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ARTICLE INFO ABSTRACT

Keywords: MZXene-based membranes exhibit significant potential for gas separation. However, two major challenges persist:
Deep eutectic solvent regulating the interlayer spacing of 2D MXenes and mitigating non-selective voids within the membrane
Nanocellulose structure. In this work, composite membranes comprising cellulose nanocrystals (CNCs), MXenes, and choline
I\G/I;Se;eeparanon chloride/urea deep eutectic solvent (DES) were fabricated, and they contained carbon dioxide (CO)-selective
Membrane nanochannels. The incorporation of DES effectively modulates the interlayer spacing of MXene nanosheets to

match CO3 molecules. Moreover, CNCs act as a continuous polymer skeleton, forming hydrogen bonds with
adjacent MXenes to increase the inorganic-organic interface affinity. This design facilitates COy transport
through multiple mechanisms: (i) the solution-diffusion properties of the CNC-based polymer phase; (ii) opti-
mized 2D MXene channels with an appropriate interlayer spacing to accelerate CO, permeation; and (iii) the
amine groups in the alkaline DES as COq carriers. The membrane demonstrated exceptional gas separation ca-
pabilities, attaining a maximum CO, permeability of 496.7 Barrer, along with ideal selectivities for CO2/N3 and
CO,/CH4 of 78.8 and 90.3, respectively. This research proposes a novel strategy for regulating the interlayer
spacing of MXenes and designing nanocellulose-based separation membranes.

1. Introduction selectively etching the A-group layers from the My, ;AX, phases [12,13].
They feature abundant surface-terminating groups (such as = O, —OH,

Carbon dioxide (CO») emitted from the combustion of fossil fuels is and —F) that are uniformly distributed across the nanosheets, creating

widely acknowledged as a key contributor to global warming and
climate change [1,2]. In recent years, membrane-based technology for
CO4, separation has gained prominence as a highly energy-efficient and
economically viable alternative to traditional methods, such as cryo-
genic distillation and solvent absorption [3,4]. A diverse range of inor-
ganic and polymeric materials have been investigated as potential
membrane candidates for gas separation [5,6]. Despite the high CO,
separation performance achieved by membranes reported in the litera-
ture, the intrinsic trade-off between permeability and selectivity remains
a significant hurdle, limiting the practical deployment of gas separation
membranes [7,8]. Among the various materials explored, 2D materials
have been extensively applied in gas separation processes, with MXene
materials attracting particular attention and demonstrating immense
potential [9-11].

MXenes, with the general formula of M, 1X,Tx, are fabricated by
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narrow channels between stacked MXene layers [14]. The gas perme-
ability of MXenes is related to their interlayer spacing, wherein optimal
channel dimensions facilitate the rapid transport of COy through the
membrane by establishing a preferential permeation pathway [15]. To
precisely regulate the delamination behavior of MXene nanosheets,
diverse COq-facilitated agents, including metal ions, amine agents, metal
salts, ionic liquids, and deep eutectic solvents (DESs), have been
explored [16]. Among these, DESs have garnered significant attention
owing to their facile synthesis process, cost-effectiveness, nontoxic na-
ture and good CO5 capture capability [17].

DESs are a class of binary or ternary eutectic mixtures comprising
hydrogen bond donors and hydrogen bond acceptors [18,19]. Lin et al.
intercalated a choline chloride/ethylene glycol (ChCl/EG) DES into
MXene nanosheets to prepare CO, separation membranes [17].
Leveraging the CO, affinity and solubility of DESs, the composite
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membranes exhibited a CO, permeance of 26.4 GPU, with ideal selec-
tivities over Ny, CHy4, and Hy of 319.1, 249.0, and 12.4, respectively.
Prior studies have focused mainly on the development of ultrathin
MXene membranes with CO;-selective channels [20]. Although high gas
flux can be obtained, it is challenging to prepare defect-free MXene--
based membranes, primarily because of the mechanical brittleness of
MXenes [14]. One effective strategy is integrating MXenes into a poly-
mer matrix [21]. For example, Yahia et al. confined MXene nanosheets
into a PIM-1 matrix, and the results demonstrated that the introduction
of MXenes effectively increased gas solubility and diffusivity [22]. The
optimal sample achieved a low CO5/CH4 separation selectivity of 13.5,
accompanied by a CO, permeability of 7652 Barrer. Overall, breaking
the selectivity—permeability limit and enhancing the affinity of the
MXene/polymer interface are difficult.

In our previous work, we demonstrated that nanocellulose is a good
polymer matrix for gas separation membrane fabrication because of its
exceptional solubility—selectivity characteristics and ease of processing
[23,24]. The abundant carboxyl/hydroxyl groups located on the nano-
cellulose surface provide negative charge points and anchor sites for the
attachment of inorganic fillers, contributing to good interface affinity
[25]. Here, a ternary DES/MXene/nanocellulose membrane is designed.
An alkaline ChCl/urea DES with sufficient amine groups was synthe-
sized and used to intercalate the MXene nanosheets. This DES system
can combine CO»-carrier functionality with the tuning ability of the
MXene interlayer [26]. In addition, the polymer phase of CNCs can form
hydrogen bonds with adjacent MXenes and optimize the interlayer
spacing of MXenes [27]. CO, transport is accelerated by combining the
solution-diffusion properties of the CNCs and designing MXene channels
with suitable interlayer spacings and amine groups in the DES. The
composite membranes were evaluated via single and mixed gas sepa-
ration to evaluate their CO separation capability.

2. Experimental
2.1. Materials

Choline chloride (ChCl, 99.0 %) and hydrochloric acid (HCl, AR)
were purchased from Nanjing Chemical Reagent Company. Urea was
obtained from Sinopharm Chemical Reagent Company (AR). Cellulose
nanocrystal (CNC) powder (length ca. 200 nm, diameter ca. 10 nm) and
lithium fluoride (LiF, AR) were obtained from Shanghai McLean
Biochemical Technology Company. Titanium aluminum carbide
(TisAlCy, 98 %) was purchased from Rhawn Chemical Reagent Com-
pany. The nylon substrate, with a diameter of 50 mm and a pore size of
200 nm, was procured from Tianjin Jinteng Experimental Equipment
Company. COy, N and CH4 with purities >99.99 % were purchased
from Nanjing Special Gas Factory Company.

2.2. Synthesis of ChCl/urea DES

For DES synthesis, ChCl and urea were dried separately at 80 °C
under vacuum for 1 h. Then, the ChCl and urea were mixed ata 1:2 M
ratio in a sealed bottle. The mixture was stirred at 60 °C for 2 h until a
transparent, homogeneous liquid was obtained.

2.3. Synthesis of TisCaTy nanosheets

The synthesis method of Ti3CoTx nanosheets was modified from
previous literature [28]. Briefly, Ti3CoTyx nanosheets were synthesized
by selectively etching Al from Ti3AlC; via HF. Specifically, 1 g of LiF and
1 g of Ti3AlC, were added to 20 mL of HCI (9 mol L™1) in a PTFE beaker.
The mixture was continuously stirred at 50 °C (550 rpm) for 72 h. The
mixture was subsequently washed with deionized water (DI) until the
pH reached 7. The resulting black solid residue, which was TisCyTy
MXene, was then sonicated for 1 h and centrifuged to collect the
delaminated MXene nanosheets. Afterward, the collected solids were
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freeze-dried in a Petri dish for 12 h at —65 °C under vacuum to yield the
water-intercalated Ti3CoTy MXene powder (denoted as Water-I MXene).

2.4. Intercalation and delamination of Ti3CyTy with DES

0.1 g of as-prepared water-intercalated TisCyTx nanosheets was
added to the ChCl/urea DES (5 mg mL’l, 20 mL). The mixture was
sonicated in an ice-water bath for 1 h, followed by stirring for 1 week.
Next, the mixture was vacuum-filtered through a nylon membrane and
washed with DI water and ethanol (200 mL). After freeze-drying in a
Petri dish for 12 h at —65 °C under vacuum, the DES-intercalated MXene
powder was obtained (denoted as DES-I MXene).

2.5. Assembly of composite membranes

For the composite membrane preparation, 5, 10, 15, 20, and 25 mg of
the as-prepared DES-I MXene powder was added to 5 mL of DES solution
to obtain a DES/MXene suspension at concentrations of 1, 2, 3, 4, and 5
mg mL~L. Then, 5 mg of CNC powder was added to 5 mL of DES solution
to obtain a DES/CNC dispersion at a concentration of 1 mg mL™!. The
suspension was stirred separately at room temperature (550 rpm) for 6
h. Subsequently, 5 mL of DES/MXene suspension and 5 mL of DES/CNC
suspension were mixed, sonicated for 30 min, and stirred for an addi-
tional 6 h. Finally, the mixture was vacuum-filtered on the porous nylon
substrate for 5 h and placed in a constant temperature and humidity
chamber (relative humidity of 40 %, temperature of 35 °C) for 24 h to
obtain the ternary membrane. The resulting membranes were labeled
DES/MXene/CNC-X, where X (=1, 2, 3, 4, 5) corresponds to the con-
centration of MXene in the DES/MXene suspension (1, 2, 3, 4, or 5 mg
mL™1). For comparison, a hybrid MXene/CNC membrane consisting of
water-intercalated MXene powder and CNCs was also prepared under
similar conditions, where 20 mg of as-prepared Water-I MXene powder
was used, and all the DES solution was replaced with DI water.

2.6. Characterizations

The membrane materials were characterized via X-ray diffraction
(XRD), scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), transmission electron microscopy (TEM), atomic
force microscopy (AFM), Ny adsorption—desorption, Fourier transform
infrared spectroscopy (FT-IR) and thermogravimetric analysis (TGA).
Detailed information on the characterization techniques is provided in
the Supporting Information. Single-gas and mixed-gas separation ex-
periments were conducted using a custom-made apparatus (Scheme S1).

3. Results and discussion
3.1. Characterization of DES-intercalated MXenes

In this work, MXene nanosheets were synthesized by selectively
etching Al from Ti3AlCy. Afterward, a designed ChCl/urea DES was used
as an intercalating agent to intercalate the MXene layers. A schematic
illustration of the interaction between DESs and MXenes is displayed in
Fig. 1a. The DES solvent adheres to the surface of the MXene, forming
strong hydrogen bonds with the surface-terminating groups of the
MXene [29]. Therefore, the interlayer spacing of MXenes is regulated by
the newly formed cross-links. For comparison, DI water was used as an
intercalating agent to tune the MXene nanosheets.

XRD was conducted to analyze the crystal structure of the MXene
nanosheets intercalated with water and DES (Fig. 1b). The diffraction
pattern of the water-treated sample presents a distinct peak at 6.62°,
which corresponds to the (002) plane. The interlayer spacing calculated
from Bragg’s law is approximately 1.34 nm, which is typical of multi-
layer MXenes [20]. In contrast, in the DES-treated sample, the charac-
teristic peak of the (002) plane shifts to alower angle of 6.16°, indicating
an increase in the interlayer spacing to approximately 1.43 nm. This
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Fig. 1. (a) Schematic illustration of the intercalation of water and ChCl/urea DES into MXene nanosheets. (b) XRD patterns of the MXene nanosheets intercalated
with water and ChCl/urea DES. (c) Dispersion of MXene in water and in DES for 1 week.

result suggests that the spontaneous intercalation of DES molecules
leads to an expansion of the interlayer spacing. The dispersion stability
of MXenes in DESs over a long period of time is significantly better than
that in water (Fig. 1c and Fig. S1). In addition, DESs can reduce the
MXene thickness by decreasing the number of stacked layers [30,31].
The morphology of the multi-layer MXene nanosheets after interca-
lation was examined via SEM. After etching Al from pristine Ti3AlCo, the
MXene exhibits an accordion-like layered structure (Fig. S2a). When the
MXene nanosheets were treated with water, there was no obvious
morphology change (Fig. 2a). The introduction of DES promotes the
delamination of MXenes (Fig. 2b). TEM images reveal that the interca-
lation of DES leads to a reduction in the lateral size and a decrease in the
thickness of the delaminated layers (Fig. 2c and d). This was due to the
combined effect of ultrasonic treatment and DES addition, which
appeared to exfoliate the multilayer MXene into smaller nanosheets
[32]. After DES treatment, the ultrathin MXene nanosheets appear
nearly transparent under the electron beam. To further confirm the
morphology and size changes of the MXenes, atomic force microscopy
(AFM) images of the water- and DES-intercalated MXene nanosheets are
shown in Fig. 2e and f. Upon water intercalation, the MXene nanosheets
display a lateral size of approximately 1-2 pm and an average thickness
of 3.8 nm. The DES-treated MXene nanosheets have a reduced lateral
size of 300 nm and an average thickness of 2.9 nm. Ny adsorption—
desorption isotherms reveal that the specific surface areas of the
water-treated and DES-treated samples were 2.3 and 7.3 m? g’l,
respectively (Fig. S2b). The presence of DES reduces the lateral size and
enlarges the interlayer spacing, leading to an increase in surface area.
The increased surface area and optimized MXene nanochannels are

expected to accelerate CO, adsorption and permeation.

3.2. Characterization of the composite membranes

The DES-I MXene nanosheets exist in powder form and are used as
fillers. Fig. 3a illustrates the fabrication process of the DES/MXene/CNC
membrane (more details are provided in Fig. S3). For comparison,
Water-I MXene was integrated into the CNC matrix to obtain hybrid
MXene/CNC membranes. The CNC has a rod-like structure, with a
diameter of ca. 10 nm and a length of ca. 200 nm. The introduction of
CNCs has two roles: (i) serving as a continuous phase in the membrane
structure and (ii) stabilizing the interlayer spacing of the MXene nano-
sheets. Unlike DESs, it is difficult for CNCs to enter the interlayer
nanochannels of MXenes. However, the abundant surface hydroxyl
groups on the CNC surface can construct hydrogen bonds with the DES,
thus regulating and balancing the distance between adjacent MXene
nanosheets [33].

To better understand the interactions within the composite mem-
brane, the functional groups were analyzed via FT-IR. As shown in
Fig. 3b, the peak at 960 cm™! is attributed to the asymmetric C-C-O
stretching vibration of the choline cation group [34]. The characteristic
band at 2970 cm™! is assigned to the C-H stretching vibration of the
cellulose backbone [35]. The peak at 1094 cm™!is attributed to the C-N
asymmetric stretching vibration, confirming the successful introduction
of DES [17]. The distinctive peak observed at 3450 em ! is associated
with the stretching vibration of ~-OH. This phenomenon is related to the
hydrogen bonds within the membrane. The increased —OH stretching
intensity with increasing DES content reflects increased hydrogen
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Fig. 2. SEM, TEM and AFM images of (a, ¢, €) Water-I MXene nanosheets and (b, d, f) DES-I MXene nanosheets.

bonding density through peak broadening and a redshift [36]. The ab-
sorption peaks observed in the FT-IR spectrum within the range of
3700-3000 cm ! were subjected to further analysis to investigate the
alterations in hydrogen bonding (Fig. 3c and d). The intermolecular
hydrogen bonds O(6)H--- O(3) and intramolecular hydrogen bonds O(3)
H--- O(5) and O(2)H---O(6) were distinguished. Moreover, intermolec-
ular hydrogen bonding is significantly strengthened after the introduc-
tion of DES-I MXene because of the establishment of new hydrogen
bonds with cellulose [36,37]. TGA was conducted to assess the thermal
stability of the MXene and the composite membranes (Fig. 3e). The
curve of the MXene indicates a weak weight loss, demonstrating the
good thermal stability of the MXene. Except for the MXene samples, the
TGA curves of the other samples exhibit two-step weight loss. The
weight loss observed below 100 °C is indicative of moisture desorption,
and the second stage at around 250 °C is associated with the decom-
position of cellulose and DES components [24].

The appearance of DES/MXene/CNC-4 reveals a smooth and glossy
surface (Fig. S4). The micro-morphology of the membranes was
observed via SEM. Fig. 4a, ¢ show the top and cross-sectional surface
morphology of the MXene/CNC membrane. It presents a relatively
rough surface, with a thickness of about 7.2 pm. Upon the addition of
DES, the DES/MXene/CNC-4 membrane has a smooth surface without
noticeable defects (Fig. 4b), with a thickness of about 9.8 pm. Moreover,
the DES facilitates the orderly stacking of the MXene nanosheets and
CNCs, as the DES/MXene/CNC-4 membrane possesses a densely packed
layered structure (Fig. 4d and Fig. S5). This suggests that the hydrogen
bonding network induces laminated stacking of MXenes and CNCs
during membrane assembly [38]. DES-induced layer alignment reduces
tortuosity, offsetting any path-length increase from spacing expansion.
The corresponding EDX mapping images of F, Ti, and N elements prove

the uniform distribution of MXene and DES throughout the membrane
matrix (Fig. 4e).

The change in the interlayer spacing can be verified by the XRD re-
sults. The interlayer spacing of the composite membrane was analyzed
via XRD (Fig. 4f). The diffraction pattern of the MXene/CNC membrane
exhibits a peak at 6.34°, corresponding to an interlayer spacing of 1.39
nm. After DES modification, the peak shifts to 6.06°, indicating an in-
crease in the interlayer spacing to 1.46 nm. Compared with the water-
intercalated MXene nanosheets (1.34 nm), the MXene/CNC membrane
has a 0.05 nm greater interlayer spacing. Compared with that of the
DES-treated MXene nanosheets (1.43 nm), the interlayer spacing of the
DES/MXene/CNC membrane increases by 0.03 nm. It can be concluded
that cellulose also influences the interlayer spacing [39]. In addition, the
content of DES-I MXene has a negligible effect on the interlayer spacing.

3.3. Gas separation performance

The efficacy of the membranes in gas separation was evaluated via a
specially designed gas separation apparatus. The tests were conducted at
a steady state under ambient conditions (25 °C and 0.1 MPa). For all the
membranes, the tested gas permeabilities followed the order of CO,
(0.33 nm), N3 (0.36 nm), and CH,4 (0.38 nm). As shown in Fig. 5a, the
MXene/CNC membrane exhibits a maximum permeability of 50.0 Bar-
rer, accompanied by ideal selectivities for CO2/Ny and CO2/CHy of 10
and 12.5, respectively. The introduction of DES increases both the CO,
permeability and gas selectivity. This improvement is attributed to the
optimized interlayer spacing of the MXene nanosheets, which creates
rapid transport channels favorable for CO5. The DES plays a decisive role
in interlayer spacing regulation, making the DES/MXene/CNC mem-
branes optimal for selective CO sieving. In addition, the amine groups
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Fig. 3. (a) Schematic illustration of the preparation process of the DES/MXene/CNC membrane. (b) FT-IR spectra of the MXene nanosheets, DES, CNC and composite
membranes. H-bond models of (c) CNCs and (d) DES/MXene/CNC-4 obtained from FT-IR in the range of 3700-3000 cm L. (e) TGA curves of MXene nanosheets, DES,

CNC and composite membranes.

in the alkaline DES can act as CO carriers and accelerate CO, perme-
ation [40].

The effects of DES-I MXene loading on gas separation performance
were investigated. As the DES-I MXene content increased, the CO2
permeability gradually decreased, whereas the gas selectivity signifi-
cantly improved. The best performance was observed for DES/MXene/
CNC-4, with a CO, permeability of 496.7 Barrer and CO2/N2 and COy/
CHj4 ideal selectivities of 78.8 and 90.3, respectively. This result suggests
that an increase in the DES-I MXene content creates more CO,-selective
pathways within the membrane. However, this also slightly increases
the mass transfer resistance, affecting CO5 permeability. When the DES-I
MXene content increased further in the DES/MXene/CNC-5 membrane,
both the CO, permeability and gas selectivity decreased sharply,

possibly due to the formation of non-selective channels between MXene
nanolayers. When the MXene content is too high, it will cause the
nanosheets to stack irregularly and increase the tortuosity of the gas
transport pathways, leading to increased mass transfer resistance.

The effect of feed pressure on the separation performance of DES/
MXene/CNC-4 was studied across a transmembrane pressure range of
0.1-0.5 MPa. As shown in Fig. 5b, the CO5 permeability decreases from
510.7 Barrer to 485.7 Barrer with increasing pressure. At higher pres-
sures, the available CO, adsorption sites become occupied, reducing the
driving force for CO; transport. However, the N3 and CH,4 permeabilities
remain relatively stable with minimal fluctuations. This suggests that
the interlayer spacing remains stable despite changes in pressure,
ensuring consistent gas transport within the membrane. A 360-h
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Fig. 4. SEM images of (a) the top surface and (c) cross-sectional surface of the MXene/CNC membrane. SEM images of (b) the top surface and (d) cross-sectional
surface of the DES/MXene/CNC-4 membrane. (e) EDX mapping images of F, Ti, and N in the DES/MXene/CNC-4 cross-sectional image. (f) XRD patterns of MXene/

CNC and DES/MXene/CNC membranes with different DES-I MXene contents.

continuous test was subsequently performed to evaluate the stability
and durability of the DES/MXene/CNC-4 membrane (Fig. 5c). The
composite membrane demonstrated excellent stability, maintaining
consistent permeability and selectivity throughout the test. The practical
application potential of the DES/MXene/CNC-4 membrane was further
confirmed through mixed-gas separation experiments, where CO2
permeability was slightly lower than that in single-gas tests. The sepa-
ration factors for CO2/N3 and CO2/CHy4 in the mixed-gas test were 81.7
and 91.8, respectively (detailed information in Table S1).

Fig. 5d and e compare the separation performance of the DES/
MXene/CNC-4 membrane with that of other related composite mem-
branes (detailed information in Table S2). The COy/CH4 separation
performance of the DES/MXene/CNC-4 membrane surpasses that of
most state-of-the art membranes, exceeding both the 2008 Robeson
upper bound [41] and the 2019 gas separation membrane upper bound
[42]. The DES/MXene/CNC-4 membrane achieves superior

performance because of its high CO, affinity, excellent interfacial
compatibility, and suitable interlayer spacing of the MXene nanosheets.

A possible gas separation mechanism is proposed in Fig. 6. In
membrane preparation, COo-philic DESs are used as intercalated agents
and are confined to MXene nanochannels to regulate their interlayer
spacing. The membrane follows solution diffusion and facilitated
transport mechanisms. The solution-diffusion mechanism relies mainly
on the interaction between the CNC matrix and CO», and the facilitated
transport mechanism relies mainly on the interaction between the amine
groups in DES and CO,. The gas molecules encounter an energy barrier
at the entrance of the MXene channel. The DES and terminal groups of
MXenes form favorable interactions with CO; molecules, creating
adsorption sites that preferentially pull CO5 through channels via surface
diffusion. No and CH4 molecules face a higher energy barrier to pass
through the MXene channels. Moreover, an increase in the MXene
interlayer spacing has a more significant effect on promoting CO»
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different pressures and (c) 360-h long time test of gas separation performance. (d) CO,/N; and (e) CO,/CH,4 separation capability comparison of the DES/MXene/

CNC-4 membrane with other composite membranes.

transfer than other gases do.
4. Conclusions

In this work, a DES/MXene/CNC composite membrane was fabri-
cated. The interlayer spacing of MXenes is optimized by alkaline ChCl/
urea DES and nanocellulose, leading to favorable COy passage. The
integration of MXene nanochannels with the unique solution-diffusion
characteristics of cellulose and DES created a synergistic effect that
jointly promoted CO5 permeability and selectivity. The maximum CO5
permeability of the composite membrane is 496.7 Barrer, and the ideal
selectivities of CO2/N; are 78.8 and 90.3, respectively, which are su-
perior to those of most state-of-the-art CO, separation membranes. By
leveraging the unique properties of MXenes and nanocellulose, com-
bined with the tuning capabilities of DESs, this research opens new
avenues for the design and fabrication of high-performance membranes

tailored for carbon dioxide separation. This work contributes to the
development of MXene and nanocellulose-based membranes for effi-
cient carbon capture applications.
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