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ABSTRACT: Covalent organic framework (COF) membranes
have emerged as state-of-the-art membranes with excep-
tional gas separation performances. However, the COF
membranes are restricted to three-dimensional (3D) COFs,
while the two-dimensional (2D) COF membrane remains a
relatively uncharted territory. In addition, the major part of
the scientific fraternity working in this field shares the dream
to prepare 2D COF membranes with crystallographic prefer-
ential orientation. Here, we present a general strategy for the
fabrication of oriented 2D COF membranes which is based
on the incorporation of an intermediate metal-organic
framework (MOF) layer. The 2D COF membrane is endowed
with real ordered one-dimensional (1D) channels. This spe-
cially designed membrane that comprises two judiciously
selected porous frameworks shows ultrahigh gas permeabil-
ity and selectivity far surpassing the present Robeson upper
bound. This contribution paves a new avenue to explore ori-
ented 2D COF membranes as prospective high-performing
membranes rendering a sustainable route for H,/CO, separa-
tion.

Porous organic framework membranes”’ with a preferred
orientation are one of the most coveted membrane architec-
tures in gas separation owing to highly efficient intracrystal-
line gas diffusion and reduced non-selective intercrystalline
gas diffusion. 2D inorganic porous material such as zeolite,”
'© MOF"™ etc. oriented membranes with high selectivity are
routinely fabricated by secondary growth method using sub-
strates with oriented seed layers.”"® Importantly, the per-
formance of a gas separation membrane'®** depends not only
on high selectivity but also on high permeability. 2D COFs*"
*® have relatively large pore sizes compared to the sizes of the
permeating gas molecules which contribute to high perme-
ability. On the other hand, a membrane with preferential
orientation presents high selectivity. Scientists always strive
for membranes that outperform the Robeson upper bound™

which represents the permeability-selectivity trade-off in the
field of gas separation membranes.

The n-stacked columns of 2D COFs that can contribute to
direct pathways for gas transport render 2D COFs as highly
promising materials for gas separation membranes. However,
it remains a formidable challenge from fabrication perspec-
tive to attain an oriented 2D COF membrane considering
that the 2D COF layers tend to be randomly aligned to each
other. A few examples of the preparation of 2D COF mem-
branes"** did not report preferentially oriented COF layer.

To tackle this issue, we herein adopted a specially designed
MOF membrane that provides the binding sites along the
vertical direction to anchor the 2D COF structural building
units. Besides, the covalent bond formation between the 2D
COF building units parallel to the MOF membrane surface
enables the COF crystals to grow along the MOF membrane
surface thereby favoring the growth of a continuous 2D COF
layer. The interlayer interactions guide the development of
the stacking structure thereby enabling the formation of
ordered 1D channels oriented perpendicular to the MOF
membrane surface. Hence the present fabrication approach
allows us to effectively attain the 2D COF crystals growing
along the MOF membrane surface as well as realize the COF
channels oriented perpendicular to the entire membrane
surface (Figure 1).

A porous silica disk employed as substrate was coated with
a polyaniline emeraldine base layer which provides amine
groups functionalized surface. Thereafter the polyaniline
base-functionalized SiO2 disk (Figure Sia) was used for the
fabrication of UiO-66" membrane (Figure Sib). On the sur-
face of the UiO-66 membrane, there are many unsaturated
metal sites. These unsaturated metal sites played a vital role
in the growth of the 2D H2P-DHPh COF**‘ film atop the
UiO-66 layer. More precisely, the coordinatively unsaturated
zirconium cations of UiO-66 interact with the amine groups
of porphyrin as evident from the Zr-N coordinate bond at
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Figure 1. Schematic representation of how to control the
growth of a continuous 2D COF membrane along ab (lateral)
direction as well as maintain the orientation of the COF
channels along ¢ (vertical) direction.

(Figure S3). Strong chemical bonding between Zr and N seals
the COF and MOF layers via a thin interlayer of interpene-
trating crystals. The fabrication process of [H,P-DHPh COF]-
[UiO-66] composite membrane is outlined in Figure 2 and
the details are provided in the SI.
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Figure 2. Process flowchart illustrating the fabrication of
[H,P-DHPh COF]-[UiO-66] composite membrane (Zr: cyan,
O:red, N: blue, C: gray. H atoms are excluded for clarity).

Optical photographs presented in Figure Sia,b reveal that
the surface of silica disc is uniformly covered with
polyaniline and UiO-66 layers. X-ray diffraction analysis of
the UiO-66 membrane revealed the formation of pure highly
crystalline UiO-66 material (Figure S2). Scanning electron
microscopy (SEM) study showed the formation of continuous
and uniform layer of UiO-66 containing closely-packed 1-2
pm octahedral crystals (Figure Sib). As can be seen in Figures
Sib and 3a, the white surface of the UiO-66 membrane was
regularly covered with a dark purple layer of H,P-DHPh
COF. Cross-sectional SEM images and the corresponding
elemental mapping (Figure 3c-e) of the composite membrane
clearly distinguish the COF and MOF layers, each of them
with thickness of ca. 60 um. Figure 3b presents the XRD pat-
terns of H,P-DHPh COF powder and [H,P-DHPh COF]-
[UiO-66] composite membrane. The XRD pattern of compo-
site membrane contains solely the Bragg peaks of COF mate-
rial thereby implying that the top layer is composed of pure
H,P-DHPh COF. In addition to 100 and 200 characteristic
diffraction peaks of H,P-DHPh COF at 3.44° (20) and 6.90°
(20) respectively, a strong peak at 21.34° (20) is observed. The
latter peak is attributed to oo1 Bragg reflection, which is rela-
tively weak in the powder XRD pattern. The crystallographic
preferred orientation (CPO)*>° of [H,P-DHPh COF]-[UiO-
66] composite membrane and H,P-DHPh COF powder (syn-
thesized in pyrex tube) in Figure 3b is evaluated using*>’:
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11007 pow

pow

1001)

CPOOOl/lOO = [(1100

mem

(1001)
1100

where I denotes the integrated intensity of the correspond-
ing reflection at the specified peak, mem denotes the [H,P-
DHPh COF]-[UiO-66] composite membrane and pow the
H,P-DHPh COF powder.

A membrane shows orientation when the CPO values >1.%'
The CPO for the (0o1) and (100) reflections is about 49. The
intense oo1 peak in the XRD pattern of composite membrane
reveals that the COF layer is oriented along this plane. The
preferential orientation of the 2D COF film along the oo1 face
can be explained with the plate-like crystals morphology.
Consequently, the channel system runs along the normal of
membrane surface. 2D COF crystals following faster growth
along out-of-plane direction grow fast and overpower the
slower crystals with in-plane orientations. As a result the
COF crystals accompanying fastest growth along the direc-
tion perpendicular to the membrane plane dictate the pref-
erential orientation of the 2D COF layer. To monitor the
integrity of the 2D COF film in the course of its growth, we
performed the XRD analyses on the COF film after 1 day, 2
days and 2.5 days of solvothermal growth. The H,P-DHPh
COF crystals cover the UiO-66 intermediate layer with uni-
form and intimately intergrown 60 pm thick film.

In the present work we show that a highly oriented 2D
COF layer can be synthesized. The generation of the COF
layer is promoted by the chemical interaction with modified
and thus highly reactive intermediate MOF layer of the com-
posite membrane. Consequently, the interpenetration of the
COF and MOF crystals leads to a thin interlayer with inti-
mately intergrown MOF and COF crystals. Further, the
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Figure 3. (a) Optical photographs of [H,P-DHPh COF]-[UiO-66] composite membrane. (b) XRD patterns of H,P-DHPh COF
powder and [H,P-DHPh COF]-[UiO-66] composite membrane. (c) SEM cross-sectional view of [H,P-DHPh COF]-[UiO-66]
composite membrane. (d) Energy-dispersive X-ray spectroscopy (EDS) elemental mapping of silicon. (e) EDS elemental mapping

of zirconium.

growth of COF layer is controlled by the morphological fea-
ture (plate-like morphology) of H,P-DHPh COF. The porosi-
ty of H,P-DHPh COF and UiO-66 was examined from the N,
gas sorption analysis (Figure S6). We also carried out the
stability tests of H,P-DHPh COF and UiO-66 (Figures S4,S5).

Gas permeation through the [H,P-DHPh COF]-[UiO-66]
composite membrane was studied using a gas chromato-
graph. As can be seen in Figure 4b, H, gas with a kinetic di-
ameter of 0.289 nm permeates considerably faster than CO,
(kinetic diameter 0.33 nm) through the composite mem-
brane. In membrane-based gas separation, the membrane
layer that is at the helm of permeability and selectivity is
called selective layer. Hence the selective layer of the compo-
site membrane in this study encompasses the constituent
COF and MOF layers as well as the interlayer between them.
The thickness of the selective layer in the [H,P-DHPh COF]-
[UiO-66] composite membrane is ca. 120 pm. The gas separa-
tion capability of the [H,P-DHPh COF]-[UiO-66] composite
membrane was evaluated by the separation of 1:1 binary gas
mixture of H,/CO, at room temperature and 1 bar pressure.
The UiO-66 membrane gives commendable performance in
terms of H, permeability and H,/CO, single and mixture sep-
aration selectivity.”® Notwithstanding the satisfactory per-
formance of UiO-66 membrane, the phenomenal enhance-
ment in gas separation selectivity was achieved after the crys-
tallization of 2D H,P-DHPh COF layer. The [H,P-DHPh
COF]-[UiO-66] composite membrane features an ideal
H,/CO, selectivity of 49.1, whilst maintaining comparable H,

permeability (253188.7 Barrer) with UiO-66 membrane. The
composite membrane exhibits a H,/CO, mixture selectivity
of 32.9, which is around four-fold enhancement in respect to
the UiO-66 membrane in addition to increasing the H, per-
meability to 10834 Barrer. Importantly, the [H,P-DHPh
COF]-[UiO-66] composite membrane outdoes the Robeson
upper bound for H,/CO, separation. A comparative H,/CO,
separation performance analysis of polymer membranes is
presented in the Robeson upper bound plot (Figure 4a).
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Figure 4. (a) Robeson upper bound plot of H,/CO, selectivity
versus H, permeability for [H,P-DHPh COF]-[UiO-66] com-
posite membrane compared with state-of-the-art mem-
branes”**?°. The enhancement in separation selectivity of the
composite membrane compared to the UiO-66 membrane*



is indicated by a red dashed line with an arrowhead. (b) Sin-
gle gas (H, and CO,) permeability through the UiO-66 mem-
brane and [H,P-DHPh COF]-[UiO-66] composite membrane
as a function of kinetic diameter of the gas molecules at
room temperature and 1 bar. Inset: Ideal H,/CO, selectivity
of the UiO-66 membrane and [H,P-DHPh COF]-[UiO-66]
composite membrane.

*Ideal separation factor.
Table 1. H,/CO, single and binary mixture (1:1) gas separa-

tion performance of [H,P-DHPh COF]-[UiO-66] composite
membrane at room temperature and 1 bar.

Membranes Knudsen Single gas Mixture gas
selectivity
P (H,)" ISF P (H,)" SF
(Barrer) (H,/CO,)' (Barrer) (H,/CO,)'
[H,P-DHPh
COF]-[UiO- 4.7 253188.7 49.1 108341.3 32.9
66] composite
membrane

P denotes permeability in Barrer (1 Barrer = 3.347 x 10™
mol-m™s™Pa™).

'ISF and SF denote ideal separation factor and separation
factor, respectively.

High-resolution transmission electron microscopy
(HRTEM) was employed to study the spatial organization of
the composite membrane (Figure s5b). The membrane com-
prises two parts, the layered H,P-DHPh COF sheets and the
MOF (as evident in the bottom of the TEM image) character-
ized with sharp octahedral morphology (Figure 5b). The inset
of Figure sb shows the selected area electron diffraction

(SAED) pattern of the MOF part of the composite membrane.

The energy-dispersive X-ray spectroscopy (EDS) spectrum
presented in Figure 5d shows zirconium, thereby indicating
that the crystal with octahedral features at the bottom of the
TEM image is indeed UiO-66. Crystalline COF domains can
be recognized by the straight porous channels with interlayer
spacing of 2.0 + 0.1 nm (Figure 5¢). The intimate interaction
between MOF and COF parts of the membrane can be seen
from the interlayer image of the composite membrane.

The composite membrane comprises materials with
pores substantially larger than the kinetic diameters of the
permeating gas molecules. Thus the flux of the permeating
gas is very high. In order to reach high selectivity we judi-
ciously selected two porous frameworks so as to exhibit low-
er isosteric enthalpies of adsorption to H, than to CO,. The
isosteric enthalpies of adsorption of H, for H,P-DHPh COF
(Figure S8b) and UiO-66 (Figure S7b) are lower than those
of CO, for H,P-DHPh COF (Figure S8d) and UiO-66 (Figure
S7d). Consequently, high selectivity to H, was achieved. Be-
sides the above factors, we ascribe the exceptional H,/CO,
mixture gas separation performance of the [H,P-DHPh
COF]-[UiO-66] composite membrane to gas transport via
straight COF channels, oriented perpendicularly to the
membrane surface, which helps improve intracrystalline gas
diffusion®>°. The growth of a very compact 2D COF film
helps to develop better grain structures, which productively

cuts down non-selective intercrystalline gas diffusion®”>°.
Therefore by the rational selection of porous frameworks we
obtained a specially designed membrane that demonstrates

high gas flux combined with high selectivity.

To summarize, this study presents a general strategy for
fabrication of oriented 2D COF membranes. The chemical
synergy between the building components, their functionali-
ty, spatial arrangement and crystallographic orientation are
the indispensable components that determine the exception-
al performance of a membrane. The results of the present
study illustrate that membranes with exceptional selectivity
and ultrahigh permeability can be produced if the above is-
sues are properly addressed. This research also provides a
sustainable route for highly effective separation of H, over
CO..
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