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Abstract

Accurately constructing membranes based on two-dimensional (2D) materials on commercial porous sub-
strates remains a significant challenge for Hs purification. In this work, a series of tubular 2D MXene
membranes are prepared on commercial porous stainless steel substrates via fast electrophoretic deposi-
tion. Compared with other methods, such as filtration or drop coating, etc. such preparation route shows
the advantages of simple operation, high efficiency for membrane assembly (within 5 min) with attractive
reproducibility, and ease for scale-up. The tubular MXene membranes present excellent gas separation per-
formance with hydrogen permeance of 1290 GPU and Hs /COs selectivity of 55. Furthermore, the membrane
displays extremely stable performance during the long-term test for more than 1250 h, and about 93% of
the membranes from one batch have exceeded the DOE target for CO5 capture. Most importantly, this
work provides a valuable referential significance for other types of 2D materials-based membranes for future
application development.
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1 INTRODUCTION

As is known, hydrogen is one of the green and environmentally friendly clean fuels in the world, which has the
potential to replace traditional fossil fuels for carbon peaking and carbon neutrality goals. In industry, a large
number of hydrogen-containing mixed gas, mainly Hs and COs, are produced through the steam reforming
process of natural gas, thus subsequent purification is required to obtain high-purity hydrogen.! Pressure
swing adsorption (PSA) and low-temperature distillation are usually applied in industrial gas separation
and purification, but both are energy-intensive processes. According to relevant research reports, energy
consumption during the separation stage is extremely high, accounting for up to 85% of total energy costs.?
To reduce energy consumption and cost, researchers and engineers have turned their attention to mem-
brane separation technology, which typically requires less investment and operating costs than mainstream
alternative technologies such as PSA and cryogenic distillation, which is also more economical and energy-
efficient.>"However, the most challenging issue in membrane separation is efficiently preparing membranes
with high selectivity /permeability and stability.

Although the polymeric membranes are easy to prepare at low cost, their separation performance is usually
limited by the Robson Bound, where the gas permeability and selectivity have a trade-off phenomenon, thus
the corresponding Hy /CO» separation performance is far away from the requirement for industrialization.®13
Many other membranes composed of metal organic membranes (MOFs), covalent organic frameworks (COFs),
zeolite molecular sieves (Zeolites), or other types of materials are also restricted from complex and time-
consuming preparation process, difficulty in forming a continuous defect-free membrane layer, high cost,
etc.143Y In this decade, a kind of lamellar membrane based on 2D materials has attracted increasing atten-
tion, which shows the potential to break through the performance upper bound of traditional membranes.3!
Various 2D nanosheet membranes constructed by graphene,3? graphene oxide,*33-37 molybdenum sulfide,383
MXenes, 1943 2D zeolites,**45 2D MOF,*647 and 2D COF,*® etc. have been studied for gas separation, per-
vaporation and ion sieving, etc. In our previous work, the lamellar membranes based on MXene, a type
of 2D transition metal carbides or carbonitrides prepared on the porous disk-shaped anodic aluminum ox-
ide (AAQO) substrate, showed good Hy/COgseparation performance.?? In addition, Jin et al.*? prepared an
ultra-thin (20 nm thick) MXene membrane on an AAQO substrate, showing the performance of hydrogen
permeability of 1584 GPU with Hy/COsselectivity of 27. Moreover, the research group proposed an external
force-driven assembly approach (EFDA) to prepare a series of GO membranes on flaky o-AlsO3 substrates,
which exhibited good molecular sieving performance with Ha/CO4 selectivity of 30 and hydrogen permeabil-
ity of 1000 GPU.3% On brittle AAO substrates, a g-C3N4;-GO membrane was developed with outstanding
hydrogen permeation capability (hydrogen permeance: 645 GPU, Hy/CO4 selectivity: 39).3¢ Furthermore,
Lai et al.>®*prepared GO-MoS, hybrid membranes via a vacuum filtering approach on flaky AAO substrates,
which exhibited hydrogen permeance of 857 GPU with Hy/COq selectivity of 44. Hy/COs selectivity of
30 and hydrogen permeance of 70 GPU were observed in self-crosslinked MXene membranes produced by
filtering on yttria-stabilized zirconia hollow fiber.*!

Although many 2D material-based membranes have been reported in the field of gas separation, the disk-
shaped AAO, o-Al; O3, or some other fragile substrates were often chosen as the substrates for 2D nanosheet
assembly in most research, which are not suitable for practical application due to the limited membrane area,
difficulty of sealing, high-cost, and brittleness of the substrates. On the contrary, tubular membranes are more
commonly used in industrial applications, which present the advantages of a relatively small footprint with
large effective membrane area per unit volume, higher packing density, ease to seal for gastight, convenient
to replace or repair any one from the entire membrane modules if necessary, etc. There are a few works
that utilized tubular ceramic substrates for membrane construction, which are still too fragile in practical
application for gas separation.*®*! Till now, seldom study has been reported to prepare 2D nanosheet
membranes using cheap commercial porous substrates, whose pore size is usually large up to 20 ym with big
curvature, because membrane defects are more likely to occur during the preparation process, resulting to a



poor gas separation performance.*! Actually, one commercial stainless steel tube with macro-size pores (™2
pm) is a promising substrate. Since the porous stainless steel tube exhibits good corrosion resistance, high-
temperature resistance, enough mechanical strength, and good welding performance compared with other
materials, which is convenient to integrate with the equipment of different unit operations for He production
and purification. Besides the substrate, the membrane preparation method also determines whether it could
be utilized for scale-up production in industrialization, where a fast and efficient membrane assembly route
with acceptable repeatability is urgently required.

In this work, a series of tubular MXene membranes are successfully constructed on commercially available
macroporous stainless steel via electrophoresis, which is considered to be a simple preparation process with
high efficiency and good membrane uniformity. The entire membrane preparation, including substrate mod-
ification, can be finished in 2710 minutes. The membranes had exceptional gas separation performance
with Hy/COagselectivity of 55 and hydrogen permeability of 1290 GPU. The separation temperature, water
vapor and relative humidity, preparation process repeatability and long-term stability of the tubular MXene
membranes have been investigated in detail, which is helpful and valuable for future industrial applications.
Furthermore, this study would help promote the amplification of tubular MXene membranes and provide
some experience for other 2D materials to be closer to actual industrialization.

2 EXPERIMENTAL SECTION
2.1 Materials and chemicals

TizAlCy powder (200 mesh) was purchased from Laizhou Kaien Ceramic Materials Co., Ltd. HCI (36738%)
was purchased from Guangzhou Chemical Reagent Co., Ltd. LiF (99.9%) was provided by Aladdin Reagent
Co., Ltd. Anhydrous ethanol (99.9%) was purchased from Guangzhou Donghong Reagent Co., Ltd. Multi-
walled carbon nanotubes (CNTs) were purchased from Jiangsu Xianfeng Nanomaterials Technology Co.,
Ltd. On-site deionized water was obtained from ELGA Lab Water Purification Systems. A stainless steel
cleaning agent was provided by Shenzhen Xinchangyuan Chemical Co., Ltd. Nanjing Gaogian Functional
Materials Technology Co., Ltd. provided the tubular porous stainless steel substrates (#8 mm x 82 mm X
1 500 mm) with an average pore size of 2 pm, which can be cut to the desired length.

2.2 Preparation of MXene nanosheets

In this study, monolayer or multilayer TizCoTx (ML-Ti3CyTx, MXene) was obtained by mild selective etching
of the Al layer in TisAlCs (MAX) by HCI and LiF using commercial TigAlCy powder with 200 mesh as a
precursor. The MXene nanosheet solution was prepared in accordance with our previous work for subsequent
membrane assembly.*? The schematic diagram of the fabrication process of Ti3CsTx MXene nanosheets is
shown in Figure 1A.

2.3 Pretreatment of the substrate

The purchased microporous stainless steel substrate was polished to smooth the surface and then ultrason-
ically cleaned three times with a commercial cleaning agent, absolute ethanol, and deionized water for 0.5
h, respectively. The impurities on the stainless steel surface were washed off and the substrate was dried for
subsequent use. An appropriate amount of multi-walled CNTs was weighed and poured into 1 L deionized
water with ultrasonic treatment for 60 min to prepare a solution of CNTs with uniform density for use. The
tubular porous stainless steel (SS) was then cut with appropriate length and immersed in the as-prepared
CNTs solution, followed by vacuum filtration to modify the outer wall of the stainless steel to decrease the
pore size with good electrical conductivity for subsequent electrophoretic deposition. We would wipe the
CNTs on the tube surface to better fill the substrate’s pores and large holes. The surface flatness was further
improved, which is beneficial to reduce membrane defects in the subsequent nanosheet assembly process.

2.4 Fabrication of Tubular MXene/SS membrane
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An appropriate MXene nanosheet solution was diluted to 0.25 mg/ml for use. The tubular porous stainless
steel modified with multi-walled CNTs was put into a homemade electrophoretic deposition (EPD) device
containing the MXene solution to construct a membrane via electrophoresis. The schematic diagram of the
fabrication process of the tubular MXene/SS membrane is shown in Figure 1B. The electrophoresis voltage
was 5 V with electrophoresis time in the range of 075 min. The electrophoresis time could be controlled to
adjust the desired membrane thickness.

FIGURE 1 Schematics of the fabrication processes of A) TizCoTx MXene nanosheets and B) tubular MX-
ene/SS membrane supported on the stainless steel.

2.5 Characterizations

X-ray diffraction (XRD) patterns were obtained using a Bruker-D8 ADVANCE under Cu Ko radiation (40
kV, 40 mA). Scanning electron microscopy (SEM) with a Hitachi SU8100 equipped with an Oxford En-
ergy Dispersive X-ray Spectrometer was used to investigate the morphology of the materials (Oxford EDS,
INCA software). Atomic force microscopy (AFM) pictures were captured on Bruker MultiMode 8. Fourier
transform infrared spectroscopy (Nicolet 5700 spectrometer) was employed to determine the chemical struc-
tures of the membranes in the 40074000 cm™! range. X-ray photoelectron spectroscopy (XPS) measurements
were carried out utilizing a conventional Al Ka source on an Escalab 250Xi spectrometer outfitted with two
ultra-high vacua (UHV) chambers. The Zeta potential and lateral size of the nanosheets were tested with
a Zetasizer ULTRA nanoparticle size and Zeta potential analyzer produced by Malvern Instruments, UK.
The pore size distribution of the porous stainless steel substrate was measured with a PSDA-30 microfiltra-

tion membrane pore size analyzer produced by Nanjing Gaogian Functional Materials Technology Co., Ltd.,
China.

2.6 Gas separation performance test

All tests to assess the gas separation performance of membranes were accomplished in a home-made mem-



brane module in the classic Wicke-Kallenbach test method. As shown in Figure 2, the tubular membrane
was sealed with high-temperature resistant O-rings to ensure good gastight. The gas separation performance
evaluation were divided into two types: single gas permeation test and mixed gas separation test. The feed
gas was introduced into the shell side of the tubular membrane module. The feed gas flow (Hy, COg, No,
CHy, CoHy) for the single gas permeation test was 50 ml/min, while the feed gas flow (Ha, COs) for the
mixed gas separation test was 100 ml/min with the volume ratio of 1:1 and the sweep gas was argon (50
ml/min). During the test, the pressure on both sides was kept at 1 atm, and the temperature was adjusted
as needed. Most experiments were carried on at room temperature unless specified. The flow rate of all
gases was measured with a mass flow controller and calibrated with a soap bubble flowmeter. The gas on the
permeate side was swept into the gas chromatograph (GC Agilent-7890B) with a TCD detector for analysis.
The experimental data was obtained by taking the average value of at least three data points after the gas
separation performance was stable to ensure accuracy. The gas permeance expressed the gas separation
performance of the single or mixture gasP;(mol -m~2-s~1.pa~!), the ideal selectivity of the single gas S; /i
and the gas mixture separation factor «;,;, respectively, as defined by the following formula,

N;
B=1ap 5 W

where N; was the permeation rate mol - s~ 'of the gas component i, AP; was the transmembrane pressure
difference of the gas component ¢, and S was the effective utilization area of the membrane. Considering
gas permeance was usually reported in a more widely used unit of GPUs, thus it can be converted from the
standard unit through the following equation.®*

1 GPU =3.35x 1071%mol - m=2 - s - pa~! (2)
The ideal selectivity of a single gas S;/; referred to the ratio of the gas permeance of different gas components,
P;

Sy = P, (3)

The separation factor a;,; of the mixture can be calculated by the following formula,

Tifperm] /% [porm
iy = T e (4)
Yi[feed] /yj [feed]

where Tjjperm) and @jjermirefer to the molar fraction of gas component i and gas componentj on the
permeation side, while y;[rceq) andyj(seeq) refer to the molar fraction of gas component i and gas com-
ponentj in the feed gas, respectively.
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FIGURE 2 Schematic diagram of the experimental set-up for the gas separation performance evaluation of
the membranes.

3 RESULTS AND DISCUSSION
3.1 Characterizations of MXene nanosheets

The gas separation performance of the membrane depends on the quality of the building blocks of MXene
nanosheets. In this work, the most classical acid etching synthesis method was used to synthesize MXene
nanosheets. The microstructure of the MAX bulk phase as raw material, acid-etched TizCyTx(MXene)
powder and dispersive MXene nanosheet could be observed in Figure 3 A-C. The MXene powder exhibited
an obvious furrow structure after acid etching, while the AAO substrate could be seen clearly through the
electronic transparent MXene nanosheet upon it, indicating that the nanosheet is very thin. The AFM
result of Figure 3D showed the thickness of the MXene nanosheet was about 1.5 nm, which was close to the
theoretical thickness of a monolayer MXene nanosheet (1.0 nm).%> Since there might be adsorbed impurities
such as water on the nanosheet, the nanosheet with the such thickness could be considered a monolayer.®
In this work, TEM and SAED analysis of selected electron diffraction were also carried out on the MXene
nanosheets. Figure 3E showed that the nanosheets were extremely transparent under the irradiation of an
electron beam, which also indicated that the nanosheets were extremely thin. As can be seen in Figure 3F,
the synthesized nanosheets had a hexagonal structure on the basal plane with high crystallinity, indicating
that the nanosheets were of good quality. The XRD patterns of the TigAlCo MAX powder and synthesized
MZXene nanosheets are shown in Figure 3G. In contrast to the Ti3AlCy MAX, the diffraction peak in the (104)
plane located at 39° did not exist in that of TigCoTx MXene, indicating that the Al layer was successfully
removed by etching.?5” More importantly, the main diffraction peak located at crystal plane 002 shifted
from 9.44° of TigAlCsy to 6.58° of etched TizCeTx after acid etching treatment, and the shape of the peak was
extremely sharp, showing excellent crystallinity. To understand the lateral size of the synthesized nanosheet
and the stability of the nanosheet solution, the synthesized MXene nanosheet solution was characterized
by a Malvern nanoparticle analyzer. As shown in Figure 3H, the lateral size of the nanosheet is roughly
distributed from 1 to 6 ym, and the predominant size was about 3 um, indicating a relatively large lateral
size. In addition, Figure 3I showed that the Zeta potential of the MXene nanosheet solution was -47 mV.
It is generally believed that if the absolute value of Zeta potential is greater than 30 mV, the nanosheet
solution system is relatively stable.?® Therefore, the MXene nanosheet solution prepared in this work was
exceptionally stable and could be well used for subsequent electrophoretic membrane preparation.
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FIGURE 3 SEM images of A) MAX powder, B) Synthetic MXene powder, and C) MXene nanosheets placed
on AAO substrate. D) AFM image of the MXene nanosheets. E) TEM image of the MXene nanosheet.
F) Selective area electron diffraction pattern (SAED) pattern of the MXene nanosheet. G) XRD patterns
of MAX and MXene. H) Lateral size distribution of the MXene nanosheets. I) Zeta potential and Tyndall
effect of the MXene nanosheet solution.

3.2 Characterizations of tubular MXene/SS membranes

The microstructures of the tubular stainless steel substrates and the MXene membranes prepared by elec-
trophoresis were then characterized by SEM. Figure 4A shows the bare commercial stainless steel substrate
(SSpare) without pretreatment, where the surface was rough with amounts of large holes (diameter greater
than 10 ym). It was difficult to prepare continuous MXene membranes on such substrate without any
pretreatment. In order to reduce the surface roughness, the substrate was polished and the corresponding
microstructure is shown in Figure 4B. Additionally, the polished stainless steel substrate was modified with
CNTs (SSenTs) by vacuum suction to cover the large surface pores. As shown in Figure 4C, the filamentous
CNTs were filled in the big pores of the surface of the porous substrate without blocking the ventilation
channels of the substrate itself nor reducing the gas permeability (see following data in section 3.3). From
the characterization of the pore size distribution, as shown in Figure 4D, the average aperture of both the
substrates before and after modification was around 2 ym. After modification with CNTs, most pore sizes
did not change significantly. That is to say, only the surface pores of the substrate were filled by CNT's, while
most pores of the bulk substrate were not blocked, indicating that the modification with filamentous CNTs
showed a successful pretreatment for the substrate aiming for consequent membrane assembly. Figure 4E-F
compared the surface structure of the MXene membrane assembled on the substrate before and after modi-
fication. It could be clearly seen that a large number of defects existed on the MXene membrane/SSyredue
to the rough substrate with large pores (Figure 4E). On the contrary, the MXene/SScnTs membrane had a
comparatively flat surface, and there were no obvious large holes or pinhole defects (Figure 4F). Moreover,
the surface view and cross-section of the MXene/SS membranes grown with various electrophoresis time were
shown in Figure 5, all the MXene membranes were relatively flat without obvious defects, and the membrane
thickness was positively correlated with the electrophoresis time, where the thickness increased from ~100
nm to “330 nm when the assembly time increased from 1.5 min to 4 min. The fast preparation process of
MXene membrane by electrophoretic deposition had the advantages of high efficiency, as well as favorable



conditions for membrane scale-up production.
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FIGURE 4 SEM images of A) the bare substrate without modofication, B) substrate after polishing, C)
substrate after polishing and CNTs filtration, D) substrate pore size distribution before and after surface
modification, E) MXene membrane assembled on bare subatrate, F) MXene membrane assembled on sub-
strate after modification.
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FIGURE 5 Cross-sectional and Top-view (inset) SEM images of the tubular MXene/SS membranes grown
with different electrophoresis time.

XRD characterization of the tubular MXene/SS membranes with different electrophoresis time was per-
formed, as shown in Figure 6. The corresponding d -spacing could be calculated using the Bragg equation
2dsin @ = nA and finally the empty interlayer spacing | = d — Iy was calculated, where [y was the thickness
of the theoretical monolayer MXene nanosheet. Since it was inconvenient for sample preparation due to the
hard tubular stainless steel substrate, an electric conductive adhesive (ECA) was used to stick the membrane
on the holder to perform XRD characterization. Because the ECA contained metal aluminum flakes, there
were diffraction peaks of metal aluminum at 44.59, 64.97, and 78.12° in the XRD patterns, respectively.
The angle of (002) diffraction peak of a series of tubular MXene/SS membranes prepared by electrophoretic
deposition was around 6.42° withd -spacing of 1.375 nm, where the empty interlayer spacing was 0.375 nm.
To verify whether the electrophoretic deposition process had an effect on the interlayer spacing of the tubular
MXene/SS membrane, another MXene membrane prepared by vacuum filtration (labeled as MXene/ECAyr)
was also performed. It could be obtained from the XRD patterns that the MXene/ECAyr membrane ex-
hibited a diffraction peak of 002 crystal plane at an angle of 6.50° with the d -spacing of 1.358 nm (empty
interlayer spacing of 0.358 nm), which was consistent with our previous work and other literature.?%¢0
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FIGURE 6 XRD patterns of the tubular MXene/SS membranes with different electrophoresis time.

In this work, the MXene/SSs 5 membrane was chosen for EDS characterization in order to confirm the
element distribution. The SEM image of a cross-section of the MXene/SSs 5 membrane was shown in Figure
7A. Figure 7B-E represented the EDS images of C, Ti, O, and F, respectively, indicating the uniform
distribution of each element. There was no obvious cross-sectional distribution in Figure 7B because the
electric conductive adhesive sticking to the MXene membrane also contained C element. Subsequently, XPS
and FTIR analysis of the tubular MXene/SS membranes were performed to investigate the chemical bonds
in the membranes. As shown in Figure 8A, the MXene membrane was primarily consisted of four elements
(C, Ti, O, and F), while there were no peaks belonging to Al element, indicating that it had been etched
off thoroughly in the MXene membrane, which was also consistent with the XRD characterization results.
A more detailed high-resolution XPS spectra analysis of the four elements is shown in Figure 8B-E. Five
different chemical groups appeared in the spectrum of Ti element, namely Ti-C (454.8 eV), Ti%* (455.7
eV), Ti**(456.5 eV), Ti-O (458.1 eV), and Ti-F (459.6 eV). It should be noted that the chemical bond
of Ti-O accounted for about 5.5% of the total Ti element. That’s because the MXene nanosheets were
prepared by chemical etching, it was inevitable that a small amount of Ti atoms would be oxidized.6162 The
high-resolution XPS spectra of Ols could be resolved into four components as 529.4, 530.0, 531.3, and 532.5
eV, and their corresponding chemical bonds were O-Ti, O-Ti/OH, O-C/OH, HyOad, respectively. The Cls
spectrum also consisted of four sub-peaks, representing chemical bonds of C-Ti (281.7 eV), C-C (284.7 V),
C-0(285.8 ¢V), and C-O=C/C-F (288.5 eV), which were consistent with the literatures.53-5% The fitted curves
in the F1s spectrum correspond to two chemical bonds of F-Ti (684.7 eV) and F-C (686.4 V), respectively.
In this work, the functional groups that combined with oxygen on the surface of the prepared membranes
were further characterized to use FTIR. As shown in Figure 8F, there were two stretching vibration peaks
in the FTIR spectra of the tubular MXene/SS membrane, which belonged to -OH at 3457 cm™ and C=0
at 1641 cm™. -OH denoted the -OH functional group on the membrane surface or the adsorbed water
between the interlayers, while C=0 represented the terminal functional groups at the edge of the MXene
nanosheets.*?
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FIGURE 8 The XPS analysis of the tubular MXene/SS; smembrane surface. A) Survey XPS spectrum of
the MXene/SS; 5 membrane. High-resolution XPS spectra of B) Ti 2p, C) O 1s, D) C 1s, E) F 1s of the
MXene/SSo smembrane. F) FTIR result of the tubular MXene/SS; smembrane.

3.3 Gas separation performance

In order to identify the most suitable gas separation system, the single gas permeation experiment was first
performed on the tubular MXene/SS membrane. As shown in Figure 9A, different gases were tested and
the ideal selectivity of each gas was calculated. According to the experimental data, the permeance of Ha,
COs, Ny, CHy, and CoHy were 1450 GPU, 22 GPU , 61 GPU, 45 GPU, and 8 GPU, respectively, while
the corresponding ideal selectivity of S(Ha/COs3), S(Ha/Ns), S(Hy/CHy) and S(Hz/CoHy) were 65, 24, 33,
and 186, which were all larger than the Knudsen selectivity. Obviously, the MXene/SS membrane showed
a cut-off between Hs and COs molecules. Moreover, the effect of different electrophoretic deposition time
on the gas separation performance of the tubular MXene/SS membranes was also investigated. As shown
in Figure 9B, for better comparison, the Hy gas permeance of the bare stainless steel substrate and the
substrate after modification were tested to be 5323 GPU and 4908 GPU with similar Hy/CO4 selectivity
of 75, respectively. The comparable results indicated the use of filamentous CNTs as surface fillers could

10



only modify the substrate surface without reducing the gas permeance of the original substrate, which was a
promising candidate as a substrate modification. With the prolongation of electrophoresis time, the MXene
membrane grew thicker, resulting in fewer defects, so the hydrogen permeance of the tubular MXene/SS
membrane became lower, while the gas selectivity increased initially and then stayed almost unchanged.
When the electrophoresis time was 2.5 min, the Ho/CO4 selectivity of the membrane reached the maximum
of 55 with comparable hydrogen permeance of 1290 GPU, thus the tubular MXene/SS, 5 membrane was the
optimal one in this study.
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FIGURE 9 A) Series of gas permeability through the tubular MXene/SSs 5 membrane. B) Effect of elec-
trophoresis time on the Hy/CO5 separation performance of the membranes. Tests condition: the feeding
mixed gas (50 ml: 50 ml of Hy/CO3) at 1 atm and 25°C.

In addition, the effect of the operation parameters on the gas permeance, such as temperature and feed gas
humidity, had also been investigated. The temperature-dependent Hy/COs2 separation performance of the
tubular MXene/SS, 5 membrane was depicted in Figure 10A, where three temperature cycles included heating
and cooling processes. When the temperature was raised from 25 °C to 125°C, the hydrogen permeance
gradually was raised from 1283 GPU to 1880 GPU, while the Ho/COagselectivity decreased from 55 to 19.
During the cooling stage, the hydrogen permeance fell from 1880 GPU to 1634 GPU, and the selectivity was
raised from 19 to 50. Furthermore, the performance of the MXene/SSs 5 membrane could still recover well
after three heating and cooling cycles, with Ho/CO4 selectivity of 51 and hydrogen permeance of 1568 GPU
, demonstrating the tubular MXene/SSs 5 membrane had good thermal resistance. The apparent activation
energy of the system was illustrated in Figure 10B via Arrhenius equation. The apparent activation energies
Bact (a2) and E,c (co2) of the two gases were 1.61 kJ/mol and 11.04 kJ/mol, respectively. It could be
found that the apparent activation energies were all positive, which indicated that gas diffusion rather than
adsorption was primarily responsible for controlling the gas separation process, which was consistent with the
literatures.®® Moreover, the synthesis gas produced by the methane steam reforming process always contains
water vapor (usually < 3 vol%), so a water vapor-containing test on the separation system was required.
Different saturated salt solutions were used to produce water vapor with different relative humidity to
explore gas permeability.* As shown in Figure 10C, as the relative humidity increased from 0% to 92%, the
hydrogen permeance decreased from 1244 to 1168 GPU, while the CO5 permeance slightly increased from 21
to 22 GPU, thus the corresponding Hy/COx selectivity decreased from 57 to 51. Obviously, as the relative
humidity of the feed gas increased, the condensable water molecules in the feed gas condensed in the pores
or interlayer spacing of the membrane, obstructing the transmission of non-condensable small molecular gas
of Hy. Because COs is more soluble in condensed water than Hs, it diffused through the membrane more
quickly, reducing the selectivity of Hy /COs2, which was consistent with the phenomenon of layered graphene
at various humidity conditions.*
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FIGURE 10 A) Effect of temperature on Hy/CO2 separation performance of the tubular MXene/SSs 5
membrane. B) Apparent activation energy of Hy/COs2 separation through the membrane. C) Effect of feed
humidity on Hy/CO4 separation performance.

Furthermore, in order to evaluate whether the tubular MXene/SS membranes prepared by electrophoretic
deposition had the potential for scale-up and practical applications, the long-term stability, water-vapor
stability, and replicability were explored in detail. As illustrated in Figure 11A, during the long-term
separation experiment up to 1100 h, both the Hy /CO4 selectivity and the hydrogen permeance were relatively
stable as a whole with only a small fluctuation. The average hydrogen permeance was 1452 GPU, while the
average Hy/CO4 selectivity was 63. Water vapor with a volume fraction of 3% was introduced into the feed
gas continuously for 24 hours each time and then turned back to the dry system, the operation was carried
out three times to guarantee the correctness of the test. When water vapor was added, the average hydrogen
permeance decreased to 1321 GPU, and the corresponding Hs/COs selectivity decreased to 56. When the
water vapor was interrupted, the hydrogen permeance returned to 1468 GPU, and the selectivity returned
to 65, demonstrating that the MXene/SS membrane had excellent water vapor resistance and stability.

In order to investigate the issue of membrane reproducibility, we evaluated the separation performance of 15
pieces of tubular MXene/SS membranes from one batch. As shown in Figure 11B, the hydrogen permeance
of the produced membranes ranged from 88071474 GPU with an average value of 1224, whereas the range of
Hy/COg selectivity was 47764 with an average value of 56. According to the US Department of Energy (DOE)
estimation, it would approach the DOE target for 90% COs capture if the Hy /CO4 selectivity and hydrogen
permeance could reach 40 and 900 GPU for a membrane, respectively. The Hy/COsq selectivity of these
tubular MXene/SS membranes prepared in one batch completely meets the requirement and except only one
membrane gave an hydrogen permeability less than 900 GPU. In other words, 93% of the membranes prepared
in this batch exceeded the DOE target, promising further scale-up preparation with good repeatability.

Last but not least, a comparison of the state-of-the-art membranes including 2D and 3D membranes for
H,/COgseparation, was shown in Table 1. Compared with the 3D membranes, it was obvious that the 2D
membranes had better gas separation performance. However, these excellent 2D membranes were mainly
prepared on porous ceramic alumina or AAQO substrates, both of which were fragile and inconvenient for fur-
ther scale-up, and the preparation methods (vacuum filtration, hot drop coating, etc.) were also not suitable
for rapid membrane production. Hence, we sought to solve the problem of how to prepare 2D MXene mem-
branes that could be closer for actual industrial production. Using the industrially mature electrophoretic
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deposition process has been proven to be more convenient for large-scale scale-up, and the MXene membranes
can be prepared on commercial porous tubular stainless steel substrates for Hy/COsgseparation with good
weldability. In contrast to many other membranes in Table 1, the MXene membrane prepared in this work
achieved long-term stability of more than 1250 h, with Hy/COq selectivity of 55 and hydrogen permeance of

1290 GPU, which further demonstrated the feasibility of the practical application.
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FIGURE 11 Study on stability and repeatability of the MXene/SSs 5 membrane. A) Long-term Hy/COq
separation and water vapor-stability test. B) Repeatability of the membrane preparation.

Table 1 Comparison of the state-of-the-art membranes including 2D and 3D membranes for Hy /CO2 sepa-
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ration.
Long-
Membrane H, Per- H,/CO- term
Membrane Membrane geome- Preparationmeance Selectiv-  stability
Number material substrate try Thickness(uMgthod (GPU)? ity (h) Re
1 PIM- - Disk 181 Film 42 1.1b - 9
EA-TB disper-
sion
method
2 PIM- - Disk 157 Film 138 0.8° - 9
SBI- disper-
TB sion
method
3 Pure Matrimid Hollow 2 Polymerizatio 9 - 10
PBI fiber reaction
4 PZM10- Matrimid  Hollow 18 Electrostatic 65 12 - 10
I fiber spinning
B
5 PZM33- Matrimid Hollow 16 Electrostatic 202 8 - 10
I fiber spinning
B
6 PBI Glass Disk 10 Knife 3 16 120 12
casting
method
7 BILP- Porous Disk 0.4 Interfacial 24 40 800 13
101x o- polymerization
Al,O3
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Long-

Membrane H, Per- H,/CO- term
Membrane Membrane geome- Preparationmeance Selectiv-  stability
Number material substrate try Thickness(uMgthod (GPU)? ity (h) Re
8 Silicon Porous Tube 2 Slip- 27 50 528 14
Carbide silicon casting
carbide and
dip-
coating
techniques
9 ZSM- Porous Disk 9.5 Catalytic 377 25 40 15
5/Silicalite o~ crack-
AIQ 03 mg
deposi-
tion
(CCD)
10 CAU-1 Porous Hollow 4 Solvothermal 322 12 50 17
o- fiber synthesis
Al;O3
11 Z1F-8 Porous Hollow 6 Solvothermal 472 5 - 19
o- fiber synthesis
Al;O3
12 ZIF-8 Porous Disk 3.4 Solvent- 439 69 700 21
stain- free in
less situ
steel growth
13 Amine- Porous Disk 10 Solvothermal 224 28 - 23
Mg- o- synthesis
MOF- Al;O3
74
14 ACOF- Porous Disk 0.6 Solvothermal 2045 14 110° 24
1 o- synthesis
Al;O3
15 COF- Porous Disk 1 Solvothermal 669 24 110¢ 24
LZU1- o- synthesis
ACOF- Al;O3
1
16 [COF- Porous Disk 100 Solvothermal 1190 17 - 25
300]- SiOq synthesis
[Uio-
66]
17 HKUST- Copper Disk 60 Solvothermal 2985 7 25 26
1(MOF) net synthesis
18 COF- Porous Disk 97.2 Solvothermal 1132 14 2 27
MOF SiOs synthesis
19 GO Porous Disk 4 Vacuum- 25 30 - 4
AAO assister
filtration
20 GO Porous Disk 1 Vacuum- 1000 30 100 35
o- spin
Al;O3
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Long-

Membrane H, Per- H,/CO- term
Membrane Membrane geome- Preparationmeance Selectiv-  stability
Number material substrate try Thickness(uMgthod (GPU)? ity (h) Re
21 g- Porous Disk 0.7 Vacuum- 645 39 75 36
C3Ny- AAO assister
GO filtration
22 ZIF- Porous Disk 20 Solvothermal 379 15 72°¢ 37
8QGO o- synthe-
Al,O3 sis and
LBL
deposition
23 MoS,- Porous Disk 0.15 Vacuum- 857 44 72 38
GO AAO assister
filtration
24 2D Porous Disk 0.65 Vacuum- 2045 8 - 39
MoS, AAO assister
filtration
25 2D Porous Hollow 0.22 Vacuum- 70 30 120 41
MXene yttria- fiber assister
stabilized filtration
Zirco-
nia
(YSZ)
26 2D Porous Disk 2 Vacuum- 1113 167 700 42
MXene AAO assister
filtration
27 2D Porous Disk 0.02 Vacuum- 1584 27 110 43
MXene AAO assister
filtration
28 MZXene/ZIF- Copper Disk 1.25 Electrophoreti&8 77° 100 59
8 plate deposi-
tion
(EPD)
and
fast
current-
driven
synthe-
sis
(FCDS)
29 2D Porous Disk - Hot- 2700 291 120 46
ZIFS o- drop
Al; O3 coating
30 2D Porous Disk 0.04 Hot- 880 225 167 47
MOFS AAO drop
coating
31 2D Porous Disk 2 Solvothermal 3655 32 100 48
COF- o- synthesis
LZU1 Al,O3
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Long-

Membrane H, Per- H,/CO- term
Membrane Membrane geome- Preparationmeance Selectiv-  stability
Number material substrate try Thickness(uMgthod (GPU)? ity (h) Re
32 2D Porous Disk 2 Solvothermal 3802 26 - 48
TFB- o- synthesis
BD Al; O3
33 2D Porous Tube 0.3-0.5 Suction 1290 55 1250 thi
MXene stain- filtra- WO
less tion
steel and
Elec-
trophoretic
deposi-
tion
(EPD)

a In this column, all gas permeance was converted with unit of GPU.1 GPU = 3.35x 10" %mol-m~=2-s71-pa~!

b The value was recorded for the ideal selectivity of the single gas.
¢ The value was recorded for Hy/CHyseparation.

4 CONCLUSIONS

In conclusion, we successfully fabricated tubular MXene/SS membranes on commercial porous stainless steel
substrates rapidly via electrophoretic deposition. Filamentous CNTs were used as fillers for macroporous
substrates for the first time, which could effectively fill the big holes only on the substrate surface and
modify the surface flatness without reducing the permeability of the substrate itself. After optimizing the
electrophoresis process, the tubular MXene/SSs 5 membrane achieved excellent Hy /CO4 separation perfor-
mance. The corresponding Hs /CO» selectivity and hydrogen permeance were 55 and 1290 GPU, respectively,
and the membrane showed outstanding long-term stability for up to 1250 h with good water vapor stability.
Moreover, the repeatability of membrane preparation had also been adequately validated, where 93% of the
membranes prepared in one batch exceeded the DOE target, showing great potential for industrial scale-up
and practical application. Most importantly, this work proposed a method for the efficient preparation of 2D
MXene nanosheet membranes on commercial tubular stainless steel substrates, which provided a valuable
reference for the preparation of other types of 2D materials-based membranes. Furthermore, the work has
also made specific contributions to the large-scale fabrication of 2D MXene membranes and the promotion
of actual industrial applications.
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