surface functional groups, such as
oxygen (O), hydroxyl (−OH), and fluorine (−F), which are
anticipated to interact with the carboxyl and hydroxyl groups
of GO. Consequently, the swelling behavior of GO-MXene
membranes is inhibited, which is advantageous for their ability
to effectively block metal ions.
The strong cross-linking between MXene and graphene

ensures robust adhesion and long-term stability of the
membrane, resulting in extensive graphene coverage. Addi-
tionally, this minimizes the likelihood of positional deviations
of the intercalating agent, facilitating the scalability in the
development of these membranes.
Starting from this class of materials, we developed a novel

GO-MXene material specifically for water purification
applications. The key idea, noted above, is to stabilize the
material against swelling and loss of function in salt rejection
through the introduction of covalent cross-links between
MXene−MXene, GO−GO, and MXene−GO interlayers. This
particular approach has several advantages, such as the

Scheme 1. Schematic of the Dynamically Cross-Linked GO/Mxene Membrane for Dye and Salt Rejection Applications
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hydrophilic nature of GO, which increases the membrane’s
hydrophilicity, and the small pore size of MXene, which can
effectively remove most salts and contaminants. An interesting
possibility is that the MXene’s intercalation into the GO
membranes might also assist the rejection of salt ions because
the highly hydrated salt ions cannot easily pass through the
interlayer spaces. To further restrict the size of 2D sheet
interlayer spacing and improve ion rejection, the GO-MXene
membrane was mechanically compressed using heated plates
to reduce the interlayer d-spacing and finally thermally
annealed under a vacuum. This combination of mechanical
compression and annealing led to a significant improvement in
salt rejection of the membrane. We find that these processed
near 2D membranes have adjustable molecule/ion sieving
capability, good thermostability up to 120 °C, easy
preparation, and good antiswelling properties. Here, MXene
works as an intercalant between GO membranes that
significantly enhances the composite membrane’s monovalent
ion rejection and dye rejection properties. The salt rejection
mechanism here involves the transport of water and salt
through the interlayer spacing that exists between the stacked
2D sheets. This interlayer spacing can be adjusted to allow the
passage of water while rejecting larger hydrated ions by size
exclusion.
To create the 2D lamellar composite membrane that could

resist swelling, utilizing both MXene and GO, we employed a
self-cross-linking approach. It is necessary to note that there is
a formation of cross-links between adjacent GO−GO and
MXene−MXene nanosheets. These cross-links are termed
“self-cross-links”, and in the case of GO sheets, there can be
covalent self-cross-linking.26

Herein, both MXene and GO contain numerous surface
functional groups (−O, −OH, −F, and −COOH) with pliable
and hydrophilic surfaces. Thus, through self-cross-linking, we
infused these surface functionalities with each other, thereby
creating a stable covalent bond.26,27 This design approach
enables us to limit the interlayer spacing and inhibit membrane
swelling within the GO-MXene composite membrane. These
channels facilitate the transportation and segregation of water
molecules, leading to efficient water purification performance,
as demonstrated in Scheme 1.

■ EXPERIMENTAL SECTION

Synthesis and Characterization of MXene Powder
The etching of Ti3AlC2 powder leads to the formation of MXene
(Ti3C2Tx) powder, and in this study, it was done by first dissolving
2.0 g of lithium fluoride (LiF, 98+%, Alfa Aesar) in 20 mL of 9 M
hydrochloric acid (diluted from concentrated HCl, 48−51%, Sigma-
Aldrich) solution. The dissolution took place with continuous stirring.
Next, to prevent overheating, 2.0 g of Ti3AlC2 powder was added to
the resulting solution over approximately 10 min, and the resultant
solution underwent stirring for 24 h at 62.83 rad/s and 35 °C.
Following rigorous stirring, the next step was that of acid removal. For
this, deionized (DI) water (100 mL) was mixed in the stirred solution
and centrifuged for 5 min at 366.51 rad/s for 5 min, following which
the supernatant was decanted. This washing step was repeated until
the supernatant’s pH converged to 6. Finally, a solid residue was
obtained and then subjected to vacuum filtration, and drying under a
vacuum led to the formation of Ti3C2Tx powder. Moreover, the
powdered MXene was mixed in DI water followed by sonication for 4
h to reduce the flake size of MXene nanosheets, as shown in Figure
1E. Using the AFM image (Figure 1B) and height profile of MXene
(Figure 1E), it has been shown that the average thickness of the
MXene nanosheets is about ∼1.1 nm. Figure S3A depicts the size
distribution of the MXene nanosheet, and Figure S2 and Figure 1A

Figure 1. (A) XPS survey scan spectrum of the MXene and MAX phase. (B) AFM image of the MXene nanosheet on a silicon wafer. (C) AFM
image of the GO nanosheet on a silicon wafer. (D) Component peak fitting of the XPS spectrum for Ti 2p. (E) Height profile of MXene. (F)
Height profile of the GO nanosheet.
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shows the XRD and XPS spectra of MXene, respectively. As can be
seen in Figure 1A, there are peaks at binding energy values that are
close to ∼300, 430, and 460 eV, which correspond to C 1s, Ti 2p, and
O 1s, respectively.28 In Figure 1D, the component peak fitting of the
XPS spectrum for C 1s shows that the MAX phase has been
successfully exfoliated to the MXene nanosheets.16

Preparation of MXene-GO Membranes
Graphene oxide solution was purchased from Graphene Supermarket
with an initial concentration of 6.2 g/L. To prepare a 2 g/L solution
of GO (reagent X), DI water was used, and the solution was
vigorously stirred for a minimum of 10 min followed by 30 min of
ultrasonication. Next, 1 g/L of MXene (reagent Y) was dissolved in
DI water. A small volume (100 μL) of the reagent Y solution was then
added to 100 mL of DI water, and the mixture was stirred vigorously
for 10 min. These solutions were then combined with reagent X (600
μL) while being stirred vigorously to obtain GO-MXene dispersions.
Here, to inhibit the infiltration of target ions through indiscriminate
channels, GO was added to Ti3C2Tx. The interedge defects or
pinholes in the composite membranes served as indiscriminate
channels. The aqueous dispersions of both substances were passed
through permeable 100 nm pore size polymeric supports, PES
(poly(ether sulfone), to prepare GO-MXene composite membranes.
These dispersions were vacuum filtered through a 200 nm pore size
PES support with a 2 in. diameter under a vacuum pressure of −40
kPa (−300 mmHg) to obtain GO-MXene membranes. To ensure no
disturbances due to the flow of air, a stainless steel cover was placed
on top of the filtration, which was removed once filtration was

completed. Also, the GO-MXene membranes were kept for at least 5
h under vacuum conditions. Finally, the membranes were removed
(shown in Figure S1) and left to dry for at least 24 h at room
temperature, and last, to obtain self-cross-linked membranes, they
were subjected to heating under vacuum conditions at 120 °C for 24
h. The resultant self-cross-linked membrane was taken for character-
ization, and their permeation measurements were carried out. Using
the AFM image (Figure 1C) and height profile of the GO nanosheet
(Figure 1F), it was shown that the average thickness of GO
nanosheets is ∼1 + 0.12 nm. Also, Figure S3B depicts the size
distribution of the GO nanosheet.

Characterization
The Thermo-Fisher Scientific Axia ChemiSEM was used to capture
SEM images. XRD analysis was carried out on a Bruker D8 Advance
apparatus using filtered Cu Kα radiation, with a step size of 0.02° and
a step time of 2 s, in the range of 2−10° or 2−90°. The Thermo-
Scientific Nicolet IS5 unit was used for FTIR characterization in the
wavenumber range of 500−4000 cm−1. An ESCALAB 250
spectrometer from Thermo-Fisher Scientific was used for XPS
analysis with monochromatic Al Kα radiation (1486.6 eV) at a
pressure of 2.66 × 10−7 Pa. The Bruker MultiMode 8 scanning probe
microscope (SPM, VEECO) was used to obtain AFM images in
tapping mode. For roughness measurement of the membrane surface,
atomic force microscopy (AFM) analysis (DMFASTSCAN-SYS,
Bruker, Germany) was carried out, with the scanned area being 3 × 3
μm. The Rame−́Hart Contact Angle Goniometer was used to
measure the water contact angle. The Thermo-Scientific Evolution

Figure 2. SEM top-view microstructure images of (a) GO-MXene and (b) m-v120-GO-MXene PES-supported membranes. (c) Cross-sectional
SEM images of (c) GO-MXene and (d) m-v-120-GO-MXene PES-supported membranes.
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201 UV−vis (ultraviolet−visible) spectrophotometer was used to
measure the absorbance spectra of the organics used. The
SevenCompact Duo pH/conductivity meter was used to measure
the permeate conductivity.

Ion Permeation Measurement

The dead-end cell mode of operation was utilized to conduct water
lux and salt (NaCl and MgCl2: 0.5−5 g/L) rejection tests on the
membranes.16 The nitrogen line was adjusted to control the operating
pressure within the range of 0−2 bar, as measured by an equipment
with an accuracy of 0.2 bar. The membrane had a diameter of 1 in.,
and the measurements were taken at room temperature.
To measure the flux of salt, the permeation of a salt solution with a

specific concentration was done across the membrane at a pressure of
1 bar for a minimum of 40 min to achieve a steady test state.
Following this, to ensure data accuracy, the data were collected at 2.0
bar every 10 min for a minimum of 2 h. To ensure the reliability of
our results, we tested each type of membrane at least five times using
five replicated membranes. The salt permeance was then determined
using the relation

permeance
volume of permeate obtained (L)

membrane area (m ) pressure difference (bar) time (h)2

=

× ×
(1)

An ion-conductivity meter (RS485, Mettler Toledo) was utilized to
measure the ionic conductivity of the feed, permeate, and retentate.
The rejection rates were determined using the following formula:

C

C
rejection (%) (1 ) 100p

f
= ×

(2)

where Cp and Cf represent the concentration of permeate and feed
solutions.
To prevent concentration polarization or molecular adsorption

during prolonged dead-end filtration, we collected permeate solutions
weighing 5 g on average for each time interval.

Preparation of Mechanically and Thermally Treated
Composite Membrane

The GO-MXene (GO-M) composite membranes were created by
following two methods: mechanical compression and thermal
compression/annealing. The thermal annealing of GO-M was
performed in a vacuum drying chamber for 24 h at temperatures of
120 °C, resulting in a membrane called v-GO-M (vacuum GO
membrane). For mechanical compression, the vacuum annealed GO
membrane (v-GO-M) was put in between a dual heat press machine
for 300 s at 80 °C (m-v-120-GO-M) (mechanically compressed
vacuum annealed GO membrane). Then, the membranes were cooled
to room temperature and used for permeation measurements.

Figure 3. (A−C) FTIR spectra of GO-MXene and m-v-120-GO-MXene. Component peak fitting of the XPS spectra for C 1s for (D) GO-MXene
and (E) m-v-120-GO-MXene.
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■ RESULTS AND DISCUSSION
Figure 2A−D displays the top and cross-sectional view of the
GO-MXene composite membrane on poly(ether sulfone)
(PES) via SEM images. In Figure S4, the PES alone cross-
sectional SEM image shows the bulk phase PES micro-
structure. The top-view SEM image of the GO-MXene
membrane illustrates that the surface of the GO-MXene
composite membrane has small holes distributed uniformly
over the surface, as shown in Figure 2A. Holes were clearly
visible on the membrane surface even at 30 μm magnification
under the SEM images (shown in Figure S5). However, this
holelike structure disappears after mechanical compression and
thermal annealing at 120 °C due to pore shrinkage (Figure 2B
and Figure S6). This is again a clear indication of the
occurrence of cross-linking in the membrane. Figure 2B also
depicts wrinkles, and their presence is credited to the stacking
of the GO boundaries.29,30 Also, the cross-sectional SEM
images (Figure 2C,D and Figure S7) demonstrate the
reduction in membrane thickness after mechanical compres-
sion and thermal annealing. For GO-M (Figure 2A) and m-v-
120-GO-M (Figure 2B), the membrane thickness was ∼367
and ∼351 nm, respectively.
The fabrication of GO-M and m-v-120-GO-M membranes

was achieved via reactions between adjacent MXene and GO
nanosheets that include the following functional groups:
−COOH and −COOH, −COOH and −OH, and − OH

and −OH, as shown in Scheme 1. Fourier-transform infrared
spectroscopy (FTIR) was performed to probe changes in the
functional groups on GO-M after mechanical compression and
thermal annealing. The transmittance spectra were taken for
several GO films, each with at least three spots, all of which
yielded similar results, as shown in Figure 3A with the two
FTIR spectra of GO-M and m-v-120.24,25,31,32

There were several ubiquitous specialties in the GO-MXene
embrane (Figure S8), specifically the appearance of absorption
associated with water (∼3000 and 1600 cm−1) after
processing, whereas the broadest differences exist at values
close to 1225 cm−1 (Figure 3B) and 1140 cm−1 (Figure 3C).
When the FTIR spectrum, which corresponds to Figure S9, of
GO-M was compared to m-v-120-GO-M, peaks were observed
at ∼730 and ∼850 cm−1, and these are credited to the
stretching vibrations of the Ti−O−Ti bond. Primarily, these
differences are a result of vibrations that take place in ester
bonds given the dehydration reactions. There are minimal
variations between both the aforementioned samples; however,
when differences in spectroscopical values were observed for
GO-MXene from distinct samples, a similarity in trend was
observed. A relative increment in intensity was observed at
1140 cm−1, whereas after mechanical compression and thermal
annealing were performed, a new and small peak was seen at
1225 cm−1, which is because new bonds of C−O−C are
formed. Given the formation of an ester bond with the GO
surface, we report that enhanced signal intensities are found at

Figure 4. (A) Heated press that enhances the uniformity of the membrane flakes. (B) Height distribution of the membrane shown in panel C. (C)
AFM image of the membrane after going through the heat press and being used for desalination. (D) AFM image of the membrane that is
mechanically pressed and thermally annealed. (E) Height distribution of the membrane shown in panel D.
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values ranging between 1350 and 1000 cm−1. The presence of
a hydroxyl group on the surfaces of MXene and GO
nanosheets led to the formation of Ti−O−Ti bonds, Ti−O−
C bonds, and O�C−O and C−O−C bonds via dehydrox-
ylation between neighboring GO-MXene nanosheets. The
chemical composition of carbon in the GO-M was analyzed by
using surface-sensitive X-ray photoelectron spectroscopy
(XPS). The results, depicted in Figure 3D,E, provide insights
into the elemental state within the membranes. In Figure 3D,
the C 1s region of GO-M demonstrates that the carbon is
present in three different forms: C−O−C constitutes 20% of
the carbon content, O−C�O makes up 11%, and C−C
accounts for 69%. Following the thermal self-cross-linking
process, changes in the carbon composition are observed in m-
v-120-GO-M. Figure 3E reveals that the fraction of C−C
decreases to 54% after the process. Simultaneously, the
fractions of C−O−C and O−C�O increase to 27 and 19%,
respectively. These findings suggest that the thermal self-cross-
linking and cross-linking process alters the distribution of
carbon moieties within m-v-120-GO-M compared to the
original GO-M. The analysis of the O 1s region in GO-M
(Figure S10A) demonstrated that the C−Ti−Ox fraction
accounted for 91% of the composition, whereas the C−Ti−
(OH)x fraction constituted 9%. Following the thermal self-
cross-linking process, the C−Ti−Ox fraction increased to 94%,
whereas the C−Ti−(OH)x fraction decreased to 6% (Figure
S10B). This shift indicates a conversion from −OH groups to
−O− groups, implying the transformation of −OH to −O−
through the reaction −OH + −OH = −O− + H2O during the
thermal treatment.
In summary, the surface view of m-v-120-GO-M further

reveals a dense coverage without any visible defects, as
observed before membrane treatment (shown by dashed
circles in Figure 2a) (Figure 4E). As found previously in Figure
2A,B, wrinkles33 are observed in these AFM images as well
(Figure 4D).
To illustrate the superior molecular separation abilities of

these composite GO membranes, we next assessed the
rejection efficiency of the composite membrane against those
of the GO stand-alone membranes using eq 2. It was found
that the cross-linked membranes displayed superior rejection
than GO-M and mechanically compressed GO-M. The
membranes under consideration can only tolerate low bands
of pressure, which result in low permeance, because of which
the amount of time that the membrane needs to be properly
functional increases. In the case of the cross-linked
membranes, the observed rejection rates after 48 h dropped
by 10% for NaCl and 7% for MgCl2, and these reductions limit
the utility of cross-linked membranes.
The SEM images display visible impressions of pores (Figure

2A), whereas the AFM images reveal depressed areas
measuring approximately 150 nm in height (Figure 4B,E),
confirming the existence of semifree swelling basin structures.
The AFM measurements also confirm the reduction in the
surface roughness parameters of the membrane due to
mechanical compression and thermal annealing. Figure S11
shows the AFM image of a thermally annealed GO-MXene
membrane after 48 h of permeation measurement, demon-
strating a significant roughness change. The characterization of
the surface morphology of the membranes, with the roughness
of the membrane surface is reflected by the bright and dark
shades in the AFM images.34−37 The roughness parameters are
listed in Table 1. These observations demonstrate that subtle

compaction effects that could be taking place, such as
migration and rearrangement, and cross-linking of the GO-
MXene flakes occurs during the thermal annealing process.
Furthermore, it is possible that the annealing process increases
the adhesive forces between the GO-MXene layer through
mechanisms that are not fully understood yet. In short, our
observations show the replacement of the deep valleys in the
GO-M by many small peaks in the compressed and annealed
GO-MXene membrane, whereas it had a smoother surface
than the GO-MXene membranes due to hydrophilic GO being
cross-linked with MXene under a vacuum, and the results also
suggest that the modification of the GO membrane with
MXene can reduce the surface roughness of the GO
membrane. The mechanically compressed and thermally
annealed membrane’s roughness parameters were calculated
for two different cases. The first is the case where it was
directly employed after preparation (Figure 4D), and the
second is the case where the parameters were calculated for the
membrane used (Figure 4C). When both of these cases were
compared for the mechanically compressed and thermally
annealed membrane, a decrement in the roughness parameters
was observed (Table 1).
The GO-MXene membrane was compressed mechanically

under external pressure, with the temperature of the pressing
plates being 79.85 °C and the process of thermal annealing
being the same as before. Owing to this modification, a
negligible reduction in rejection rates was observed in the first
72 h.
As mentioned above, we found that when the membrane

was mechanically compressed and then thermally annealed,
infinitesimally small reductions in rejection rates were observed
even after 72 h of the membrane being in use. It has been
widely mentioned in the literature that membranes undergo
swelling and that physically controlling the pressure on a
membrane can aid in controlling the d-spacing.38 Additionally,
membranes with stacked layers are anisotropic in nature and
are capable of swelling only in the vertical direction, so
applying external pressure and thermal annealing can greatly
reduce the swelling, which is also evident from the
observations.
The membrane’s hydrophilicity impacts the water purifica-

tion performance, as increasing the membrane’s hydrophilicity
will enhance the affinity for water molecules, which in turn
allows for easier water passage and organic molecule rejection,
leading to improved water flux. Thus, in this study, the
membrane’s hydrophilicity was assessed using a contact angle
test, and the results are presented in Figure 5. The GO-MXene
membrane before and after thermal annealing (v-GO-M and v-
120-GO-M) showed water contact angles of 69.6, 64.2, and
63.5°, respectively, which suggests an increase in hydrophilicity
with annealing. Additionally, the water contact angle trend for
the membranes follows the same trend as for the roughness
values. This indicates that the enhanced hydrophilicity of the
annealed GO-M is a result of the combined effects of thermal
annealing and mechanical compression. Moreover, the
decreasing contact angle, as shown in Figure 5A(a−c), after

Table 1. Surface Roughness Parameters Derived from AFM
for the GO-MXene Membrane

membrane Rq (nm) Ra (nm)

m-v-120-GOM 130 106
m-v-120-GOM-used 116 96
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thermal annealing is likely due to the dehydroxylation during
self-cross-linking and carboxylate cross-linking between the
neighboring MXene and GO nanosheets.
The dynamic cross-linking was also found to result in a

suppressed d-spacing when compared to GO-MXene and
mechanically compressed GO-MXene. Figure S12 shows the
raw XRD data plots for the same. This interaction between the
adjacent sheets causes a relatively fixed interlayer spacing in
solutions, thereby suppressing the swelling behavior of the
GO-M. The thermally annealed composite membrane (v-GO-
M) exhibited a d-spacing of 12 Å in wet state and 8.2 Å in dry
state (Figure 5B), and as a result, the composite membrane
showed high rejection for salts and organic dyes. Next, the
combination of mechanical compression and thermal annealing
produced (m-v-120-GO-M) reduced d-spacing compared to
the prior membranes. The d-spacing was 11.3 Å for wet and
7.9 Å for dry state, respectively (7.9 Å is the lowest d-spacing
observed to date).39 Here, the reduction in the d-spacing is
profound for m-v-120-GO-M membrane samples. This
reduction in interlayer d-spacing leads to improved salt
rejection for both NaCl and MgCl2. Additionally, using GO-
M in one membrane reduces the chances of pinhole creation
because the flake sizes of both GO and MXene are different,
thereby eliminating the feed bypass. Thus, by using GO-M, we
successfully prepared thermally annealed GO-M composite
membranes that achieved the best interaction between GO-M

and the highest salt rejection. As can be seen in Figure S12, the
d-space of m-v-120-GO-M is almost equal to that of GO-M
(i.e., even after intercalating MXene with GO membrane).
Permeation Measurement and Testing

We conducted permeation experiments to assess the
effectiveness of the GO-Mxene membrane in rejecting NaCl,
MgCl2, and organics in water solutions. The filtration tests
were carried out using a dead-end filtration apparatus (shown
in Figure S13) pressurized with nitrogen gas at less than 2 bar.
The composite membrane’s rejection behavior for NaCl and
MgCl2 varied depending on their concentrations (500−5000
ppm). We observed higher rejection rates for larger organic
molecules due to the clogging of the pores by those molecules,
resulting in reduced diffusion (shown in Figure 6a). Addition-
ally, the mechanical and thermal annealing of the GO-MXene
layer increased the diffusion length of water, resulting in a
lower water permeation for the composite membrane than the
GO membrane.
This unique membrane microstructure annealing effect has a

remarkable impact on the solute rejection. Figure 6B,C shows
the NaCl and MgCl2 rejection at different salt concentrations
ranging from 500 to 5000 ppm. The trends show that thermal
annealing improved the salt rejection to a greater extent when
compared to mechanical compression and the pristine GO-
MXene membrane. Also, it is important to note that lower
rejection at higher salt concentrations may indicate that
membrane charge is affecting salt rejection via Donnan
exclusion40−42 We have also tested organic rejection using
these membranes wherein Allura red AC (496.42 g/mol),
methyl blue (800 g/mol), and Victoria blue 4R (520.1 g/mol)
were used. Here, we choose three different dyes based on their
charge: Allura red is an acidic dye; Victoria blue 4R and methyl
blue are basic dyes. Because methyl blue and Victoria blue 4R
are large-sized molecules, their rejection remains higher (97−
99.5%) irrespective of their charge. However, the Allura red
AC is a small molecule with slightly lower rejection (88%).
The feed and permeate streams, along with their UV−vis
absorbance curves, are shown in Figure S15.
The pure water flux trend in the GO-MXene membranes has

been observed to be in the order GO-M > v-GO-M > m-v-120.
This trend is obvious because both v-GO-M and m-v-120
exhibit reduced d-spacing as compared to GO-M. Although the
fluxes for salt solutions are somewhat lower primarily because
of the higher concentration of total dissolved solids, the
difference remains significantly smaller in comparison to the
pure water flux.
GO and MXene have impressive adsorption capabilities for

organic molecules, and to confirm the extent to which the m-v-
120-GO-M contributed to the separation performance via
organic adsorption, the authors performed the following
control experiment. This experiment involved the utilization
of the m-v-120-GO-M membrane under the dead-end mode of
operation to assess the rejection of specific organic dyes,
namely, Victoria blue, methyl blue, and Allure red AC, while
maintaining a consistent dye content of 0.1 mg across all
samples as shown in Figure S18. Here, the absorbance spectra
of the retentate surpass those of the feed, primarily as a result
of an increase in organic concentration occurring during the
separation process. Following the experiment, a quantitative
analysis was performed to determine the total quantity of dye
present in both the permeate and the retentate (the sum of dye
content available in the permeate and retentate after the

Figure 5. (A) Membrane surface contact angle measurements for (a)
GO-M, (b) v-GO-MXene, and (c) m-v-120. (B) Interlayer d-spacing
for dry and wet membranes.
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experiment). Remarkably, this analysis revealed that the
quantity of organic dye in both the permeate and retentate
equaled the initial 0.1 mg, indicating an absence of significant
adsorption by the GO-MXene membrane. Had the adsorption
occurred, the cumulative organic dye content in the permeate
and retentate would have been lower than that in the initial
feed solution, which was not the case here. Thus, adsorption
makes no contribution to the membrane separation behavior in
our study. The dye rejection trends were also examined over a
period of 72 h. During the initial 48 h, there was a higher level
of rejection compared to the period between 48 and 72 h. A
decrease of 10−15% in the overall rejection was observed and
is illustrated in detail in Figures S14−S17. The v-GO-MXene
membranes encountered issues with delamination at low
pressure, which was insufficient to counteract their swelling
behavior. To address this, we devised a solution involving
mechanical compression of the membranes followed by
thermal annealing. This approach increased the exposed
cross-linking area and reduced the interlayer d-spacing
accordingly. Herein, the enhanced rejection effect is due to
the decreased membraned d-spacing that occurs because of
membrane dynamic cross-linking. In summary, the self- and
carboxylate cross-linking introduced between the GO-MXene
membrane creates a steric barrier for solute molecules to easily
pass through them, thus elevating the rejection.

■ CONCLUSIONS
This study presents a novel approach for water purification by
developing a GO-MXene composite membrane with hier-
archical assembly, self-cross-linking, and carboxylate cross-
linking abilities. In summary, to enhance the separation
performance of GO membranes, a design strategy has been
incorporated that involves making a tortuous 2D channel
between the GO galleries by tailoring the interlayer d-spacing
while incorporating MXene followed by mechanical compres-
sion and thermal annealing. Because MXene possesses smaller
flakes, using it as an intercalating agent enhances the tortuosity
of channel spaces and improves rejection. Within GO-MXene
membranes, MXene acts as a spacer, creating adjustable
subnanochannels between adjacent GO nanosheets and
effectively functioning as molecular sieves that impede the
passage of solutes with hydrated radii larger than the
dimensions of these subnanochannels. Therefore, GO-MXene
membranes demonstrate significant potential for applications
in water purification, desalination, and molecular separation.
The membrane exhibited a remarkable increase in the water
flux and a high rejection of salt solutions, indicating its high
efficiency for water purification. The exceptional performance
is attributed to the thermal annealing process, which promotes
the migration and rearrangement of GO-MXene flakes and
creates dynamic cross-linking between GO and MXene.
Additionally, thermal annealing increased the surface hydro-
philicity of the membrane as it led to a reduction in water
contact angles, leading to improved water adsorption and

Figure 6. (a) The membrane organic rejection using Allura red AC, methyl blue, and Victoria blue 4R. Salt rejection for different GO-MXene
membranes at varying salt concentrations for (b) NaCl and (c) MgCl2. (d) Water flux for GO-M, v-GO-M, and m-v-120-GO-M membranes.
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enhanced separation effect of channels. Furthermore, the GO-
MXene membrane showed an impressive rejection property
toward organic molecules as well due to their suppressed d-
spacings after thermal annealing. The results of this study
imply that the suggested approach (thermal annealing followed
by mechanical compression) could be a potential solution for
creating long-lasting and efficient membranes for water
purification, creating covalent bonds instead of weak non-
covalent interactions. Furthermore, this research could serve as
a reference for the design of other innovative membranes in
this area for larger-scale applications. Lastly, this work will
open more avenues for future research, and one of these can be
done by studying the effect of different intercalants such as
hBN or other types of MXenes. Also, in this study, high
rejection was observed for small salt ions, and thus, there
remains a scope for theoretical studies aiming to explore a
strong reason for this observation.
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