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e swelling behavior of Ti3C2Tx
MXene membranes in aqueous media†

Mohamed I. Helal,‡a Alessandro Sinopoli, ‡a Ivan Gladich, a Yongfeng Tong, b

Radwan Alfahel,c Tricia Gomeza and Khaled A. Mahmoud *a

Two-dimensional (2D) lamellar MXene membranes have demonstrated ultrafast water permeance and

outstanding ion rejection performance, thus showing great potential for water purification. However, as

typical 2D lamellar structures, MXene membranes tend to swell in aqueous media caused by increased

d-spacing, leading to deteriorated mechanical stability and reduced ion sieving efficiency. Despite

several chemical and physical confinement attempts to obtain stable ion sieving performance of the

membranes, there is still limited knowledge of the main cause of this swelling problem. In this systematic

study, the interlayer spacing of the MXene membrane lamellar sheets was altered by intercalating

different valence ions (Na+, Ca2+, and Al3+), then we used simultaneous in situ environmental scanning

electron microscopy and in situ XRD to investigate the root cause of the swelling phenomenon of

pristine and ion-intercalated Ti3C2Tx MXene membranes under different environmental conditions.

Molecular dynamics simulations were used to fundamentally understand the structure and mobility of

water in the MXene channel. As predicted using the theoretical model, the d-space decreases by

increasing the charge of the ions in the solution. Trivalent cation intercalated membranes were found to

collapse more easily at high temperatures, which could make such membranes suitable for water

desalination membranes and temperature sensor applications. Ca and Al intercalation in the MXene

membrane have provided more stability to interlayer spacing, hence causing less swelling and improved

rejection of ions and other molecules. On the other hand, monovalent cation intercalated membranes

were substantially more sensitive to relative humidity increase, making them less suitable for water

treatment but rather attractive for humidity sensor applications. This work contributes to the rational

design of stable 2D membranes for water purification and sensing applications.
1 Introduction

Two-dimensional (2D) nanomaterial-based membranes have
attracted growing interest in many elds, including the sepa-
ration of isotopes, gases, organic solvents, and charged mole-
cules, as well as in water purication applications.1,2 These 2D
nanomaterial membranes consist of layered sheet-like struc-
tures that vary from one atom thickness up to a few microme-
ters in lateral dimensions and 2D channels.3 As a result, several
separation applications have been improved by deploying 2D
nanomaterials in high-performance membrane fabrication.
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A newly emerging 2D membrane architecture is represented
by 2D transition metal carbides and carbonitrides (MXenes).
Generally, MXenes (Mn+1XnTx, where M is a transition metal, X
is either carbon and/or nitrogen, and Tx is a termination group
(OH−, O−, F−, or other groups); n = 1, 2, or 3) can be produced
by selective acid etching of the group A layer from the MAX
phase (where M is an early transition metal, A is an A-group
element and X is C, N, B and/or P), followed by a delamination
process, to create 2D sheets with a varied lateral dimension and
thickness by tuning the intercalation and delamination
processes.4 The unique properties of MXene membranes,
ranging from hydrophilicity, lamellar structure, ion intercala-
tion capacity to high surface functionality, make them attractive
for aqueous phase applications, including gas separation and
water purication.2,5–8 A typical lamellar MXene membrane is
usually prepared from a colloidal solution via vacuum-assisted
ltration (VAF) to produce stacked sheets with controllable
interlayer spacing.

Graphene oxide (GO) membranes, on the other hand, have
been an ideal model for 2D membranes consisting of sub-
micrometer-thick laminar structures, which are usually
J. Mater. Chem. A, 2024, 12, 30729–30742 | 30729
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produced via coating or ltration processes.9 GO membranes
can selectively permeate specic ions based on size exclusion.
GO membranes primarily consist of oxygen-rich functional
groups like hydroxyl (–OH), carboxyl (–COOH), and epoxy
groups. These functional groups attract water molecules but do
not bind them as tightly as MXene's surface terminations.

In this regard, MXene membranes are superior in the sense
that a slit-like channel system acts as a pathway for charge- and
size-selective ion sieving processes.10–12

The molecular separation or ion sieving mechanism through
2D nanomaterial membranes is mainly governed by size
exclusion, due to the well-dened pore sizes, lamellar arrange-
ment, and unique mechanical properties.12 However, in the
pressure-driven ltration process, progressive intercalation of
water molecules enlarges the spacing between the layers,
resulting in membrane swelling and subsequent failure of the
ion sieving efficiency.13,14 A number of attempts have been
realized to resolve the swelling issue of 2D membranes such as
cross-linking,15,16 building multilayer architectures,17,18 and
controlling the surface charge of the membranes.19 The last
approach was achieved by coating the membrane surface with
selected polyelectrolytes that exert repulsion and suppression
forces against doubly charged and singly charged counter-ions,
respectively, while maintaining water permeation through the
membrane.19

The swelling phenomenon of 2D GO membranes was
investigated by Daio et al., who observed a thickness change in
the multilayered membranes using an in situ environmental
scanning electron microscope (ESEM) in a humidity-controlled
environment and examined the effect of water intercalation.
There is a direct relationship between relative humidity and
membrane thickness, the relative humidity (RH) increases as
the thickness increases, and vice versa.20 GO membranes are
known to swell excessively, oen leading to a reduction in ion
rejection performance, particularly under high relative
humidity as the water molecules easily penetrate between the
graphene oxide layers, expanding the interlayer spacing.

In MXene membranes, the ion intercalation mechanism
involves the expansion of interlayer spacing, solvent insertion,
and subsequent intercalation of ions between the MXene layers.
Specically, when MXene membranes come in contact with
water, they tend to swell due to the interaction between water
molecules and the functional groups of the MXene lamellas.21–23

The swelling leads to increased interlayer spacing, allowing for
enhanced solvent penetration and subsequent ion intercala-
tion. Water molecules act as a medium for the transport of ions,
facilitating their movement into the MXene interlayers. More-
over, pristine MXene is susceptible to oxidation in aqueous
media, which can degrade its structure and properties.

The in situ XRD of MXene intercalated with different cations
showed a discontinuous d-space variation upon changing the
relative humidity, as a single or a bi-layer of intercalated water
molecules.24 Another report proved that over a wide range of
relative humidity values, the hydration process seems to have
a heterogeneous water distribution between the layers even at
high relative humidity. Moreover, the transition between one
water and two water layers does not happen abruptly as seen in
30730 | J. Mater. Chem. A, 2024, 12, 30729–30742
many other studies but occurs rather progressively.25 Recently,
the group of Balke reported a computational/experimental
study to track the intercalation of aqueous Li+, Na+, K+, Cs+, and
Mg2+ ions into Ti3C2 MXene, to understand their positioning
between the MXene layers and their effect on capacitive energy
storage.26 Despite the considerable amount of research con-
ducted on Ti3C2TxMXene and its micro-scale d-space variations,
there is a lack of studies examining the effect of ion intercala-
tion on MXene membranes at the macroscale.

Herein, we investigate the effect of temperature and relative
humidity (RH) changes on the stability of cation (Na+, Ca2+, and
Al3+, respectively) intercalated Ti3C2Tx MXene membranes,
using in situ Environmental Scanning Electron Microscopy
measurement and in situ XRD. We supported our conclusions
by performing rst-principles molecular dynamics (FPMD)
simulation of intercalated 2D MXene layers in aqueous solu-
tions, indicating a link between the stability and membrane
thickness of 2D MXene layers and the cavity radius of the
intercalated ion in solution.

2 Materials and methods
2.1 Materials

Sodium chloride (NaCl), calcium chloride (CaCl2$6H2O),
aluminum chloride (AlCl3), hydrochloric acid (HCl), rhodamine
B (RhB), methyl green zinc chloride salt, bovine serum albumin
lyophilized powder, $96%, and lithium uoride (LiF) and pol-
yvinylidene uoride (PVDF) substrates (47 mm diameter, Mil-
lipore) were purchased from Sigma-Aldrich. Ti3AlC2 was
purchased from Y-Carbon, Ltd., Ukraine. Other chemicals were
of analytical grade and used as received. Deionized (DI) water
was used in all experiments.

2.2 Synthesis of delaminated (DL)-Ti3C2Tx MXene
nanosheets

Ti3AlC2 (MAX) was etched using a HCl/LiF (1 g, $99%, Sigma)
mixture to obtain multi-layered (ML) MXene following a previ-
ously reported procedure with some minor modications.4

Typically, 800 mg of LiF was mixed with 10 mL of 9 MHCl under
stirring, followed by a gradual addition of 500 mg of MAX
powder over one hour, and the nal mixture was allowed to
react at 40 °C for 1 day. The resulting mixture was puried by
multiple centrifugation and washing steps until a pH of 5–6 was
reached. Preparation of large sheets of DL-Ti3C2Tx was done as
described previously.27 Briey, the solution was sonicated in
a water bath for an hour, then centrifuged at 3500 rpm for 1 h,
followed by careful decantation to isolate the supernatant
containing the colloidal DL-Ti3C2Tx from residual precipitate
impurities.

2.3 Fabrication of free-standing ion intercalated Ti3C2Tx

MXene membranes

Pristine and intercalated lamellar membranes were prepared by
the VAF process from Ti3C2Tx (MXene) colloidal solutions.
Typically, DL-Ti3C2Tx solution (20 mL, 2 mg mL−1) was further
diluted to 500 mL and ltered through a VAF setup on a 0.22 mm
This journal is © The Royal Society of Chemistry 2024
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hydrophilic polyvinylidene uoride (PVDF) substrate (47 mm
diameter, Millipore) to obtain the Li-Ti3C2Tx lamellar
membrane. Similarly, the same colloidal DL-Ti3C2Tx solution
was diluted with 500 mL solution of 0.001 M NaCl, CaCl2, and
AlCl3, respectively, and kept on a shaker for 1 h to allow the ions
to intercalate betweenMXene nanosheets. Then, (Na+, Ca2+, and
Al3+)-intercalated MXene membranes were prepared by VAF.
Finally, membranes were washed 3–5 times with DI water to
remove the excess salt. Finally, all prepared membranes were
dried at room temperature for 24 h and labeled as Ti3C2Tx, Na-
Ti3C2Tx, Ca-Ti3C2Tx, and Al-Ti3C2Tx, respectively.
2.4 Characterization

An X-Ray Diffractometer (XRD) with a Differential Scanning
Calorimeter (DSC) attachment (Bruker SmartLab, Tokyo, Japan)
was utilized for the in situ XRD analysis (Cu Ka radiation was
used as a source of radiation). All the samples were scanned at
a step size of 0.02° with a speed of 3 deg min−1 at variable
temperatures with no humidity control. The in situ measure-
ment was done at 50 °C, 100 °C, 150 °C, 200 °C, 250 °C, and 300
°C. Each measurement was preconditioned for 1 h equilibration
time at each temperature and 3 °Cmin−1 ramp for stabilization.

An Environmental Scanning Electron Microscope (ESEM)
650FEG from FEI – Quanta, Brno, Czech Republic was used to
examine the morphological changes in the intercalated Ti3C2Tx

membranes with respect to temperature and relative humidity
(RH). The supplied ESEM's hot and cold stages were employed
for the temperature experiment from room temperature to 300 °
C, and the relative humidity experiment was done from 40% to
90% RH, respectively. The samples were xed to the stage using
a Cu tape. Further, Energy-Dispersive Spectroscopy (EDS) was
used for elemental mapping from Bruker.

The X-ray photoelectron spectroscopy (XPS) measurement
was performed on the standard Thermo Fisher ESCALAB 250XI
type XSP platform. A monochromatic Ag Ka anode X-ray beam
was used with a beam energy of 1486.6 eV and an energy reso-
lution greater than 100 meV. The XPS spectra are acquired with
a 180° hemispherical electron energy analyzer with a normal
emission angle and a beam incident angle of 45° to the surface
normal. High-resolution Ti 2p, C 1s, O 1s, F 1s, Ca 2p, Na 1s, and
Cl 2p core level spectra were taken with a pass energy of 20 eV
and a step size of 0.02 eV. Sample spectra were also collected
aer an etching process using an Ar+ beam under an ion energy
of 4000 kV and a raster size of 1.5 mm. The energy positions
were calibrated with respect to the Fermi level at 0 eV. All the
measurements were conducted at room temperature in a UHV
chamber of 10−10 mbar. The integration of the Na+ peak was
done by a proper tting procedure as the Na 1s signal (Na(OH)
at 1073.2 eV and NaF/NaCl at 1071.6 eV)28,29 partially overlapped
with the Ti–O2 and Ti–C LMM Auger features.30 A Talos 200X
Transmission ElectronMicroscope (TEM) from FEI was used for
characterization of the samples.

UV-vis absorption spectra were obtained using a Jasco V-670
spectrophotometer. The maximum absorption was recorded at
lmax = 554 nm, 630 nm, and 280 nm for RhB, MG, and BSA
respectively. Inductively coupled plasma-optical emission
This journal is © The Royal Society of Chemistry 2024
spectrometry (ICP-OES) (Agilent, USA) was employed to detect
cationic species, while ion chromatography (Thermo Scientic,
USA) was utilized for the detection of anionic species.
2.5 First-principles molecular dynamics simulation of
MXene layers in aqueous solution

First-Principles Molecular Dynamics (FPMD) simulations were
performed to obtain a molecular picture of the intercalation of
MXene layers with an aqueous solution of different salts. In FPMD
simulations, forces are calculated on-the-y using quantum
mechanical methods to provide accurate description of the
interactions in the system. Contrary to other more standard
approaches based on classical and empirical force elds, FPMD
grants an accurate description of both the electronic structure
and forces between the crystal substrate and water.31,32 However,
FPMD comes with a computational cost that limits the time and
space scales that can be addressed compared to classicalMD. Two
parallel MXene sheets (Ti3C2) were created with the exposed Ti
and C terminated by –OH and –H groups, respectively. The
horizontal dimensions of theMXene layers were 16.7 Å and 10.5 Å
in the X and Y directions, respectively. Each MXene layer counts
248 atoms. In the case of two MXene layers in pure water, the
system was solvated in a box of initial dimensions of 30, 10.64,
and 40 Å in the X, Y, and Z directions, respectively, for a nal total
number of 1528 atoms in the system. The simulation box is
periodic in all three dimensions: this creates a water channel
between the two MXene layers along the X-direction, resembling
2D innite parallel slabs along the Y-axis. Fig. S1† displays this
initial conguration. Aerward, this initial structure was relaxed
by geometry and cell dimension optimization. The nal opti-
mized conguration, with an initial d-space of∼0.9 nm, was used
as a starting conguration for constant pressure (1 atm) and
temperature (300 K) (NpT) MD simulations. For the NpT simu-
lations with Na+, Ca2+, and Al3+ solutions, the starting congu-
rations were prepared by taking the initial snapshot of the pure
water case and replacing three water molecules between the
MXene layers with three cations of the same species. The cations
were placed in three different locations: one fully surrounded by
water molecules within the two MXene layers, one in proximity,
and one separated by one water layer from the MXene hydroxyl-
ated surface: this was done in order to have three different
scenarios for the cation solvation in the same (computationally
expensive) FPMD run. Similar to the water run, also in the cation
case, the initial structures were relaxed by geometry and cell
dimension optimization. Finally, three additional and indepen-
dent NpT production runs, one for each cationic species (i.e., Na+,
Ca2+, and Al3+), were performed. During the MD production runs,
the simulations box dimensions and the distance between the two
MXene layers were recorded to assess the convergence of the runs.

All the FPMD runs were performed using BLYP33–36 density
functional theory as implemented in the CP2K code.37Grimme's
dispersion (D3) correction was exploited,38 and the TZV2P basis
set was truncated at 300 Ry. While the valence electrons were
explicitly considered, Goedecker–Teter–Hutter pseudopoten-
tials were used to model core electrons. A Nose–Hoover ther-
mostat39 with a time constant of 50 femtoseconds (fs) was used
J. Mater. Chem. A, 2024, 12, 30729–30742 | 30731
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to keep the temperature at 300 K, while the pressure was
controlled to 1 bar with a time constant of 100 fs.

2.6 Membrane ux and rejection measurements

A dead-end ltration setup (Sterlitech, USA) with an effective
ltration area of 14.6 cm2 was used to measure the membrane
ux and rejection at 1–12 bar. The water ux (Jw) was computed
using eqn (1):

Jw ¼ V

AtP
(1)

where V represents the permeate volume, A represents the
membrane effective area, t is the operation time, and P stands
for the applied pressure.

The rejection performance of the prepared membranes was
assessed using feed solutions having 50 ppm of rhodamine B
(RhB), methyl green (MG), bovine serum albumin (BSA), NaCl,
CaCl2, and AlCl3, respectively. In each ltration experiment, we
used a consistent feed volume of 50 mL. This volume was
selected to ensure that there was sufficient feed solution for
accurate measurement of the permeated ux and rejection
performance. The collected permeate volume varied slightly
depending on the membrane type and its performance but
generally ranged between 40 and 45 mL, and the duration of
each ltration experiment was 15 minutes on average.

The rejection was computed using eqn (2):

Rejection ð%Þ ¼ Cf � Cp

Cf

� 100 (2)

where Cf is the feed concentration and Cp is the permeate
concentration.

3. Results and discussion
3.1 Structural characterization

The structure of the as-prepared pristine and intercalated
membranes was investigated by spectroscopy and microscopy
Fig. 1 SEM with superimposed EDS mapping of (a) DL-Ti3C2Tx, (b) Na-Ti
the ease of observation only. (e) XRD patterns of DL-Ti3C2Tx upon interc

30732 | J. Mater. Chem. A, 2024, 12, 30729–30742
analyses. The SEM image of the as-prepared DL-Ti3C2Tx showed
a wrinkled, sheet-like structure (Fig. S1a and c†). The TEM
image of DL-Ti3C2Tx exhibited a at, exfoliated structure with
few-layer MXene akes (Fig. S1b†). Fig. S1d† shows the XRD
pattern of DL-Ti3C2Tx. Acid etching of aluminumwas conrmed
by the disappearance of the most intense peak at 2q = ∼39°,
typical of Ti3AlC2 MAX (Fig. S1(e),† JCPDS number: 52-0875), in
DL-Ti3C2Tx. Furthermore, the shi of the (002) peak to a lower
angle (2q = 6.7°) and broadening of the peak conrmed the
successful formation of DL-Ti3C2Tx. Also, characteristic peaks of
DL-Ti3C2Tx such as (004), (006), (008), (0010), and (0012) were
observed.40

The cross-sectional SEM image and EDS mapping of the
resulting free-standing DL-Ti3C2Tx and ion intercalated
membrane are shown in Fig. 1a–d. The exibility of the
membrane was demonstrated by mechanical folding of the lm
several times without breaking (see the inset of Fig. S1(c)†). EDS
mapping conrms the presence of well-distributed Na+, Ca2+,
and Al3+ cations on the surface and in between the Ti3C2Tx

lamellar sheets. The effect of ion intercalation on the interlayer
spacing of pristine DL-Ti3C2Tx was examined for Na-Ti3C2Tx,
Ca-Ti3C2Tx, and Al-Ti3C2Tx membranes. XRD patterns of
Ti3C2Tx, Na-Ti3C2Tx, Ca-Ti3C2Tx, and Al-Ti3C2Tx sheets are
shown in (Fig. 1e). Cations can intercalate the MXene c-lattice
due to the electrostatic force between the positive ions and the
negatively charged MXene sheets.24,26,41 It is important to high-
light that cation intercalation is affected by different factors,
such as the hydration energy, ionic radius, and water coordi-
nation number.26,41–46 The (002) peak has shied to lower 2q
angles, suggesting a signicant expansion in the interlayer
spacing of Ti3C2Tx in the presence of ions in between the layers
in the following pattern Na-Ti3C2Tx < Ca-Ti3C2Tx < Al-Ti3C2Tx,
indicating d-spacing with increasing ion valence and the cor-
responding hydration radius.

XPS measurement was used to probe the cation intercalation
in between the sheets by recording the corresponding Na 1s, Ca
3C2Tx, (c) Ca-Ti3C2Tx, and (d) Al-Ti3C2Tx. The used coloring code is for
alation with Na+, Ca2+, and Al3+.

This journal is © The Royal Society of Chemistry 2024
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2p, and Al 2p core levels. An Ar+ based etching process was
applied to ensure removing the physisorbed layer from the top
surface, and the XPS spectra were recorded before and aer the
etching process (see Fig. S3, S4 and Table S1,† for the atomic
percentage of different elements and the corresponding
deconvolution). As indicated in Fig. S3† (le panel), the samples
before etching show considerable variation in the Ti 2p, O 1s,
and C 1s spectra, which is expected due to the different surface
termination groups. Aer imposing sufficient Ar+ etching on the
surface, the resulting XPS spectra show almost identical
patterns for all the studied membranes. In particular, C 1s
shows various components C–Ti, C–C/C]C, C–O and C]O
before etching for all samples. While, aer etching, the C]O
and C–C disappeared with only a major C–Ti peak. This reects
the high purity of the inner Ti3C2Tx sheets that is not affected by
the type of intercalated ions. Fig. 2a–c show the deconvolution
of Na 1s, Ca 2p and Al 2p before and aer sufficient etching, and
by integration of the spectral area aer appropriate Shirley
background subtraction, the cation concentration was quanti-
tatively estimated. Following an adequate etching process, the
cation concentrations within the layers were determined to be
2.9% for Na+, 0.74% for Ca2+, and 0.96% for Al3+. These ndings
provide additional evidence of ion intercalation occurring
between the layers and of their consistent concentration. By
looking at the time evolution of the etching process in Fig. 2d–f,
we notice that the cation signals mainly attenuate during the
initial 40 s of the etching process and become constant during
Fig. 2 XPS measurement of the intercalated MXene membranes before
spectra are shown after appropriate Shirley background subtraction. A
butions) was applied. Variation of the amount of intercalated (d) Na+, (e)

This journal is © The Royal Society of Chemistry 2024
subsequent cycles, which indicate that the quantity of interca-
lated cations is homogeneous across the membrane's sheets.
3.2 Effect of relative humidity on membrane swelling

In situ scanning electron microscopy (SEM) has emerged as
a powerful technique for studying materials and processes with
high spatial resolution. One area of signicant interest is the
investigation of the behavior and performance of membranes
under varying relative humidity (RH) conditions. Understanding
how membranes respond to changes in RH is essential for
optimizing their functionality and designing advanced materials
with enhanced performance. In this context, in situ SEM coupled
with controlled RH environments offers a unique opportunity to
visualize and analyze the structural, morphological, and dynamic
properties of membranes in real time at a micro-scale level.

In situ ESEM was used to measure the effect of RH changes
on the stability of pristine DL-MXene, Na-MXene, Ca-MXene,
and Al-MXene membranes, as shown in Fig. 3. Accurate
measurement was achieved by xing the focus conditions and
the point of measurement on the cross-section as a reference
area at different relative humidity (RH) levels. Two cycles of RH
were performed, starting from 40% to 90% with 10% interval
and 60 second delay to allow the saturation of the membrane
between each step.

All membranes showed an increase in the interlayer spacing
due to the introduction of water molecules with increasing RH.
The thickness of the pristine and ion intercalated MXene
and after etching. Deconvolution of (a) Na 1s, (b) Ca 2p and (c) Al 2p
Voigt type line profile (convolution of Gaussian and Lorentzian distri-
Ca2+, and (f) Al3+ as a function of etching time, as measured by XPS.
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Fig. 3 In situ SEM for different intercalated MXene membranes under relative humidity from 40% (left panel) to 90% (right panel). The thickness
increase values are (a) 9.8% for DL-Ti3C2Tx, (b) 14.0% for Na-Ti3C2Tx, (c) 8.6% for Ca-Ti3C2Tx, and (d) 4.3% for Al-Ti3C2Tx.
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membranes, as shown in Fig. 3, has increased by 9.8%, 14.0%,
8.6%, and 4.3% for DL-Ti3C2Tx, Na-Ti3C2Tx, Ca-Ti3C2Tx, and Al-
Ti3C2Tx, respectively, when the RH was increased from 40% to
30734 | J. Mater. Chem. A, 2024, 12, 30729–30742
90%. Na-Ti3C2Tx reported the highest thickness increase, fol-
lowed by Ti3C2Tx, Ca-Ti3C2Tx, and Al-Ti3C2Tx in the 40–90% RH
range.
This journal is © The Royal Society of Chemistry 2024
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This trend could be attributed to two main reasons: rst, the
hydration enthalpy of the intercalated cations between the
MXene layers, as the Na+ cation has the least hydration enthalpy
(Table S5†), followed by Li+, Ca2+, and Al3+ cations.42 Secondly,
higher valence cations have higher intercalation capacity due to
their van der Waal bonds with surface termination between the
MXene membrane layers allowing only high-ordered stable
water layers to be intercalated, stabilizing the MXene
membrane under varying RH.25,47 Moreover, the adsorbed anion
can also play an important role in the swelling of all
membranes.48 As is seen from other studies, the GO membrane
thickness increase was much higher (18% and 14.9%) within
the same relative humidity range as compared with our results
for the pristine MXene membrane.20,24,49

Our observation has been supported by other studies, indi-
cating that cations with varying sizes and charges (such as Na+,
K+, NH4+, Mg2+, and Al3+) can intercalate between Ti3C2Tx

layers,45,46 which can lead to the contraction or expansion of the
layers under varying relative humidity, depending on the charge
and hydrodynamic radius of the cation.44 Single-valent Na+ can
readily migrate into the interlayer of the Ti3C2Tx membrane and
form weak intercalation with the sheets or an electrical double
layer allowing for more free water molecules to seep in between
the layers and thereby increase the membrane swelling. In the
case of multivalent cations, Ca2+ and Al3+ have a strong
tendency to intercalate with MXene sheets due to their higher
Fig. 4 Variation of membrane thickness in response to two cycles of rela
(d) Al-Ti3C2Tx. All measured thickness data points are within ±0.01 mm e

This journal is © The Royal Society of Chemistry 2024
electrostatic attraction. This will reduce the available space for
water molecules to enter between the membrane layers, thereby
reducing the membrane swelling potential.10,26,32

The thickness variation of the membrane with RH for pris-
tine and intercalated MXene membranes is plotted in Fig. 4.

By comparing the two cycles of in situ ESEM relative
humidity, an oscillation behavior is seen for all intercalated
membrane sheets supporting the hydration heterogeneity
theory explained by Stéphane et al.,25,50 where layers with
different hydration states coexist within the same crystals.
However, the two cycles for Ca2+ and Al3+ intercalated cations
have a higher hysteresis, which could be related to the small
initial thickness of the corresponding membranes compared to
DL-Ti3C2Tx and Na-Ti3C2Tx membranes. In order to observe the
membrane's thickness variation, a video has been recorded of
each of these membranes (see the ESI†).
3.3 Effect of temperature on the membrane swelling

The in situ XRD equipped with a DSC was used to correlate the
changes in the (002) peak corresponding to d-spacing changes
for DL-Ti3C2Tx, Na-Ti3C2Tx, Ca-Ti3C2Tx, and Al-Ti3C2Tx with
temperature variation. The temperature was increased from 50 °
C to 300 °C with a 50 °C step and a 1 h equilibration time at each
temperature step. The XRD patterns of the MXene samples
show how the 2q values of the 002 reection at around 5.6 and
7.4 for pristine and cation intercalated Ti3C2Tx represent the
tive humidity for (a) DL-Ti3C2Tx, (b) Na-Ti3C2Tx, and (c) Ca-Ti3C2Tx, and
rror.
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structural changes between mono- and double-layer hydration
patterns at the nano-scale, corresponding to different c lattice
(c-L) parameter patterns of pristine and ion intercalated MXene
lms. The (002) peak at around 2q = 7.01 for all intercalated
membranes shis continuously to the right with the broad-
ening of the peak as the temperature increases, indicating the
loss of interlayer water molecules and consequently a decrease
of the c-parameter of MXene.24,51

It is well established that the (002) peak of MXene shis
when temperature changes, corresponding to a d-space
decrease from its initial state, indicating a loss of water layers
from MXene sheets.25 As shown in Fig. 5, Al-Ti3C2Tx and Ca-
Ti3C2Tx membranes shows the highest d-space decrease of 2.29
Å and 2.07 Å, respectively, compared to those of Na-Ti3C2Tx and
DL-Ti3C2Tx membranes of 1.85 Å and 1.09 Å, when the
temperature is increased from 50 °C to 300 °C. This behavior is
a consequence of the valence of the intercalated cations.42 In
fact, high valence cations are characterized by a high hydration
number, hence they tend to accommodate a higher number of
water molecules in their coordination shell.52,53 Therefore, when
Fig. 5 XRD patterns of in situ XRD, where the temperature has been varie
(c) Ca-Ti3C2Tx, and (d) Al-Ti3C2Tx membranes.

30736 | J. Mater. Chem. A, 2024, 12, 30729–30742
the temperature is increased up to 100 °C, free water molecules
get released from the intercalated membranes, followed by the
release of coordinated water molecules at temperatures above
100 °C. Since the high valence cations exhibit stronger inter-
calation with the negatively charged functional groups between
the layers of the MXene membrane as compared with low
valence cations, the loss of coordination water causes the
interlayer spaces to collapse more predominately in the case of
Al-Ti3C2Tx and Ca-Ti3C2Tx membranes.54

In Fig. 5, distinct and sharper peaks are observed for DL-
Ti3C2Tx and Na-Ti3C2Tx membranes at 50 °C, while the peaks
for Ca-Ti3C2Tx and Al-Ti3C2Tx membranes appear less dened.
This observation suggests a correlation between the presence of
monovalent cations and enhanced homogeneity of the MXene
membrane, when compared to membranes with higher valence
cations.24,41,43 As illustrated in Fig. 6, generally, the d-spacing
decreases in a similar fashion for the three cations intercalated
membranes, although it seems to follow a trend based on the
cationic valence (Na+ < Ca2+ < Al3+), which was observed in
another study related to relative humidity.24,55
d from 50 °C to 300 °C for as-prepared (a) DL-Ti3C2Tx, (b) Na-Ti3C2Tx,

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 d-Space (calculated from XRD analysis) variation between 50 and 300 °C.
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The effect of increasing temperature on the pristine and
intercalated MXene membranes was investigated using in situ
ESEM with temperature stage, keeping the same measuring
conditions used in the in situ ESEMmeasurement with RH, with
temperature ranging from 50 °C to 300 °C, at 50 °C steps with
a 60 second delay to stabilize at each step. The membranes were
kept at room temperature in a dry environment for 24 hours
before the experiment. As observed in Fig. 7, the cross-sectional
shrinkage percentage for the Al-Ti3C2Tx membrane between 50
°C and 300 °C was the highest among other intercalated MXene
membranes with a value of 17.5%. Na-Ti3C2Tx was found to be
the most stable membrane at high temperatures, followed by
the DL-Ti3C2Tx membrane, Ca-Ti3C2Tx membrane, and Al-
Ti3C2Tx membrane with percentages of 4.13%, 4.8%, 7.07%,
and 17.5%, respectively. These results are in good agreement
with the in situ XRD heating experiment, where the trend of d-
space decrease was Al-Ti3C2Tx > Ca-Ti3C2Tx > DL-Ti3C2Tx > Na-
Ti3C2Tx. Therefore, a high valence intercalated MXene
membrane could be suitable for high temperature sensing
applications.

3.4 Computational simulations

FPMD simulations provide a molecular picture for the 2D
MXene layers intercalated with different cations in aqueous
media (Fig. 8). As described in the Methodology section, for
each cation, a separate FPMD was performed placing three
identical cations in three different starting locations, which are
indicated in yellow in Fig. 8a, maximizing the number of
solvation scenario observable within the same FPMD runs.
During the limited time scale of 3 ps, ions did not diffuse
signicantly from their initial position. However, Fig. 8b shows
the d-space between the two MXene layers as a function of time
for the 4 FPMD runs (one with no ion and the other three with
Na+, Ca2+ and Al3+ in solution, respectively), and all the proles
equilibrate within∼2 ps. In the case of Ca2+ and Al3+, there is an
initial transient oscillation of ∼0.2 nm height: this was due to
the initial congurations in which water molecules were
This journal is © The Royal Society of Chemistry 2024
replaced by (three) di- or (three) tri-valent ions, perturbing the
system. As observed in Fig. 8b, the contraction (or expansion) of
the d-space equilibrates quite rapidly. This implies that, in the
case of ion diffusion from the bulk solution into the water
channel formed by the two MXene layers, the shirking or
swelling of the layers is expected to be quite instantaneous, i.e.,
within 2 ps.

The average d-spacing observed from the FPMD runs aer
equilibration (i.e., 2 ps) is reported in Table 1. The d-space
decreases by increasing the charge of the ions in solution, with
differences among the cations that are larger than the statistical
uncertainties. It is difficult to make a quantitative comparison
between experimental and FPMD results because water between
the membranes is not homogeneously distributed in the
experimental case, plus the ion concentration is different.
Moreover, it is difficult to map experimental RH with an exact
number of water molecules in the simulation box. Nevertheless,
it is encouraging to see the experimental trend for membrane
thicknesses at high RH, which more closely resemble the
computational starting conditions in Fig. 8a, somehow match-
ing the computational d-space trend as a function of the
cationic valence in Fig. 8b. A recent computational/experi-
mental study also revealed a stronger interaction, hence
a smaller d-space, for polyvalent cations (e.g., Mg2+) with respect
to monovalent cations (Li+, Na+, K+, and Cs+).26 Interestingly,
solvated magnesium and cesium cations had the tendency to
stay halfway between the MXene sheets, whereas smaller
cations partially dehydrated and adhered to one surface of the
MXene.

The FPMD trajectories can provide more physicochemical
insights for the observed d-space with different cations. Table 1
reports the average distance, dion–Ow

, between the three inter-
calated ions labeled in Fig. 8a and the nearest oxygen (i.e., water
oxygen or the oxygen belonging to the hydroxylated MXene
surface), which denes a radius for a cavity region around the
ion where water is excluded.57
J. Mater. Chem. A, 2024, 12, 30729–30742 | 30737
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Fig. 7 In situ SEM for different intercalated MXene membranes at temperatures from 50 to 300 °C. The thickness decrease values are (a)
−16.08% for DL-Ti3C2Tx, (b) −4.13% for Na-Ti3C2Tx, (c) −7.07% for Ca-Ti3C2Tx, and (d) −17.53% for Al-Ti3C2Tx.
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Results shown in Fig. 8 suggest the contribution of an
entropic term driving the membrane shirking, which comple-
ments the literature showing an enthalpic contribution origi-
nating from the electrostatic attraction between the negatively
charged MXene surface and the highly charged cations leading
to the compression of interlayer spacing and shrinkage of the
membrane in the z-direction.10 Both entropic and enthalpic
terms govern the d-space between MXene layers intercalated in
30738 | J. Mater. Chem. A, 2024, 12, 30729–30742
saline solutions, but the relative importance of one term over
the other likely depends on the environmental conditions, such
as the amount of water present in the system. The correlation
between the amount of water contained and the hydration
enthalpy of the intercalated cations has been experimentally
observed by the group of Barsoum.24 Whereas, under wet
conditions, the solvent shields the electrostatic interaction
between cations and the negatively charged MXene surface, so
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Panel (a): Initial snapshot from the FPMD trajectory of Na+ solution. Atom color code: Na+(blue), Ti (pink), C (gray), O (red) and H (white).
Identical snapshots, but with Ca2+ and Al3+ ions, were used for the simulations with other cations. The intercalated ions are labelled 1, 2, and 3,
respectively, in yellow. Panel (b): d-space between the two MXene layers in the pure water case (blue line) and in the case of Na+, Ca2+ and Al3+

aqueous solutions (red, green and blue lines, respectively) as a function of the simulation time. The vertical orange dashed line indicates the 2 ps
time, from which statistics is collected.

Table 1 Distance between the two MXene layers (i.e., d-space) and
distance from the ions to the nearest water oxygen, dion–O (nm),
observed in the FPMD simulations for each of the cations labelled in
Fig. 8a. Experimental values were obtained from Marcus ion
compilation56

d-Space (nm) dion–O (nm)

Na+ 0.8188 � 0.0086 (1) 0.2254 � 0.0065
(2) 0.2202 � 0.0042
(3) 0.2214 � 0.0077

Ca2+ 0.7927 � 0.0113 (1) 0.2307 � 0.0037
(2) 0.2305 � 0.0043
(3) 0.2260 � 0.0044

Al3+ 0.7729 � 0.0060 (1) 0.1781 � 0.0030
(2) 0.1711 � 0.0020
(3) 0.1810 � 0.0035
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the cost of solvent re-organization may be dominant. Under dry
or low humidity conditions, a direct interaction between the
cations and the surface of MXene is mostly driven by enthalpic
contribution. Whereas under wet conditions, the solvent re-
organization energy may be dominant, most likely because the
solvent shields the electrostatic interaction between cations and
the negatively charged MXene surface. Notably the ionic
hydration enthalpies for the cations studied in this work follow
the trend: Al3+ > Ca2+ > Na+.42
3.5 Ion rejection performance

The above results suggest that multivalent cations intercalated
in the MXene membrane are better suited for applications that
require low swelling and stable MXene lms under high RH,
such as membrane desalination and water dialysis.32 On the
other hand, monovalent Na-Ti3C2Tx combines high water intake
capacity with stable response to RH variation, which makes
such membranes good candidates for sensor applications43 and
more conveniently humidity sensors beneting from the elec-
tric properties of MXene.58,59 As shown in another report, when
This journal is © The Royal Society of Chemistry 2024
K+ and Mg2+ are intercalated between the MXene layers, the
water intake was increased signicantly, making the K-inter-
calated MXene membrane an excellent model for humidity
sensor applications.47 To validate this hypothesis, we have
tested the membranes for sieving of organic molecules and
ions.

Organic fouling is one of the main challenges in the
membrane separation process caused by the adsorption of
organic molecules on the membrane surface. The prepared
membranes (pristine MXene, Na-MXene, Ca-MXene, and Al-
MXene) were tested for the rejection of different single-solute
feed solutions, including RhB, MG, and BSA, as well as NaCl,
CaCl2, and AlCl3 salts. RhB, MG, and BSA were used to deter-
mine the molecular weight cut-off (MWCO) of the membranes.
As seen in Fig. S56,† the MWCO values of pristine Ti3C2Tx and
Na-Ti3C2Tx are above 480 Da, while those of Ca-Ti3C2Tx and Al-
Ti3C2Tx are below 380 Da. The rejection of BSA was almost 100%
for all tested membranes, as shown in Fig. 9a. Interestingly, the
highest rejection of RhB and MG was achieved by the Al-Ti3C2Tx

membrane with 94% and 97%, while those achieved by the Na-
Ti3C2Tx membrane were only 72% and 79%, respectively. Also,
the rejection of different ions was studied, as shown in Fig. 9c.
The Al-Ti3C2Tx membrane showed the highest rejection of 14%,
59%, and 70% for NaCl, CaCl2, and AlCl3 salts, respectively. The
rejection of all the membranes against cations increases in the
order of Na-Ti3C2Tx < pristine DL-Ti3C2Tx < Ca-Ti3C2Tx < Al-
Ti3C2Tx membranes. This trend supports the discussed mech-
anism for cation permeation between the MXene layers, where
Na+ causes MXene layers to expand in the Na-MXene membrane
leading to a lower rejection, while the presence of intercalated
cations in Ca-Ti3C2Tx and Al-Ti3C2Tx provides more stability to
interlayer spacing, hence causing less swelling and therefore
improving the rejection performance of the membranes. Non-
swelling MXene membranes prepared by the intercalation of
Al3+ ions have been previously reported in the literature,
demonstrating excellent stability in aqueous solutions and high
rejection of NaCl (∼89.5–99.6%) with fast water uxes.32
J. Mater. Chem. A, 2024, 12, 30729–30742 | 30739
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Fig. 9 (a) Rejection percentage of RhB, MG, and BSA; (b) permeance of water, RhB, MG, and BSA solutions; (c) rejection percentage of NaCl,
CaCl2, and AlCl3; (d) permeance of water, NaCl, CaCl2, and AlCl3 solutions.
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The membrane ux measured during the rejection of RhB,
MG, and BSA ranges from 246 to 302 L m−2 h−1 bar−1, with the
highest ux for Na-Ti3C2Tx and the lowest for Al-MXene. In
general, the water permeance of the membranes increases in
the order of Al-Ti3C2Tx < Ca-Ti3C2Tx < pristine MXene < Na-
Ti3C2Tx membranes. A similar pattern was observed during the
sieving of salt ions (NaCl, CaCl2, and AlCl3). Na-Ti3C2Tx shows
the highest permeance values, with 371 L m−2 h−1 bar−1 for
NaCl, 369 L m−2 h−1 bar−1 for CaCl2, and 339 L m−2 h−1 bar−1

for AlCl3. For the pristine MXene membrane, the high per-
meance values are as follows: approximately 342 L m−2 h−1

bar−1 for NaCl, 335 L m−2 h−1 bar−1 for CaCl2, and 311 L m−2

h−1 bar−1 for AlCl3 against 345 L m−2 h−1 bar−1 for deionized
water. Moreover, Ca-Ti3C2Tx and Al-Ti3C2Tx follow a similar
trend with permeance values of approximately 290 and 273 L
m−2 h−1 bar−1 for NaCl, 282 and 265 L m−2 h−1 bar−1 for CaCl2,
and 273 and 248 L m−2 h−1 bar−1 for AlCl3, respectively. These
results indicate that all types of MXene membranes maintain
high permeance for NaCl, with slightly reduced values for CaCl2
and further reduced values for AlCl3, reecting the increasing
ion charge and its impact on membrane performance, in good
agreement with the ion rejection performances discussed
above.

The membrane ux measurements further support the
proposed membrane swelling behavior. Indeed, the Na+ in the
Na-MXene membrane is responsible for the expansion of the
MXene layers, hence the highest permeance, whereas the
superior stability demonstrated for Ca-Ti3C2Tx, and in partic-
ular Al-Ti3C2Tx membranes is responsible for the lower per-
meance against the tested salts. The same trend has been
reported by Ren et al., where the permeation rate of cations
through Ti3C2Tx membranes followed the order Na+ > Ca2+ >
Al3+.10 We further evaluated the stability of Al-Ti3C2Tx at
different times and pressures. As seen in Fig. S6a,† the rejection
30740 | J. Mater. Chem. A, 2024, 12, 30729–30742
variation was stable over 72 h, within 4%, and 9% uctuation
for Ca2+ and BSA, respectively. This is in agreement with the
previously reported observation by Ding et al., where Al-inter-
calated MXene showed rejection performance for up to 400 h.32

The Al-Ti3C2Tx membrane also demonstrated stable ux with
pressure up to 7 bar in the dead-end setup, aer which a 3-fold
increase was observed most likely due to mechanical damage to
the membrane (see Fig. S6b†). This highlights the need to
improve the mechanical strength of MXene membranes at
higher pressures. Stabilizing the interlayer spacing with
conjugated nanosheets60 or metal–polymer coordination61,62 is
another tactic to regulate the nanosheet spacing for controlling
the interlayer spacing in the membranes and enforcing
mechanical stability. Comparatively, the ux for our interca-
lated membranes ranged between 294 and 377 L m−2 h−1, with
Ca2+ and Al3+ showing a slightly reducing ux due to stronger
ion interactions, similar to the literature trends for high-valence
ions (see Table S6†).

MXene membranes exhibit higher selectivity for multivalent
ions (Mg2+ and Al3+) over monovalent ions (Na+) due to strong
electrostatic interactions and their narrower tunable interlayer
spacing compared to GO membranes.10,63 GO membranes
display moderate selectivity between monovalent and divalent
ions due to the size exclusion mechanism but struggle with ne-
tuning ion sieving compared to MXenes. GO membranes
exhibit high Na+/Mg2+ and Na+/Ca2+ selectivity due to their
layered structure, but the lack of tunability in interlayer spacing
limits their performance in high-salinity environments.64

Nevertheless, studies demonstrated that xing the nanochannel
diameters of conjugated 2D materials like MXene and GO led to
improved ion pair selectivity, particularly for Na+/Ca2+, Li+/
Mg2+, and Na+/Mg2+, which can optimize the selectivity and ux
in desalination processes.65,66
This journal is © The Royal Society of Chemistry 2024
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4 Conclusions

In this study, we have employed in situ environmental scanning
electron microscopy, in situ XRD, and molecular dynamics
simulations to explore the swelling behavior and mechanical
stability of pristine and intercalated Ti3C2Tx MXene. Our nd-
ings indicated that intercalation with multivalent cations (Ca2+

and Al3+) signicantly enhances the stability of the MXene
membranes by reducing the interlayer spacing, thus mitigating
swelling. This stabilization is crucial for applications requiring
consistent ion-sieving performance and mechanical integrity,
such as water desalination and dialysis. In contrast, monovalent
cation (Na+) intercalated membranes exhibited higher water
intake and sensitivity to humidity changes. Na-Ti3C2Tx had the
highest swelling of +14.0%, followed by Ca-Ti3C2Tx and Al-
Ti3C2Tx in the 40–90% RH range, making them more suitable
for humidity sensor applications.

The rejection performance tests demonstrated that Al-
MXene membranes achieved the highest rejection rates for
organic molecules (RhB and MG) and salts (NaCl, CaCl2, and
AlCl3), correlating with their improved structural stability.
These ndings suggest that the swelling of MXene membranes
can be effectively controlled through selective ion intercalation,
rendering this class of 2D-nanomaterial membranes more effi-
cient for water purication and sensor technologies.

While these structural observations are important, we
understand that correlating this with membrane performance
(i.e., water ux and ion rejection) under high-temperature ltra-
tion conditions would signicantly enhance the study. In
particular, the stability of the membranes at elevated tempera-
tures suggests potential for ltration applications in thermally
challenging environments, such as high-temperature
desalination.

In summary, this study can guide the rational design of ion-
intercalated 2D MXene membranes toward understanding the
membrane behavior in aqueous environments and provide
a foundation for engineering application-specic 2D membranes.

Data availability

The data supporting this article have been included as part of
the ESI.†

Author contributions

The manuscript was written through the contributions of all
authors. All authors have given approval to the nal version of
the manuscript.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors acknowledge the Qatar Environment and Energy
Research Institute (QEERI, at Hamad Bin Khalifa University) for
This journal is © The Royal Society of Chemistry 2024
supporting this research. The authors would also like to thank
Dr Ravi Pandey for technical support and the core lab staff at the
Qatar Energy and Environment Research Institute (QEERI),
namely, Mr Janarthanan Ponraj for material characterization
support. For HPC resources and services, we acknowledge the
Research Computing group in Texas A&M University at Qatar,
founded by the Qatar Foundation for Education, Science and
Community Development, and the use of Qatar Environment
and Energy Research Institute (QEERI) HPC under Project ID
HPC-P21003.
References

1 Z. Ahmed, F. Rehman, U. Ali, A. Ali, M. Iqbal and
K. H. Thebo, ChemBioEng Rev., 2021, 8, 110–120.

2 Y. A. J. Al-Hamadani, B.-M. Jun, M. Yoon, N. Taheri-Qazvini,
S. A. Snyder, M. Jang, J. Heo and Y. Yoon, Chemosphere, 2020,
254, 126821.

3 H. Zhang, ACS Nano, 2015, 9, 9451–9469.
4 M. Ghidiu, M. R. Lukatskaya, M. Q. Zhao, Y. Gogotsi and
M. W. Barsoum, Nature, 2014, 516, 78–81.

5 C. F. Carolin, P. S. Kumar, A. Saravanan, G. J. Joshiba and
M. Naushad, J. Environ. Chem. Eng., 2017, 5, 2782–2799.

6 L. Huang, L. Ding and H. Wang, Small Sci., 2021, 1, 2100013.
7 O. Kwon, Y. Choi, J. Kang, J. H. Kim, E. Choi, Y. C. Woo and
D. W. Kim, Desalination, 2022, 522, 115448.

8 S. Hong, F. Al Marzooqi, J. K. El-Demellawi, N. Al Marzooqi,
H. A. Arafat and H. N. Alshareef, ACS Mater. Lett., 2023, 5,
341–356.

9 G. Liu, W. Jin and N. Xu, Chem. Soc. Rev., 2015, 44, 5016–
5030.

10 C. E. Ren, K. B. Hatzell, M. Alhabeb, Z. Ling, K. A. Mahmoud
and Y. Gogotsi, J. Phys. Chem. Lett., 2015, 6, 4026–4031.

11 L. Ding, Y. Wei, Y. Wang, H. Chen, J. Caro and H. Wang,
Angew Chem. Int. Ed. Engl., 2017, 56, 1825–1829.

12 G. Liu, J. Shen, Q. Liu, G. Liu, J. Xiong, J. Yang and W. Jin, J.
Membr. Sci., 2018, 548, 548–558.

13 S. Zheng, Q. Tu, J. J. Urban, S. Li and B. Mi, ACS Nano, 2017,
11, 6440–6450.

14 O. Alnoor, T. Laoui, A. Ibrahim, F. Kaah, G. Nadhreen,
S. Akhtar and Z. Khan, Membranes, 2020, 10, 292.

15 W.-S. Hung, C.-H. Tsou, M. De Guzman, Q.-F. An, Y.-L. Liu,
Y.-M. Zhang, C.-C. Hu, K.-R. Lee and J.-Y. Lai, Chem.
Mater., 2014, 26, 2983–2990.

16 S. Zheng, Q. Tu, M. Wang, J. J. Urban and B. Mi, ACS Nano,
2020, 14, 6013–6023.

17 Y. Zhao, C. Zhou, J. Wang, H. Liu, Y. Xu, J. W. Seo, J. Shen,
C. Gao and B. Van der Bruggen, J. Mater. Chem. A, 2018, 6,
18859–18864.

18 Y. Zhao, W. Shi, B. Van der Bruggen, C. Gao and J. Shen, Adv.
Mater. Interfaces, 2018, 5, 1701449.

19 M. Zhang, K. Guan, Y. Ji, G. Liu, W. Jin and N. Xu, Nat.
Commun., 2019, 10, 1253.

20 T. Daio, T. Bayer, T. Ikuta, T. Nishiyama, K. Takahashi,
Y. Takata, K. Sasaki and S. Matthew Lyth, Sci. Rep., 2015, 5,
11807.
J. Mater. Chem. A, 2024, 12, 30729–30742 | 30741

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta04079a


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/1
/2

02
6 

5:
07

:4
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
21 A. Iakunkov, U. Lienert, J. Sun and A. V. Talyzin, Adv. Sci.,
2024, 11, 2307067.

22 A. Iakunkov, A. Nordenström, N. Boulanger, C. Hennig,
I. Baburin and A. V. Talyzin, Nanoscale, 2022, 14, 10940–
10949.

23 X. Liu, N. Graham, W. Yu, Y. Shi, K. Sun and T. Liu, J. Membr.
Sci., 2022, 654, 120469.

24 M. Ghidiu, J. Halim, S. Kota, D. Bish, Y. Gogotsi and
M. W. Barsoum, Chem. Mater., 2016, 28, 3507–3514.
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