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A stable MOF membrane with guest molecules encapsulated in the pores by in situ synthesis has been suc-
cessfully fabricated. The in situ confinement of linkers in the channels of the MOF membrane improves its

gas separation properties, which may provide a general method for fine-tuning the pore size of MOF
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Introduction

As an emerging class of porous crystalline materials, metal-
organic frameworks (MOFs) have received great attention in
gas storage and separation research.'™' Separation of mix-
tures is a critical process in the chemical industry, accounting
for around half the total energy use in the industry."” Mix-
tures of gases with similar molecular sizes or physical proper-
ties are particularly difficult to separate.'> Gas separation
based on membranes, which has undergone rapid develop-
ment over the past few decades, possesses the advantages of
having high efficiency, reduced carbon footprint and easy op-
eration, and shows promise as a technique for addressing
energy-use and environmental challenges."*° As the core of
the membrane separation process, membrane materials in-
cluding polymers and zeolites have been extensively investi-
gated.”™** Polymers are the most widely used membrane ma-
terials in the practical field of gas separation owing to their
advantages such as ease of processing and low cost. However,
due to their wide pore-size range, most polymer membranes
cannot achieve ideal permeability and selectivity at the same
time.”>** The uniform pore-size distribution of zeolite mem-
branes allows them to overcome the disadvantages of polymer
membranes and provide simultaneously high permeability
and selectivity. The limitation of structures and high cost of
production restrict the application of zeolite membranes in
gas separation.>>*®

MOFs can be made into effective membranes for gas sepa-
ration due to the tailorability of their pore structure by vary-
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membranes and develop the functional applications of porous MOF materials.

ing the ligands and metal centers.>’ ** One of the most strik-

ing features of MOFs is that their nanospace can provide
ideal room to accommodate guest molecules, and the
resulting “guest@MOFs” can serve as platforms for host-
guest chemistry studies.>® >’ Recent studies have reported
that the pore size of MOF membranes can be adjusted effec-
tively by introducing guest molecules into their channels.
This strategy was originally used in zeolite membranes for
fine-tuning the pore size of the LTA-type membrane by ion-
exchange.*®?? As for the MOF membrane, Caro et al. devel-
oped a covalent post-functionalization strategy to modify ZIF-
90 to enhance its hydrogen selectivity.’” The post-
functionalization strategy was not only helpful in eliminating
intercrystalline defects but also constricted the pore aperture,
giving an improved molecular sieving performance for gas
separation. The same group also reported that the gas separa-
tion performance of the MOF-74 membrane could be en-
hanced by modification of ethylenediamine into the frame-
work.”’ In these cases, guest molecules were assembled in
the pores of MOF frameworks to improve their gas separation
properties by post-functional processes, which usually require
steps additional to the synthesis. Our strategy is to tailor the
pore size of the MOF membrane in situ, while keeping the
original guest molecules in the structure. We have found a
parent MOF [Ni,(1-asp),(bipy)] (1-asp = r-aspartic acid, bipy =
4,4'-bipyridine) to be particularly interesting.*> Its membrane
has been examined for gas separation and chiral resolu-
tion.”®** During our studies on confining guest molecules in
the pores of MOF membranes to tailor their molecular siev-
ing properties, we observed that the bpe (1,2-bis(4-
pyridyl)ethylene) pillar linker had the same connectivity as
the bipy ligand in constructing the isostructural [Ni,(i-
asp),(bpe)](G) framework (G = guest), which permanently
confined the excess bpe ligand in the channels.*” In this
study, the MOF [Ni,(i-asp),(bpe)]-(G) was selected as a “proof
of concept” model to prepare a high-quality and continuously
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grown membrane. The guest molecules were encapsulated in
the pores during the membrane fabrication step with better
dispersion. The [Ni,(t-asp),(bpe)]-(G) membrane showed a sig-
nificantly enhanced gas separation performance with a H,
permeance of 1.02 x 10°® mol m™ s™* Pa™* and a H,/CO, se-
lectivity of 24.3 due to the in situ guest molecules.

Experimental
Materials

Nickel carbonate (NiCOj;, analytical grade), methanol, r-asp,
and the bidentate aromatic nitrogen donor bpe were used as-
received. Nickel meshes (180 mesh, Xinxiang City, 540 Equip-
ment Co., China) were used as the membrane support. The
nickel net was first cut into circular wafers (10 mm in diame-
ter). Then, they were washed with ethanol and deionized wa-
ter under ultrasonication to clean the surface. Finally, these
wafers were dried in an oven at 100 °C for 5 hours at least.

Preparation of Ni(r-asp)(H,0),-H,O (Ni(r-asp))

L-Asp (2.63 g, 0.02 mol) was first dissolved in a certain
amount of water. When this solution was heated to 100 °C,
NiCO; (2.86 g, 0.024 mol) was added. The final solution was
evaporated at 100 °C to prepare the Ni(r-asp) powders.

Preparation of the [Ni,(r-asp),(bpe)]-(G) membrane on nickel
mesh

0.1 g (0.75 mmol) of r-asp was dissolved in a mixture
containing 2 mL of methanol (62.4 mmol) and 0.2 mL of wa-
ter (11.1 mmol). To this solution, 0.068 g of bpe (0.375 mmol)
was added and stirred for 1 hour. A nickel mesh and the final
mixture with a composition of 1.0r-asp:0.5bpe:15H,0:
83CH;OH were sealed into an autoclave and heated at 150 °C
for 24 hours. After this process, a seed layer was grown on
the surface of the nickel mesh. Then, the seeded nickel mesh
was placed vertically in a Teflon-lined autoclave, in which the
composition of the reaction solution was 1.0bpe:0.9Ni(L-
asp) : 333H,0:263CH;0H, for secondary growth at 150 °C for
2 days. Finally, the membrane was taken out, washed with
CH;O0H and H,O0, and dried at 80 °C. The membrane was ac-
tivated at 150 °C in air for 10 hours.

Characterization

The crystalline structures of the membranes on nickel nets
before and after activation were determined by powder X-ray
diffraction (PXRD) measurements using a SHIMAZU LabX
XRD-6000 X-ray diffractometer with Cu Ka radiation (1 =
1.5418 A). The macroscopic and microscopic features of these
[Ni,(t-asp),(bpe)]-(G) membranes on nickel nets were charac-
terized using an optical microscope (Leica DM 2500P) and an
analytical scanning electron microscope (JEOS JSM-6510A),
respectively. Gas adsorption-desorption measurements of H,
(99.995%), CO, (99.995%), CH, (99.95%) and N, (99.995%)
on MOF powder samples were carried out on an Autosorb
iQ2 adsorptometer from Quantachrome Instruments. The
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sample was degassed at 423 K overnight under vacuum, and
the measurements were carried out at 273 K and 298 K. For
the experimental setup of gas-separation measurement, the
membrane was set in a stainless steel cell at room tempera-
ture and standard atmospheric pressure. One side of the
membrane was swept by argon while the other side was ex-
posed to single gases or gas mixtures. A soap-film flow meter
was used to measure the flux of the gas. The volume ratio of
the gases in the binary mixture was 1:1 and the gas that pen-
etrated the membrane was analyzed using a gas chromato-
graph (SHIMADZU GC-2014C).

The permeability which is termed the permeance®® (P;
(mol m™ s Pa™")) of the MOF membrane was calculated
using the following eqn (1):

N.
RzAp,;A (1)

where N; (mol s) is the permeate flow rate of component i,
Ap; (Pa) is the trans-membrane pressure drop of i, and 4 (m?)
is the membrane area.

The membrane permselectivity was evaluated using a sep-
aration factor (o;;),"> which was obtained according to eqn

(2):

X,/X,
= Yl?YJ
i/7

(2)

where i and j represent the two components in the mixture,
and X and Y are the mole fractions in the permeate and feed
solution, respectively.

Results and discussion

Preparation of the [Ni,(1-asp),(bpe)]:(G) membrane

In [Niy(1-asp),(bpe)]-(G), as the “extended ligand,” the longer
bpe linker is expanded by 2.5 A compared with the distance
in the parent compound. It shows a slight distortion from
the parent orthorhombic structure, and has a similar window
cross section of 4.1 x 3.9 A and a pore cross section of 7.8 x
3.3 A. As shown in Fig. 1a and b, the bpe molecules are pres-
ent with overlapping components along the a axis, which
leads to the formation of narrow windows in the structure.
The void volume of [Ni,(1-asp),(bpe)]-(G) is 24.8% of the total
volume. Elemental analysis was carried out on the powder
scraped from the membrane, and the result confirmed the
formula of [Niy(1-asp),(bpe)](bpe)o.4(H,0), which is consistent
with the MOF crystal.** The bpe amount in the structure re-
mains unchanged after heating to 100 °C, vacuum treatment
and even Soxhlet extraction, suggesting that the guest mole-
cule bpe is stable in the framework.

A seeding secondary growth process was applied to pre-
pare an inter-grown [Ni,(1-asp),(bpe)]-(G) membrane for gas
separation (Scheme 1). The nickel mesh acts as the only
metal source for releasing nickel ions coordinated with

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) 3D structure of [Nix(L-asp).(bpe)l-(G) with guest molecules of
bpe, viewed along the c axis. (b) 3D structure of [Nix(L-asp).(bpe)l-(G)
with the corrugated channels filled with excess bpe linkers (Ni cyan, C
gray, N blue, O red; H atoms are omitted for clarity). (c) PXRD patterns
of the simulated, seed layer, as-synthesized, activated and heat-treated
[Ni>(L-asp)2(bpe)]-(G) membranes; (d) optical micrograph of the [Nix(L-
asp),(bpe)l-(G) membrane surface.

secondary
growth

[Niy(L-asp),(bpe)]-(G)

Scheme 1 Preparation process of the [Ni,(L-asp),(bpe)l-(G) membrane.

ligands to form a seed layer, after which a second growth pro-
cess is carried out to give a well inter-grown MOF membrane.

The PXRD patterns collected for the seed layer and [Ni(1-
asp),(bpe)](G) membrane are shown in Fig. 1c. As can be
seen, the seeded layers are composed of crystalline particles
and free of impurities. The PXRD pattern of the [Ni,(i-
asp),(bpe)]-(G) membrane is in accordance with the simulated
pattern, suggesting that highly crystalline MOF crystals were
grown on the support surface. To examine its thermal stabil-
ity, the [Ni,(1-asp),(bpe)]-(G) membrane was kept in an oven
at 235 °C for 5 hours under air atmosphere. The correspond-
ing PXRD pattern reveals that the membrane maintained its
crystalline structure. We can also see from the TGA curve that
the [Ni,(1-asp),(bpe)]-(G) MOF maintains its crystal structure
including the guest bpe up to 300 °C, indicating that the
membrane has the desired thermal stability (Fig. S1t).

The optical micrograph of the nickel mesh-supported
[Ni,(t-asp),(bpe)]-(G) membrane shown in Fig. 1d indicates

This journal is © The Royal Society of Chemistry 2017
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that the nickel mesh acts as a homogeneous support
allowing the continuous formation of the membrane over a
large area. The morphology of the [Ni,(r-asp),(bpe)]-(G) seed
layer and the membrane are shown in SEM images (Fig. 2
and Fig. S2t). It can be observed from Fig. 2a and Fig. S27
that the seed crystals homogeneously cover the support sur-
face and form a continuous layer with a roughness compa-
rable with the crystal size. The nickel mesh was the only
Ni source for the synthesis of the seed layer. This helps to
build a strong interaction between the seed layer and
nickel mesh support and obtain a seed layer with uniform
distribution, which is of paramount importance for the fab-
rication of a continuous and defect-free membrane because
the seeds promote uniform membrane growth on the entire
support surface. A secondary growth of the seed layer was
subsequently carried out with the addition of nickel salt.
From Fig. 2b-d and Fig. S2c and d,f it can be observed
that a continuous and high-quality [Ni,(i-asp),(bpe)]-(G)
membrane formed on the surface of the nickel mesh. The
crystals in the membrane were well inter-grown and tightly
connected with the threads of the nickel mesh with a thick-
ness of 20-30 um. The above characterization suggests that
a structurally stable and large-area continuous MOF mem-
brane was successfully fabricated by a simple secondary
growth method.

Gas adsorption and separation on the [Ni,(r-asp),(bpe)]-(G)
membrane

As shown in the gas adsorption isotherms of the [Ni(t-
asp),(bpe)](G) membrane (Fig. S3t), the uptake of all the
gases was fairly small, corresponding to the narrow channels.
The relatively high adsorption amount of CO, in the mem-
brane is due to the electrostatic interaction between CO, mol-
ecules and the bpe ligands.”> The low H, uptake can be at-
tributed to a lower affinity for H, molecules. These results

Fig. 2 (a) SEM image of the seeded nickel mesh; (b and c) top view
and (d) cross-section SEM images of the [Niy(L-asp)a(bpe)l-(G)
membrane.

CrystEngComm, 2017, 19, 1601-1606 | 1603
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Table 1 Mixture gas permeances and separation factors for the [Nix(L-
asp),(bpe)l-(G) membrane at 25 °C and 1 x 10° Pa

Gas H, CO, H, N, H, CH,

Permeance X 107 (mol m™> 10.2 0.452 10.0 0.837 10.0 1.29
-1 -1

s Pa)

S.F. 24.3 12.1 7.77

Ideal S.F. 6.5 9.3 14

suggest that the [Ni,(1-asp),(bpe)]-(G) membrane has a great
ability to resolve H, from other gases.

Following the successful construction of the [Niy(i-
asp),(bpe)](G) membrane, the gas permeation performance
was investigated for the single gases H,, N,, CO, and CH,
and the binary gas mixtures H,-N,, H,-CO, and H,-CH, with
equal volume ratios. The calculated gas permeances and sep-
aration factors are presented in Table 1. In the single gas per-
meation tests (Fig. 3a), the H, permeation flux was much
higher than those of the other gases. Ideal separation factors
were remarkably enhanced and the gas permeances slightly
decreased compared with our previously reported Niy(r-
asp),(bipy) membrane (Py, = 2.38 x 10 ° mol m™ s™ Pa', Hy/
CO, = 10.2),>® which can be attributed to the different pore
structures of these two MOFs. Although the pore size of
[Niy(t-asp)y(bpe)]-(G) is a little larger than that of Ni,(i-
asp),(bipy) as the molecular size of bpe is larger than that of
bipy, the guest disorder in the channels of [Ni,(t-asp),(bpe)]
-(G) with overlapping components along the a axis results in
the formation of narrow windows in the structure. The van
der Waals dimensions of bpe are approximately 12.5 x 6.4 x
3.4 A. Pyridyl rings of bpe thus fit in the available pores of di-
mensions 7.9 x 3.3 A. The windows in [Niy(i-asp),(bpe)]-(G)
have a cross section of 4.1 x 3.9 A (b x ¢ axis). The narrowest
part of the bpe ligand has a cross section of approximately
4.9 x 3.4 A and sits in the windows. Meanwhile, because the
[Niy(t-asp)y(bpe)]-(G) membrane and the Ni,(t-asp),(bipy)
membrane have similar pore volumes (24.8% and 23.1%, re-
spectively), there is no significant difference in their gas per-
meability. Gas molecules with larger kinetic diameters show
a lower permeance. The results of the permeation tests for bi-
nary gas mixtures are shown in Fig. 3b. The separation fac-
tors of the binary gas mixtures on the [Ni,(t-asp),(bpe)]-(G)
membrane are 24.3, 12.1 and 7.77 for H,/CO,, H,/N, and H,/
CH,, respectively. The separation factor of H,/CO, is much

o
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CH, 6 ey
4 e,
2 ——tjoh,
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Time (min)
Fig. 3 (a) Permeances of single gases through the [Nix(L-asp)a(bpe)]
«(G) membrane at 298 K as a function of the kinetic diameter; (b) Hy/
CH,, H2/N, and H,/CO, separation factors of [Nix(L-asp).(bpe)l-(G) over
time.
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drawn according to ref. 23 and 54.

higher than the ideal value. This is due to the strong interac-
tion between CO, molecules and the guest bpe molecules,
which makes it more difficult for CO, molecules than H,
molecules to pass through the narrow pores. The [Ni,(i-
asp),(bpe)]-(G) membrane shows higher values for both per-
meability and selectivity for H,/CO, separation in comparison
with other membranes, and surpasses the polymer mem-
brane gas separation upper bound of 2008 (Fig. 4), highlight-
ing its potential for application in gas separation. These re-
sults indicate that the separation effects of the MOF
membranes can be improved by adjusting their pore struc-
ture through in situ guest molecules.

Conclusions

In summary, a stable [Ni,(i-asp),(bpe)]-(G) membrane with
guest molecules encapsulated in the pores by in situ synthesis
has been successfully fabricated. The bpe molecules uni-
formly distributed in the channels not only reduce the win-
dow size, but also enhance the interaction between the MOF
and CO, gas molecules, which makes the membrane suitable
for H,/CO, separation. The [Niy(t-asp),(bpe)]-(G) membrane
demonstrates high H, permeance (1.0 x 10™® mol m™ s™*
Pa') and provides desired selectivities for binary gas mix-
tures of H,/CH,, H,/N, and H,/CO,. Its excellent gas separa-
tion performance gives this MOF membrane great potential
for applications such as separation, recycling, and reusing H,
exhausted from steam reforming natural gas. To the best of
our knowledge, this is the first report of the in situ confine-
ment of free linkers in the channels of a MOF membrane to
improve its gas separation properties. It may provide a gen-
eral method for fine-tuning the pore size of MOF membranes
and developing the functional applications of porous MOFs
materials.
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