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Abstract: Precise hydrogen sorting from purge gas (H,/N,) and coke gas (H,/CH,), commonly carried out by cryogenic
distillation, still suffers from low separation efficiency, high energy consumption, and considerable capital cost. Though
still in its infancy, membrane technology offers a potential to achieve more efficient hydrogen purification. In this study,
an optimum separation of hydrogen towards both methane and nitrogen via a kinetically-driven mechanism is realized
through preferred orientation control of a MOF membrane. Relying on the 0.3 nm-sized window aligned vertical to the
substrate, b-oriented Ti-MOF membrane exhibits ultra-high hydrogen selectivity, surpassing the upper bound limit of
separating H,/N, and H,/CH, gas pairs attained so far by inorganic membranes. This spectacular selectivity is combined

\with a high H, permeability owing to the synergistic effect of the 1 nm-sized MOF channel. Y,

~

Introduction

Separation process accounts for 45-55 % of global industrial
energy consumption.!” Although thermally driven-separa-
tion processes such as distillation, absorption, adsorption
and rectification have been proven to afford highly purified
products, alternative pressure-driven membrane separation
may save >90 % energy consumption.”) Polymers have been
the most widely used membrane candidates; nevertheless,
the plasticization/swelling effect upon long-term operation
inevitably limits their performance and they undergo a
trade-off between permeability and selectivity, called as
Robeson’s upper bound.”! Molecular sieve inorganic and
hybrid membranes with regular and permanent pore
channels are solid alternatives to polymer membranes
towards transcending the upper-bound limit.”’ Metal-organ-
ic frameworks (MOFs) constructed from metal ion/cluster
nodes linked to functional organic ligands through coordina-
tion bonds, have shown a great promise for energy-efficient
separation, owing to their unprecedented topology richness,
tunable pore size/shape aperture, and highly versatile
functionality."! So far, MOF membranes have shown
superior performances in terms of olefin/paraffin (e.g., C;Hy/
C;Hy),'" isomer (n-/i-C,H;o),"® as well as N,/CH,

separations.'” Nonetheless, their effective application for
the separation of small-sized gas, e.g., purge gas (H,/N,) and
coke gas (H,/CH,) addressing energy-efficient hydrogen
purification, ammonia production and light hydrocarbon
recovery, is still to be achieved. Nonetheless, very few MOF
membranes have been tested for this highly challenging
separation with performance in terms of selectivity and
permeability far to be optimum.”” This is due to the
complexity of achieving a strict control of the size and shape
of small pores (in particular ~0.3 nm) due to the inherent
flexibility of the MOF framework. Breaking the trade-off
between H,/N, and H,/CH, selectivity and H, permeability
using any types of molecular sieve membranes is therefore
one of the biggest challenges in the field of membranes for
gas separation.

MIP-177-LT (MIP stands for Materials from Institute of
Porous Materials of Paris, LT for Low Temperature), a
three-dimensional open framework connecting Ti;,0,5 clus-
ters with formate ions, and 3,3',5,5'-tetracarboxydiphenyl-
methane (mdip) ligands,”? possesses 0.3 nm-sized pore
window along the b-axis and 1.1 nm-sized channel along the
c-axis (Figure 1a). The pore window along the b-axis falls
between the kinetic diameters of H, (0.29 nm) and other
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Figure 1. Crystal structure and schematic illustration of MIP-177-LT membranes. a) Ti;;O,5 cluster SBUs interlinked by H,mdip linker and formate
groups in the structure with views of the large hexagonal channel along the c-axis and the small pore windows along the b-axis. b) Fabrication of
membranes with different possible preferred orientations and the envisioned gas diffusion pathways along the MOF pores.

larger gas molecules, e.g., N, and CH, with kinetic diameters
of 0.36 nm and 0.38 nm respectively, offering a unique
opportunity to achieve high H,/N, and H,/CH, selectivity via
molecular-sieving and/or kinetically-driven processes. More-
over, the 1.1 nm-sized channel along the c-axis is expected
to reduce the diffusion resistance, enabling to attain a priori
high H, permeability. Nonetheless, irregular alignment of
these channels may severely deteriorate the separation
performance of this MOF.

Orientation control has been proven to be an effective
strategy for uniform alignment of pore channels and
elimination of grain boundary defects of MOF membranes,
resulting in membranes with outstanding CO, capture
performance.”™ Typically, Eddaoudi et al. prepared c-ori-
ented mixed-matrix MOF membranes with unprecedented
CO,/H,S/CH, separation performance through an ideal in-
plan alignment of KAUST-8 nanosheets in polyamide
matrix.””! The benefit of fabricating highly orientated MOF
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membranes to boost their separation ability for other gas
pairs, however, remains largely unexploited to date. As a
proof-of-concept, with the objective to maximizing the
hydrogen separation efficiency of such a membrane orien-
tated via an epitaxial growth, we deliberately prepared b-
oriented MIP-177-LT membrane (Figure 1b). Gas perme-
ation tests demonstrated unprecedented selectivity for both
H,/N, (~150) and H,/CH, (~120) coupled with H, perme-
ability superior to 350 barrer, surpassing the upper bound
limit of the conventional molecular sieve membranes
reported so far for sorting these two highly challenging gas
mixtures. This exceptionally high separation performance
makes MIP-177-LT membrane as a great candidate for H,
recovery from purge gas and coke gas under practical
working conditions.

© 2024 Wiley-VCH GmbH
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Results and Discussion

b-Oriented MIP-177-LT membrane was fabricated through
oriented epitaxial growth. We revealed that the seed
morphology, seed deposition condition, and epitaxial growth
condition cooperatively contributed to the membrane for-
mation. The first step involved the preparation of MIP-177-
LT seeds. Uniform rod-shaped MIP-177-LT crystals with
large aspect ratios were privileged since adopting such
morphology was beneficial for vertical alignment of the
0.3 nm-sized pore windows. The aspect ratio of MIP-177-LT
seeds was shown to be facilely tuned through adjusting
chemical composition of the precursor solution with no
effect on morphological uniformity (Figure S1). Through
balancing preferred orientation and membrane continuity,
MIP-177-LT crystals with aspect ratio of around 5.8 were
selected as seeds (Figure S2). Thermogravimetric analysis
(TGA) demonstrated that MIP-177-LT seeds are stable up
to 280°C, in line with the behavior of the bulk material
(Figure S3).1*

The next step referred to oriented deposition of MIP-
177-LT seed layer. The proper seed suspension concentra-
tion to ensure uniform distribution of rod-shaped seeds on
substrate and the introduction of surfactants to weaken their
mutual interactions were identified as key parameters to
control the fabrication of highly b-oriented MIP-177-LT
seed layer. Trace amount of polyvinylpyrrolidone (PVP)
containing several polar oxygen-containing groups was
added to enhance the dispersion of MIP-177-LT seeds in
suspension.® Indeed, we anticipated an enhancement of the
MOF/polymer affinity by analogy with what has been
previously reported for the preparation of highly (110)-
oriented ZIF-7 seed layer.® We revealed that closely
packed b-oriented MIP-177-LT seed layer can be obtained
by spin-coating of the aqueous seed suspension containing
trace amount of PVP, as magnified by SEM images (Fig-
ure 2a and Figure S4a).

It is also of utmost importance to prevent intergranular
gaps and maintain preferred orientation inherited from the
seed layer during epitaxial growth.’” Well-intergrown MIP-
177-LT membranes of 1.3 pm-thickness (Figure 2b-f) were
thus prepared by optimizing the chemical composition of the
precursor solution. The powder X-ray diffraction (PXRD)
patterns of the resulting membranes (Figure S5a) only
showed diffraction peaks at around 4.5° and 7.8°, assigned to
(010) and (—120) planes, respectively, indicating the domi-
nance of b-orientation.

For comparison, c-oriented MIP-177-LT membrane was
equally fabricated through Van der Drift evolution
principle,®” widely adopted for orientation control of MOF
membranes.P'! Since the growth rate of MIP-177-LT crystal-
lites along the c-direction was much faster than that along
other directions when seed crystals concatenate, crystallites
growing closer to the c-direction would prevent further
growth of the ones evolving along other directions. Even-
tually, ab-/ac- faces of MIP-177-LT crystallites tend to
arrange in a direction perpendicular to the porous o-AlOs
substrate, resulting in the formation of c-oriented MIP-177-
LT membrane. The preparation of nano-sized MIP-177-LT
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Figure 2. Morphology characterization of MIP-177-LT seed layers and
membranes. a) SEM image of b-oriented MIP-177-LT seed layer. b-e)
SEM, AFM and EDS images of b-oriented MIP-177-LT membranes. f)
Schematic illustration of the cross-section of b-oriented MIP-177-LT
membrane. g) SEM image of randomly oriented MIP-177-LT seed layer.
h-k) SEM, AFM and EDS images of c-oriented MIP-177-LT membranes.
l) Schematic illustration of the cross-section of c-oriented MIP-177-LT
membrane. Scale bar: T ym.

seeds and precise control of the epitaxial growth kinetics of
the MIP-177-LT seed layer were essential for maintaining
the desired orientation. Initially, morphological control of
MIP-177-LT seeds was achieved by simply reducing formic
acid concentration, resulting in the formation of spherical
nanocrystals or low-aspect-ratio nanorods (Figure S6). Phase
purity of the so-obtained MIP-177-LT seeds was confirmed
by the analysis of PXRD data (Figure S5b), FT-IR (Fig-
ure S7), TGA (Figure S3), and N, physisorption data (Fig-
ure S8). Subsequently, uniform MIP-177-LT seed layer of
620 nm-thickness (Figure 2g and Figure S4b) was deposited
on porous o-ALO; substrate (Figure S9) by spin-coating.
Subsequentially, epitaxial growth was carried out. SEM
images revealed the formation of well-intergrown MIP-177-
LT membrane of 1.1 pm-thickness comprising vertically
aligned nanorods following van der Drift evolution principle
(Figure 2h-1). In comparison with the seed layer, the
corresponding PXRD pattern (Figure S5b) of the MIP-177-
LT membrane showed evident (001) diffraction peak at
around 7.2°, demonstrating preferred c-orientation of the so-
obtained membrane.

We equally prepared randomly oriented MIP-177-LT
membrane through tailoring epitaxial growth conditions.
According to the Van der Drift evolution principle, when

© 2024 Wiley-VCH GmbH
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the nutrient concentration of precursor solution is low, MIP-  EDS images (Figure S10a—c) show that well-intergrown
177-LT nanoparticles would evolve along the direction with ~ MIP-177-LT membrane with 1.6 pm-thickness was obtained.
the fastest growth rate, resulting in the formation of c¢- The resulting PXRD pattern (Figure S10d) exhibited char-
oriented membrane. In contrast, further increasing nutrient  acteristic peaks at around 4.5°, 7.2°, 7.8°, 8.5° and 15.4°
concentration would result in secondary nucleation in the  corresponding to (010), (001), (—120), (011) and (031)
bulk solution, followed by their random attachment to the  planes of MIP-177-LT, respectively, thus confirming random
substrate, thus ultimately leading to the formation of orientation of the resulting membrane.

randomly oriented MIP-177-LT membranes. More specifi- Both single and mixed gas permeation tests were
cally, the following factors were found to play decisive roles  performed on b-oriented MIP-177-LT membrane at 120°C
in fabrication of randomly oriented MIP-177-LT membrane: and 1bar of pressure corresponding to the condition
1) The use of low-aspect-ratio MIP-177-LT nanocrystals as commonly used to test membranes for the target gas
seeds; 2) surface modification of MIP-177-LT nanoseeds mixtures separation. Single gas permeation measurements
with PVP before spin-coating; 3) the employment of highly  (Figure 3a) revealed that, H, permeability (351.0 barrer) is
concentrated nutrients during secondary growth. SEM and  much higher than that for CO, (15.0 barrer), N, (2.6 barrer)
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Figure 3. Separation performance of MIP-177-LT membranes. a) Single-gas permeation properties of b-oriented MIP-177-LT membrane. b)
Equimolar mixed-gas separation performances of b-oriented MIP-177-LT membrane. Comparison of ¢) H,/N, and d) H,/CH, separation
performance of b-oriented MIP-177-LT membrane at 120°C and 1 bar of pressure with already reported membranes (the full list of membranes
along with their references is provided in the Supporting Information as Table S1-4). e) Stability test of b-oriented MIP-177-LT membrane as a
function of the operating temperature. f) Single-gas permeation properties of c-oriented MIP-177-LT membrane. g) Mixed-gas separation
performances of c-oriented MIP-177-LT membrane. h) Single-gas permeation properties of randomly oriented MIP-177-LT membrane. i) Mixed-gas
separation performances of randomly oriented MIP-177-LT membrane. Both single-gas permeation properties and mixed-gas separation
performances of MIP-177 membranes with the three orientations were measured at 120°C and 1 bar of pressure. Permeability and separation
factor values are averaged over three samples, and error bars correspond to the standard deviation. Detailed data was listed in Table S8-S10.
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and CH, (3.2 barrer). Moreover, separation factor (SF) of
equimolar H,/CO,, H,/N, and H,/CH, gas mixtures reaches
23.1, 148.0 and 117.1 (Figure 3b), respectively. Atomistic
insight into the H,/CO,, H,/N,, and H,/CH, separation
mechanisms was further delivered by periodic density func-
tional theory (DFT) calculations. In the view of b-oriented
MOF membrane, the gas diffusion pathway is expected to
pass throughout a rectangular aperture-channel of the MOF
with a dimension of about 0.3 nm. As such, diffusing gas
molecules were predicted to effectively encounter two
energy barriers at the entrance and exit of the aperture-
channel prior to entering the large hexagonal channels. The
calculated DFT minimum energy path (MEP) profiles for
H,, CO,, N,, and CH, passing through the small aperture-
windows of MIP-177-LT (b-direction) led to diffusion
energy barriers of ~20, ~35, ~60, and ~100 kJ/mol at the
aperture windows, respectively (Figure 4). Note that for CO,
a second energy barrier of ~24 kJ/mol arises from the middle
of the aperture channel in addition to the effective barriers
at the entrance/exit of the pore aperture resulting from
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strong coulombic repulsion between this molecule and the
pore wall while aligning parallel to the aperture channel
(Figure S11). Remarkably, the sequence of the predicted
diffusion energy barriers through the small aperture channel
of the MOF strongly suggests a faster transport of H, over
CO,, N, and CH, through the small-aperture windows of
MIP-177-LT and indeed kinetically-driven separation mech-
anism for the b-oriented MIP-177-LT membrane. Notably,
these simulations support the substantially higher perme-
ability of H, observed experimentally for the b-oriented
MIP-177-LT membrane as well as the much lower H,/CO,
selectivity than that for H,/N, and H,/CH, based on the
energy barrier difference for the related gas pairs. Likewise,
the DFT-derived host—guest interaction energy on the sur-
face of the larger hexagonal channel - i.e., outside the
restricting aperture channel — is much lower for H, (—8 kJ/
mol) compared to the other gas molecules (CO,: —26 kJ/
mol, N,: —17.5kJ/mol and CH,: —17 kJ/mol) that contrib-
utes to facilitate its migration towards the entrance of the
MOF pore.

d € 100 | B D CH,
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3 3 3
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Figure 4. DFT-derived minimum energy pathways (MEPs) for the diffusion of the guest molecules through the small aperture of MIP-177-LT along
the b-direction. a) Schematic representation of the diffusion pathway considered for the evaluation of the MEP for the transport of gas molecules.
b) Microscopic view of a N, molecule passing thorough the small windows. c—e) MEPs for the diffusion of H,, N, and CH,, respectively. The five
points A—E in Figure 4c—e correspond to the five positions in Figure 4a, respectively.
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Decisively, the overall H,/N, and H,/CH, separation
performance of b-oriented MIP-177-LT membrane spectac-
ularly transcends the state-of-the-art Robeson upper bound
plots, indicating the unique potential of this newly designed
membrane for purge gas and coke gas purification (Fig-
ure 3c-d, Table S1 and Table S2). Of particular note, not
only the H,/N, selectivity (148.0) of our orientated Ti-
membrane ranks the highest among molecular sieve mem-
branes, but also the H, permeability (338.7 barrer) is one
order of magnitude higher than the value exhibited by other
highly H,/N, selective membranes. Typically, the state-of-
the-art 2D MOF membranes, e.g., Zn,(bIm), and MAMS-1,
exhibit already 20 % lower H,/N, selectivity (ca. ~120) while
their H, permeabilities are extremely low, i.e. 4 times lower
(<85 barrer), due to the small pore size of this MOF (<
0.3 nm) and resultant gas tortuous diffusion path.?” In sharp
contrast, herein relying on the coupling effect between
0.3 nm-sized window and 1.1 nm-sized channel -crossly
aligned vertical to the substrate, the b-oriented MIP-177-LT
membrane is highly H, selective without compromising gas
permeability. In the same manner, the H,/CH, separation
performance (H, permeability: 342.2 barrer; H,/CH, selec-
tivity: 117.1) of this oriented membrane transcends other
types of molecular sieve membranes (Figure 3d). Simulta-
neously, H,/N, and H,/CH, separation performances of b-
oriented MIP-177-LT membrane can even rival the state-of-
the-art MOF-based mixed-matrix membrane and polymer
membrane (Figure S12, Table S1-S7), thereby demonstrat-
ing great promise for energy-efficient coke gas recovery.

Furthermore, we revealed that the separation factors for
both equimolar H,/N, and H,/CH, gas mixtures through b-
oriented MIP-177-LT membrane (95.6 and 56.2 respectively
at 25°C) steadily increases with increasing temperature
reaching maximum values at 120°C (148.0 and 117.1
respectively) and then decrease at 180°C (100.1 and 94.5
respectively) (Figure S13 and Figure S14). It is well-known
that gas permeability of polymer membranes increases with
temperature at the expense of decreased selectivity. How-
ever, smaller pore-sized MOF membranes (such as MIP-
177-LT) commonly exhibit superior separation performance
at higher operation temperature due to the disappearing
adsorption capacity of CO,/N,/CH, with increasing temper-
ature.

Finally, operation stability of the membrane was inves-
tigated. We demonstrated that not only the H, permeability
but also the separation factors for equimolar Hy/N, and H,/
CH, gas pairs remain constant within 50 h at 120°C (Fig-
ure 3e), supporting that b-oriented MIP-177-LT membrane
possesses excellent operation stability at optimum temper-
ature of 120°C. In addition, highly selective membranes
commonly suffer from pressure-ratio limitations. Therefore,
maintaining such selectivity at high pressure and with
various stage cuts will be the scope of our future studies.

For comparison, gas permeation tests performed on c-
oriented MIP-177-LT membrane revealed that the separa-
tion factor for the equimolar H,/CO,, H,/N, and H,/CH, gas
pairs is very low and only reaches 2.3, 4.1 and 1.3 (Figure 3f-
g), owing to vertical alignment of 1.1 nm-sized pore channel.
A poor selective behavior was also observed for the
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randomly oriented MIP-177-LT membrane with separation
factor for the equimolar H,/CO,, HyN, and H,/CH, gas
pairs of 6.4, 8.7 and 4.2 respectively (Figure 3h—i), which are
much lower than the values achieved by the b-oriented MIP-
177-LT membrane owing to concurrent exposure of 0.3 nm
and 1.1 nm-sized pores to the gas flow. Decisively this
comparison highlights that the fabrication of b-oriented
MIP-177-LT membrane is optimum to favor straightforward
pathways for the gases through the selective MOF pore to
achieve an outstanding molecular discrimination. It should
be noted that the Wicke-Kallenbach method has been
widely employed in evaluating gas separation performances
through measuring single gas and mixed gas permeation
behaviors in molecular sieve membranes. Nevertheless, they
might be overestimated because of the sweeping gas
counterflow on the permeatie side.’ Therefore, a cross-
validation of experimental data using different measurement
techniques,” such as constant volume method (which
delivers a connection between the time lag, the adsorption
equilibrium and diffusion parameters) and constant pressure
method (which simulates industrial applications by continu-
ous permeate composition), represents an important next
step deserving future efforts.

Conclusions

Herein, we successfully fabricated MIP-177-LT MOF mem-
branes with versatile preferred orientations. Aiming at H,
purification, b-oriented membrane was conceived through
preparing uniform length-to-width ratio rod-shaped seeds
followed by controlled epitaxial growth. Owing to vertically
aligned 0.3 nm-sized window, our membrane achieved ultra-
high Hy/N, (148.0) and H,/CH, selectivity (117.1) with
overall separation performance surpassing state-of-the-art
molecular sieve membranes. DFT simulations revealed that
this superior selectivity comes from a strict control of the
0.3 nm-sized window aligned along the b-direction of the
MOF that enables much easier passage of H, in comparison
with N, and CH,, confirming a kinetically-driven separation
mechanism at the origin of the spectacular separation
performance of the b-oriented membrane. In light of the
advantage of membrane-based technology in terms of
separation efficiency, energy consumption, and capital cost
compared with traditional technologies, this newly designed
membrane holds great promise for an effective H, separa-
tion from purge gas and coke gas.
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