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Recent studies have shown impressive transport behaviors of water and ions within lamellar MXene
membranes, which endows great promise in developing advanced separation application based high
performance MXene membranes. However, most of the researches focused on modification of MXene
nanoflakes and optimizing interlayer distance, leaving the impact of membrane fabrication process
marginal. In this work, we studied the water flux of membranes made by vacuum filtration using
delaminated MXene nanoflakes as the building-blocks. Our results show that the water permeability is

Iézggﬁ; extremely sensitive to the process, especially at the drying process, loading and deposit rate of nanoflakes
MXene (the feeding concentration). We find that the voids from less ordered stack rather than in-plane defects

and interlayer galleries contribute to the large water permeability. The voids can be effectively avoided
via deposition of MXene nanoflakes at a slow rate. Manipulating the stack of MXene nanoflakes during
vacuum filtration and drying are critical for development of MXene membranes with desired
performance for water permeation.
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The state-of-the-art studies on the two-dimensional (2D)
materials assembled membranes have stimulated expanding
interest in various applications, such as water purification, energy
storage and electro-photonics devices [1-8]. The performance of
the 2D materials based membranes depends on the properties of
2D materials as the building-blocks and the structure of the
assembled membranes [4,9,10].

Graphene is one of the most popular 2D materials for
assembling membranes. However, the pristine graphene is
hydrophobic, which would limit its processing and direct
application in water treatment [11]. So graphene derivates, such
as graphene oxides and analogues, have attracted extensive
interest worldwide. MXene, a new family of 2D materials
composed of transition metal carbides and nitrides [12,13], has
shown promising for constructing advanced membrane for water
treatment and energy storage due to its hydrophilic properties and
excellent electrical conductivity [14,15]. MXenes are commonly
synthesized by selectively etching of MAX phases which are
ternary carbides and nitrides with a large material pool [12,16]. The
synthesis process introduces oxygen-containing groups, leading to
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hydrophilic charged MXene surfaces [12]. Surface charge and
hydrophilicity insure the stability of delaminated MXenes
(d-MXene) dispersed in aqueous colloidal solutions with a large
range of concentration [17]. This makes the processing of d-MXene
easy, particularly for making coating and assembling membranes.

Vacuum filtration is one of the most common ways to fabricate
membranes using d-MXene colloidal suspensions [18]. The unprec-
edented architectures assembled from d-MXene nanoflakes and
outstanding properties have attracted extensive attention for water
treatment [14,19,20]. Large water permeability through pores in
advanced membrane is highly desired for the next generation of
water treatment technologies [2]. Therefore, further optimization of
MXene based membranes requires high levels of permeate water
flux (or permeability) and salt rejection. However, most of the recent
researches have focused on modification of MXene nanoflakes and
optimizing interlayer distance [14,21], leaving the impact of
membrane fabrication process marginal. Understanding the impact
of process(suchasloading, concentration of feeding or filtration rate)
in the structure and the performance of produced membranes is
mandatory to rationally design and fully control the performance of
the fabricated materials. A profound understanding of what occurs
during the assembly and subsequent drying and utilization is
required to practically utilize this promising materials. However,
there is little work by far.
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In this study, we focused on water permeability of the d-MXene
membranes since it plays a critical role in water treatment
efficiency while the selectivity can be finely turned via modifica-
tion of the d-MXene nanoflakes as the building-blocks [20] or
utilization of external assistance, such as electric field [22]. We
used Ti3C,Tx (where T stands for surface groups, x stands for their
contents), the most studied MXene, to explore the process-
structure-performance relationship of d-MXene membranes
assembled by vacuum filtration. Membranes with different loading
were made, their drying-dependent water permeability and
structures were studied. The membranes with identical loading
were made using different filtration rate and oxidation treatment.
Their treat-dependent performance indicates the voids plays the
critical role for water flux and can be control via proper processing
process. This study offers insight for the process-structure-
performance relationship of d-MXene membranes, which is useful
for making desired membranes assembled from d-MXene.

Materials: High-purity TisAIC; MAX phase powders (500 mesh)
were purchased from Laizhou Kai Kai Ceramic Materials Co., Ltd.
LiF was bought from Alfa Aesar (China) Chemicals Co., Ltd. HCl was
purchased from Sinopharm Chemical Reagent Co., Ltd. All the
chemical agents were used as-received.

Selectively etching: LiF (1.32g) was dissolved in 20mL of
6 mol/L HCIL. Ti3AIC, powders were slowly added into the LiF
contained acid and the mixture was magnetically stirred at 45°C
for 72h. The produced sediment was washed 6 times using
deionized water till the pH reached 6.5~7. The sediment (multi-
layer MXene, MI-MXene) was naturally dried for 24h. The
delamination of MI-MXene was conducted in ice bath for 1h
under flowing N,. The delaminated MXene (d-MXene) colloidal
suspension was obtained after centrifugation at 3500 rpm for 1h.
The concentration of d-MXene suspension was found by our
previously reported method [23].

Membrane fabrication: Colloidal suspensions of d-MXene were
used to fabricate membranes with anodized alumina (with an
average pore size of 20nm from GE Healthcare company) filter
membrane. The loading of d-MXene membranes was controlled via
the amount of the d-MXene colloidal suspension with definite
concentration. The d-MXene membranes with loading of 0.1, 0.3
and 0.5mg/cm? were fabricated using the suspension with a
concentration of 0.81 mg/mL.

Characterizations: The morphology was analyzed using scan-
ning electron microscopy (SU8200, 5.0kV) and transmission
electron microscopy (JEOL JEM-2100F, 200kV). X-ray diffraction
analysis was conducted using a Bruker D8 Advanced with filtered
Cu Ka radiation (A =0.154 nm, operated at 40 kV and 40 mA). The 260
range was set from 3° to 10°, with a step 1.5°/min. Raman spectra
were acquired using LabRAM HR Evolution, with a 532 nm
excitation line and an 1800 lines/mm grating. The contact angles
were tested using industrial camera (UI-1220LE-M-GL, developed
by IDS-Germany) and SurfaceMeter™ software (developed by
Ningbo NB Scientific Instruments Co., Ltd.) with a single drop
volume of 8 pL.

Water flux test: Loading- and drying-dependent water flux. The
d-MXene membranes with loading of 0.1, 0.3 and 0.5 mg/cm? were
used for the test. In a typical run, the fresh d-MXene membrane
was made via vacuum filtration. The membrane was filtrated for
extra 10 min after there was no visible water. Then the as-made
membrane was naturally dried for 1h. After drying, 10 mL water
was filtrated the pressure and finishing time were recorded for
calculating the water flux. The drying dependent performance was
studying over 5, 12, 24, 48 and 72 h.

In order to study the impact of deposition rate on the water flux,
we used the feeding suspensions with different concentrations,
including 0.27 mg/mL and 0.0081 mg/mL, to make d-MXene
membranes with identical loading of 0.3 mg/cm?. The membrane

preparation and water flux test used the same processes as above.
The naturally drying intervals were 1, 2, 4, 12, 24 and 48 h.

The oxidation was conducted on the d-MXene membrane (0.3
mg/cm?, feeding concentration of 0.27 mg/mL). In a typical run,
the membrane was made using the same process as above. After 10
min drying, 10 mL 0.3 wt% H,0, was filtrated under vacuum, then
the membrane was dried for 10 min under vacuum filtration. The
oxidized membrane was used for water flux test.

Selectively etching of Al layers from TisAIC, is the most
common way to synthetize MI-MXene [15,18]. As shown in
Figs. S1a and b (Supporting information), the dense MAX particles
were turned into laminates with more distinct multilayers
stacking. The Li" used in the etching agents spontaneously
intercalated into the interlayers of MI-MXene, facilitating the
delamination of MI-MXene [18]. Stable colloidal suspensions of
d-MXene were obtained after centrifugation (Fig. S1c in Support-
ing information). Single or few-layered d-MXene nanoflakes were
produced via delamination as shown in Figs. 1a and b and Fig. S2
(Supporting information). Laminar d-MXene membranes were
orderly stacked by vacuum filtration (Fig. 1c¢). The Raman spectra
indicated there is not composition change between Ml-MXene and
d-MXene membrane (Fig. S3 in Supporting information). The
loading (thickness) can be elegantly adjusted by controlling the
amount of filtrated d-MXene suspension (Fig. S4 in Supporting
information). By stacking d-MXene nanoflakes, laminar d-MXene
membranes provide three types channels for water and other
molecules or ions transportation, including in-plane nanopores via
defects, interplane galleries (with slit-like pores formed by inter-
edge nanoflake interactions as the entrances of the galleries) and
voids from less ordered stack of nanoflakes (Fig. 1d), which are
similar with the channels formed in graphene oxides or other 2D
material laminate membranes [11,24,25].

The formed channels in stacked d-MXene membranes allow the
passage of water and other molecules or ions during water
treatment. The d-MXene membranes with loading of 0.1 and 0.3
mg/cm? have a relatively constant porosity of around 59%
(porosity and thickness can be found in Table S1 in Supporting
information), suggesting that identical process in the membrane
fabrication produces d-MXene membranes with similar interior
structures as shown in the SEM images (Fig. S4). As the loading
increased to 0.5 mg/cm?, the porosity decreased to about 39% due
to the compaction caused by stacking more d-MXene nanoflakes.

The mass loading has a negligible impact on the contact angle of
the as-made d-MXene membranes, as shown in Fig. 2a. All the
membranes share a similar contact angle of around 50°, indicating
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Fig. 1. (a, b) TEM images of single- and few-layered d-MXene nanoflakes. (¢) SEM
image of the laminar d-MXene membrane with a loading of 0.5mg/cm?. (d)
schematic diagram of water channels (including defects in the d-MXene nanoflakes,
galleries between nanoflakes, and voids from less ordered stack of nanoflakes) in as-
made d-MXene membrane.
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Fig. 2. (a) Contact angles of d-MXene membranes with different loading, (b) water flux of d-MXene membranes after drying for various time. (c) XRD patterns of the d-MXene
membranes with different loading. The solid lines stand for the pristine membranes after vacuum filtration, the dash lines stand for the same membranes after naturally

drying for 30 h under vacuum.

the hydrophilic feature of MXene. The water flux of the as-made
d-MXene membranes are both mass loading- and drying-depen-
dent, as shown in Fig. 2b. The increased mass loading leads to
monotonic decrease in water flux, due to the increased thickness
and reduced porosity (Table S1) of the membranes with larger
loading. The tortuosity and the total length of the channels are
greatly enhanced with the increased loading [26], since there are
more nanoflakes stacking at the same area. The decrescent
porosity was caused by the severe compaction due to build-up
of more nanoflakes at a larger loading. The enhanced tortuosity,
channel length and compaction lead to the degradation in water
flux of d-MXene membranes with larger loading.

The drying-dependent water fluxes are different for the
d-MXene membranes with various loadings. All the membranes
show dramatic reduction in flux after drying for 1 h, reaching their
minimum values. The flux regains at different rate, with the
thinnest membrane (smallest loading) having the fastest rate for
recovery in its water flux. The drying-dependent water perme-
ability is related to the hydration of the d-MXene membranes. It is
well-known that the hydration process and degree have critical
impacts on the structure, separation performance and stability of
the membranes assembled of 2D materials [1,27,28]. Even worse,
uncontrolled hydration, such as dramatic swelling, would damage
the structural stability, degrading the performance [27]. Therefore,
various methods were proposed to control the hydration degree to
obtain membranes with desired performance [11]. During the
hydration process, water molecules intercalate the interlayers of
nanoflakes. Therefore, the amount of intercalated water deter-
mines the interlayer distance as demonstrated in our previous
work on the MXene films [29].

Drying is the inverse process of hydration. Water molecules are
removed during the drying process, leading to the shrink in the
interlayer distance. XRD was used to figure out the impact of water
on the interlayer distance of d-MXene membranes. The pristine
d-MXene membranes after vacuum filtration, regardless of the
loading, have the almost identical interlayer distance as indicated
by the XRD peaks locating at 5.4° (corresponding to a distance of
1.626 nm), as shown in Fig. 2c. After drying for 30h at room
temperature under vacuum, all the XRD peaks move to about 6.8°,
confirming the shrunk interlayer distances (around 1.304 nm) due
to the removal of water. Additionally, both the pristine and dried
membranes show intact peaks independent of the loading,
indicating that the d-MXene membranes sharing almost identical
interior structures. In the dry state, d-MXene membranes with
different loading have similar interlayer free spacings (unoccupied
space between neighboring d-MXene nanoflakes), which may be
responsible for the stabilized water flux after drying for 48 h
(Fig. 2b).

Like the molecular transport through graphene oxide laminates
[11], water transport through d-MXene membranes occurs inin-plane

defects and slit-like pores, and then in interlayer galleries during the
water flux test. The in-plane defects should be similar, since the
nanoflakes are identical. The XRD indicates similar interior gallery
structures. However, the inconsistent water flux change suggests that
there are other factor rather than defects and galleries determining the
water flux. Voids from less ordered stack of nanoflakes is confirmed to
be responsible for the abnormally large water flux of films assembled
of 2D material [24]. We believe voids also play the critical role in our
d-MXene membranes.

The practical performance is highly dependent on the uniform
of the membranes, so the precise regulation of nanofluidic
channels is critical for the desired membranes [11]. Ideally, the
permeation characteristics of laminate membranes made from 2D
materials are expected to be dominantly governed by the interlayer
spacing formed between neighboring nanoflakes [30,31]. The
voids from less ordered stack of nanoflakes would make the
transport of molecules less controllable. The deposition rate of
nanoflakes results in the formation of voids.

We made two d-MXene membranes with identical mass
loading (0.3 mg/cm?) via vacuum filtration using d-MXene colloi-
dal suspension of different concentrations. The identical loading
and preparation could eliminate the impact of in-plane defects and
galleries structures. So the impact of voids can be confirmed. The
time for preparing the membranes is greatly increased from 18 min
to 285 min, as the feeding concentration diluted from 0.27 mg/mL
to 0.0081 mg/mL. The longer preparation time indicates the slower
deposition rate of d-MXene nanoflakes. The faster deposition rate
was believed to produce relatively random packing of 2D materials,
such as single layer graphene oxide, leading to the change in water
permeation [32]. However, the XRD patterns of the two as-made
d-MXene membranes show negligible change (Fig. 3a), suggesting
the almost identical stack of nanoflakes or galleries. These films
share a same interlayer distance of 1.71nm. If the interlayer
galleries is the dominantly channel for water transport, it is
expected that these membranes will show the similar water
permeation characteristic. Nevertheless, the membranes have
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Fig. 3. (a) XRD patterns and (b) water flux of d-MXene membranes made at
different filtration rates. The membranes have identical loading of 0.3 mg/cm?.
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Fig. 4. (a) the impact of oxidation of d-MXene membranes on water flux. (b) SEM image of d-MXene membrane oxidized using 10 mL 0.3 wt% H,0-. (c) SEM image of d-MXene
without oxidization. (d) Raman spectra of d-MXene membranes with and without oxidation. The loading of the d-MXene membranes were 0.3 mg/cm?.

notably different water flux as shown in Fig. 3b. The water flux
dramatically decreases as the deposition rate reduced.

The slow deposition rate produces the membrane with the
smaller water flux of around 8L m™2h!bar!, while the fast rate
produces the larger water flux of about 140L m™2h™! bar’". These
membranes also demonstrate different responses in water
permeability during drying. After drying for 2h, the fast one
shows dramatically retarded water flux, while the slow one shows
slight increased flux. These results suggest that there are other
water channels besides interlayer galleries. The defect pores in
nanoflakes should be the same as we used identical d-MXene
suspension and mass loading. The formed voids are responsible for
the diverse water permeation characteristics of d-MXene mem-
branes. The voids would fill with water during water flux test.
During the drying, water was removed while the capillary force
leads to the compaction of the voids.

Since voids from less ordered stack, are inevitable during the
build-up of laminate membranes [24]. A much severer compaction
will be achieved in the membranes with more voids [24]. This
explains that the faster membrane shows the most obvious
decrease in water flux. It is to mention that the voids are rather
localized through the entire membrane, so they are hard to observe
using SEM (Fig. S5 in Supporting information).

In order to demonstrate that the voids have great impacts on the
membrane performance, we used H,0, to treat the d-MXene
membrane. As showninFig. 4a, the water flux is greatly enhanced via
filtration diluted H,05 solution. The SEM images indicate that many
holes developed on the d-MXene membrane after the oxidation
treatment, compared with the one without oxidation (Figs. 4b and
c). The holes randomly distributed, due to the voids are rather
localized through the entire membrane. The Raman spectra show
that the Raman bands (Fig. 4d, around 250, 400 and 600 cm™!) of
MXene still exist after oxidation [33]. A new peak around 150 cm ™!
appears, corresponding to anatase TiO, [34]. It is well-known that
MXene has limited oxidative resistance [34,35]. The voids would
accommodate more H,0,, facilitating the oxidation and resulting in
expanded channels for water transport. Oxidizing agents are
inevitable in water treatment. So these voids should be avoided
during membrane preparation to lessen oxidation and enhance the
long-term stability of d-MXene membranes. On the other hand, the
voids can be utilized as the electrolyte reservoirs and channels to
improve the rate performance of energy storage devices.

Herein, we show that the water flux of the membranes assembled
from d-MXene is dependent on the mass loading, drying process,
deposit rate of d-MXene nanoflakes and oxidation. The interior stack
structures of d-MXene membranes are similar, due to the same deposit
process made by vacuum filtration. The voids from less ordered
d-MXene nanoflakes, rather than the in-plane defects and interlayer
galleries, play the critical role for dramatic change in water flux and can
be control via proper processing process, such as slow deposit.
The findings in this research indicate the importance of process-
structure-performance relationship of d-MXene membranes,

which is useful for design and assembly of desired membranes
using d-MXene.
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