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Pebax-based composite hollow fibre membranes are promising candidates for industrial gas separation, but
their application is limited by the inherent separation performance of the polymeric materials and the poor
operational stability especially under elevated pressures. The incorporation of metal-organic frameworks
(MOFs) has been extensively investigated as a potential solution to these problems. However, the major
challenges are to control the microvoids in the interfacial region and to improve the effective MOF
loading within the selective layer. In this work, we applied a zirconium-based rigid MOF (UiO-66) to
fabricate a nanocomposite hollow fibre membrane, and (-COOH) and (—-NH,) modified UiO-66 were
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the thin Pebax selective layer, and both improved CO, permeance and selectivity were obtained
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1 Introduction

Membrane-based gas separation processes are flexible, easy to
operate and scale up, and require smaller footprints. They have
therefore been the subject of considerable research attention,
especially for CO, capture from flue gas and natural gas
sweetening.'® Polymeric membranes are considered as the
most promising candidate for industrial application, yet their
application is limited by the inherent performance of the
polymeric materials and poor operational stability, especially
under high pressure. To tackle these problems, different
nanofillers have been incorporated into the polymeric matrix to
fabricate mixed matrix membranes (MMMs). Recently, metal-
organic frameworks (MOFs) have been extensively investigated
for gas adsorption and separation.*®> MOFs are heralded for
their chemical and structural versatility in being able to
accommodate an enormous amount of functionalities: molec-
ular sieve pores can be effectively incorporated into polymeric
materials to promote the separation performance.*®” Some
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significantly improved the membrane’s operational stability under high pressure.

MMMs have their performance surpassing the Robeson upper
bound which depicts the gas permeability-selectivity trade-off
for pure polymeric materials.®™*?

Currently, most MMMs are synthesized as dense flat
sheets."*?° These membranes, from the material's perspective,
can have superior permeability. Yet this does not necessarily
indicate that the membrane can readily achieve high perme-
ation flux (permeance), which is of higher practical importance.
For gas separation membranes, the thickness does matter.
Ideally, hollow fiber composite membranes with large surface
areas and thin selective layers are preferred.”® However, the
behaviour of MOF-polymer membranes in their thin film can
be different from that of their bulkier, thick counterparts. This
is due to the difficulty in achieving a homogeneous MOF
dispersion and a higher possibility of generating extra non-
selective defects. In addition, the polymer chain rigidification
effect caused by interfacial interaction can be more signifi-
cant.”” Among different MOF materials, ZIF-8 has been exten-
sively investigated due to its small pore size (3.4 A) and
reasonably good chemical stability.>*** In one of our previous
studies, the introduction of in-house synthesized ZIF-8 into
a thin Pebax layer clearly generated extra defects due to the poor
compatibility in the interfacial region, and the loss of gas
selectivity was more significant for the thin selective layer on the
hollow fiber composite membranes compared with thick mixed
matrix membranes.”® To tackle this problem, polydopamine
modification has been carried out to fine-tune the interfacial
compatibility: compared with the pristine ZIF-8, the
membranes with modified ZIF-8 exhibited improved gas
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selectivity, which however were still lower than that of the
original pure polymer membrane.*

Recent studies have started to shed light on the mechanical
properties of MOFs.?® Among different MOF materials, ZIF-8 has
a low elastic modulus and hardness, indicating its good elas-
ticity in the family of crystalline materials. We also first
demonstrated that a thin, continuous ZIF-8 membrane can
maintain a certain degree of flexibility: it can sustain bending
and elongation without compromising its molecular sieving
capability.® The rotational and vibrational movement of the
imidazole linkers in the ZIF has also been experimentally
demonstrated by Terahertz FTIR with synchrotron beamlines.”
This interesting property, however, may compromise their
inherent molecular sieving capability based on their crystalline
framework structures.”® As a result, the incorporation of such
“soft” MOFs into the thin composite membrane can potentially
lead to the formation of non-selective interfacial microvoids, or
its flexible framework structure can allow the passage of gas
molecules which are larger than its pore aperture.”® This
problem can potentially be solved by blending more rigid MOFs
into the membrane. Another problem for the MOF-containing
membranes is their relatively low MOF loading, as aggrega-
tion of the particles at high concentration (over 30 wt%) can
create defects in membranes: for most existing nanocomposite
membranes, only up to 30 wt% of MOFs can be achieved
without significant deterioration in the selectivity.'”**°

In this study, we fabricate our composite membrane with
different types of MOFs, namely University of Oslo-66 (UiO-66)
and zeolitic imidazolate framework-7 (ZIF-7). Ui0-66 ([ZrsO4(-
OH)4(bdc)s] where bdc = 1,4-benzenedicarboxlate) is consid-
ered as one of the most rigid MOFs due to the high degree of
coordination of the Zr-O node to organic ligands.*" Its structure
is comprised of a central octahedral cage with 8 face-sharing
super-tetrahedra (ST). The four vertices of the ST are each
occupied by a Zrs-oxo cluster with edges formed by the bdc
ligands.?® Its satisfactory thermal and chemical stabilities over
a wide range of temperature and pH make it a suitable candi-
date for membrane application, both as a filler and a coherent
selective layer.>*** In addition, by substituting the bdc ligand
with other linear dicarboxylate linkers, a series of isoreticular
frameworks with different cavity sizes and functionalities can
be obtained (Scheme 1). Enhancement in the gas separation
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performance in the presence of functional groups such as amine
on UiO-66/Pebax flat sheet mixed matrix membranes has also
been reported,*® but their effect on the composite membrane
performance has never been investigated. Another targeted MOF
is ZIF-7 ([Zn(BIm),] where BIm = 2-benzimidazolate) which has
an aperture size of ~3.0 angstroms, smaller than that in ZIF-8
(~3.4 angstroms). Although ZIF-7 possesses a similar structure
to ZIF-8, it has higher rigidity.>® Thus, ZIF-7 is considered to be an
appropriate candidate to investigate the effect of the structural
rigidity of a MOF on the membrane performance, and a direct
comparison can be made against ZIF-8.

In this work, UiO-66, UiO-66-NH,, UiO-66-(COOH), and ZIF-7
were incorporated into the thin Pebax selective layer of
composite hollow fiber membranes. The copolymer Pebax,
which features a hard polyamide (PA) segment and a soft
polyethylene oxide (PEO) segment, has shown good perfor-
mance for CO, gas separation and has exhibited plasticization
resistance to CO, gas. The interaction between the copolymer
and MOF additives can be complex and therefore warrants
detailed investigation. Membranes containing up to 80 wt% of
UiO-66 and 30 wt% of ZIF-7 were examined to understand their
effect on the CO,, N, and CH, permeances. Both pure gas and
mixed gases were investigated. In addition, a complete pres-
surization—depressurization cycle was applied to investigate the
effect of MOFs on the membrane plasticization and compaction
resistance.

2 Materials and methods
2.1 Materials

Hollow fiber PVDF porous membranes were kindly supplied by
Beijing OriginWater Technology Co., Ltd. (China) with a diameter
of 1.0 mm, a wall thickness of 0.25 mm and a pore size of ~0.05
um. Poly[1-(trimethylsilyl)prop-1-yne] (PTMSP) utilized as the
gutter layer was provided by Gelest, Inc., PA, USA. Polyether oxide—-
polyamide (PEO-PA) blocks (Pebax-1657) supplied by Arkema,
France were used as the polymer matrix for the selective layer. The
Pebax-1657 applied in this work contained 60% rubbery PEO
phase and 40% glassy PA phase. Chemicals for ZIF-7 and UiO-66
particle synthesis were supplied by Sigma-Aldrich, including
benzimidazole, zinc nitrate hexahydrate (for ZIF-7), ZrCl,
(>99.5%), and ligands (H,bdc (1,4-benzendicaroboxylic acid, 98%)

©

CO0
COOH
7 HOOC o
CO0 CO0
UiO-66-NH; UiO-66<(COOH),
or or
nUiO-66-NH, nUiO-66-(COOH),

Chemical structure of UiO-66 with different chemical functionalization

Scheme 1 Schematic diagram of the composite membrane and the chemical structure of UiO-66.
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for UiO-66, H,bdc-NH, (2-amino-1,4-benzendicarboxylic acid,
99%) for UiO-66-NH,, and H,bdc-(COOH), (1,2,4,5-benzenete-
tracarboxylic acid, 96%) for UiO-66-(COOH),). Hydrochloric acid
(HCl, 32%) and N,N'-dimethylformamide (DMF, > 98%) were ob-
tained from Merck. CO,, CH, and N, pure gases and mixed gases
(COy/N,, 20 : 80 v/v and CO,/CHy, 20 : 80 v/v) for the gas perme-
ation test were purchased from Coregas. All other chemicals were
used without further purification.

2.2 Synthesis of UiO-66 and ZIF-7 particles

ZIF-7 particles were synthesized at room temperature as
described elsewhere with slight modification.***” In a typical
procedure, a mixture of 0.453 g zinc nitrate hexahydrate,
1.154 g benzimidazole and 150 ml DMF was stirred for 24 h at
room temperature. The milky solution was subsequently
centrifuged for 15 min at 13 000 rpm. ZIF-7 particles were then
washed and centrifuged with DMF for another 2 cycles, before
being washed with methanol for another 24 h to remove DMF.
The final product of the ZIF-7 particles was recovered by
centrifugation and mixed with an ethanol/water mixture
(70/30 w/w or 74.7/25.3 v/v) for membrane fabrication. For the
particle characterization, the particles were dried for 24 h
at 85 °C.

The UiO-66 and functionalized UiO-66 particles were synthe-
sized by microwave-assisted synthesis using an Anton Paar
Monowave 300 microwave oven.*** A 30 ml glass microwave vial
was filled with ZrCl, and the appropriate ligand, H,bdc (1,4-
benzendicaroboxylic acid) for Ui0-66, H,bdc-NH, (2-amino-1,4-
benzendicarboxylic acid) for UiO-66-NH,, and H,bdc-(COOH),
(1,2,4,5-benzene tetracarboxylic acid) for UiO-66-(COOH),.
Thereafter, concentrated HCI, formic acid and DMF were intro-
duced into the vial. The mixture was heated with magnetic stir-
ring (600 rpm) to 160 °C within 30 min and held at this
temperature for 40 min before the final cooling to 55 °C. The
precipitates were obtained by vacuum filtration and repeatedly
washed with DMF (3 x 20 ml) and acetone (5 x 20 ml). The
materials were subsequently solvent exchanged with methanol
using a Soxhlet washing procedure for 10 h. The resulting
powders were dried under vacuum. The yields for UiO-66 were as
follows: UiO-66: 88.9%, Ui0-66-NH,: 91.0% and UiO-66-(COOH),:
90.3%.

2.3 Fabrication of hollow fiber nanocomposite membranes

In this work, supporting PVDF membranes with relatively large
pores were selected to ensure high mass transfer efficiency. To
mitigate the coating layer intrusion into the pores, the PVDF
membranes were firstly soaked overnight in deionized (DI)
water and then briefly wiped with a paper tissue to remove the
water on the membrane surface, but leaving the membrane
pores occupied with water. Both ends of the fibers were clamped
with longtail clips to prevent coating solution intrusion into the
lumen side during the dip coating process. The outer surface of
fibers was firstly dip-coated with a highly permeable gutter layer
four times using 2 wt% PTMSP in n-hexane solution. The
smooth surface can facilitate the subsequent coating of a thin
and continuous selective layer. The selective layer of the

This journal is © The Royal Society of Chemistry 2017
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MOFs/Pebax-1657-based composite membrane was prepared by
dispersing nanoparticles in Pebax solution (3 wt% Pebax in
70/30 w/w ethanol/water). Two coating cycles were applied for
the selective layer. Finally, a pure Pebax-1657 layer was coated as
a protective layer to seal any possible defects.

To ensure good MOF dispersion, the particles were first
primed with the Pebax-1657 solution. Then the mixture was
probe sonicated. For the dip-coating procedure, the fibers were
turned upside down after each coating cycle and dried in an
oven at 50 °C. More details of the dip-coating procedure can be
found in our previous publication.”® For the subsequent gas
permeation tests, three hollow fibers were housed in a 1/4 inch
and 18 cm long stainless steel module with an effective
membrane area of 17 cm’.

2.4 Characterization of the nanoparticles and membranes

ZIF-7 and UiO-66 particles were analyzed using a Transmission
Electron Microscope (TEM), FEI Tecnai G2 20, for imaging
purposes. The particle size was monitored using a dynamic light
scattering (DLS) device (Malvern Nano DLS). For each test, at
least 13 cycles of reading were performed to minimize error. The
Brunauer-Emmett-Teller (BET) surface area, Barrett-Joyner—
Halenda (BJH) pore volume, and N, and CO, sorption isotherms
were recorded on an Accelerated Surface Area and Porosimetry
System, ASAP 2020 (Micromeritics Instruments Inc.). Approxi-
mately 80 mg of the powdered solid was loaded into a glass
analysis tube and dehumidified for 3 h under dynamic vacuum
at 150 °C. N, adsorption and desorption isotherms were
measured at 77 K while CO, adsorption and desorption
isotherms were measured at 298.15 K. The chemical structure of
the particles was analyzed using a Fourier Transform Infra-Red
(FTIR) Alpha spectrometer from 400 to 4000 cm™ . The crys-
tallinity of the particles was examined using a PANalytical
Empyrean Thin-Film X-Ray Diffraction (XRD) instrument in the
20 range from 4 to 36° with a 0.026° step size.
Characterization of the composite membranes was con-
ducted using Scanning Electron Microscopy (SEM), Energy
Dispersive X-ray (EDX) analysis, Differential Scanning Calo-
rimetry (DSC), FTIR and XRD techniques. The surface and cross-
sectional areas of the membranes were examined under an FEI
Nova NanoSEM 450 FESEM after the membrane sample was
coated with a layer of chromium. The presence of nanoparticles
and the quality of dispersion in the membrane matrix were
examined by EDX line scans (FEI Nova NanoSEM 450 FESEM).
The samples were coated with a layer of carbon prior to the EDX
tests. The degree of crystallinity of the membranes was deter-
mined by DSC analysis. The Pebax-based membranes were
tested with a Mettler Toledo DSC 823e analyzer from —30 °C to
400 °C in two cycles. The crystallinity of the membranes was
analyzed using a PANalytical Empyrean Thin-Film XRD instru-
ment in the 260 range from 4 to 36° with a 0.026° step size. The
chemical structure of the membranes was analyzed using
a Fourier Transform Infra-Red (FTIR) Alpha spectrometer from
400 to 4000 cm . Tensile strength tests were carried out with
a textural analyzer (TAXT2, Stable Micro Systems). The sample

length was 100 mm and the testing speed was 0.5 mm s .
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2.5 Gas permeation testing

The gas permeation tests using pure gas and mixed gases to
measure the initial performance of the membrane were carried
out at room temperature (around 25 °C). The volumetric flow
rate of the permeate line was measured using a bubble flow
meter for low permeate flow rates (<1 ml min '), while flow
rates higher than 1 ml min~" were recorded using an Agilent
ADM1000 gas flow meter. The pure gas permeance was calcu-
lated using eqn (1):
f - & (1)
I AAp
where P/l is the gas permeance through the membrane, Q is the
volumetric flow rate of the permeate line (ml s %), Ap is the
pressure difference across the membrane (cm Hg), and 4 is the
membrane surface area (cm?).
The ideal selectivity of the membrane for a given gas pair was
calculated from the ratio of the permeance of fast gas (A) to that
of slow gas (B) based on eqn (2):

(P/1)
(P/D)g

(2)

The operational stability of the composite membranes was
studied under different feed pressures. The experiments were
conducted by exposing the membranes to different feed pres-
sures in a full pressurization-depressurization cycle from 2 to
15 bar. The feed gas pressure was increased and decreased
stepwise. Under each pressure, the membrane was exposed to
the feed gas for 1 hour for sufficient equilibration. The perme-
ability of CO, was firstly tested, followed by a CH, test to
understand the effect of the condensable gas on the permeation
behavior of the non-condensable gas.

To study the effect of competitive sorption during gas
permeation, mixed gas permeation tests were also carried out
using CO,/CH, and CO,/N, (20/80, v/v) gas mixtures as feeds.
The permeate composition was analyzed with a Shimadzu gas
chromatograph (Shimadzu GC-2014) using a TCD and the
mixed-gas permeability was calculated using eqn (3):

P OY4
- A(pxXa = pyYa) G
where p, and p, are the pressures of the feed and permeate, A is
the membrane area, and X and Y are the concentrations in the
feed and permeate sides. The selectivity of the membrane for
mixed gases was calculated using eqn (4):***
Ya/Ys

T ks 1y Tn) (0 Ke —y Vo) @

3 Results and discussion
3.1 Characterization of UiO-66 and ZIF-7 particles

The morphologies of UiO-66 and ZIF-7 nanoparticles were
examined by TEM (Fig. 1). Both UiO-66 and functionalized
UiO-66 showed rectangular shapes with particle sizes of around
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100-200 nm, which aligns with the DLS results in Table 1. This
observation suggests that the different organic ligands did not
change the crystal structure or particle sizes of UiO-66. This is
preferable to help us understand the effect of the intrinsic MOF
properties, rather than the particle size and crystalline struc-
ture, on the final composite membrane performance. In terms
of the ZIF-7 nanoparticles, the morphology of such particles
showed a rhombic dodecahedral shape with a particle size of
around 150 nm. Such an observation is consistent with previous
literature.*”

The particles were analyzed for their BET surface area, BJH
pore volume and adsorption average pore diameter, with the
results presented in Table 1. The ZIF-7 synthesized in this
research had a BET surface area of around 469 m” g~ ', which
is in agreement with a previous study.*” The surface area of
ZIF-7 was smaller than that of ZIF-8 reported previously,*
possibly due to the smaller accessible window apertures in
ZIF-7 (~3.0 angstroms) compared with ZIF-8 particles
(~3.4 angstroms). The BET surface area of UiO-66 particles was
around 1800 m” g '. The high surface area confirmed the
effectiveness of the solvent exchange process during particle
synthesis. The BET surface area, BJH pore volume and pore
diameter of the UiO-66 were higher than those of the func-
tionalized UiO-66. This is consistent with the presence of
functional groups on the organic ligands which partially block
the pores in UiO-66.*>* Particles with the bulkier -(COOH),
functional group showed the smallest BET surface area and BJH
pore volume among all the UiO-66 derivatives.

To further explore the effect of functional groups on the
UiO-66 gas adsorption process, the adsorption-desorption
isotherms were investigated for both N, and CO, (Fig. 2).
Functionalization of the organic ligands has two effects: on the

() (b)

(c) (d)

Fig. 1 TEM images of (a) UiO-66, (b) UiO-66-NH,, (c) UiO-66-
(COOH), and (d) ZIF-7. The scale bar is 100 nm.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Average particle size, BET surface area and BJH pore volume
of various UiO-66 and ZIF-7 particles

DLS BJH pore Adsorption
Type of results BET surface  volume average pore
particle (nm) area (m>g~') (ecm®g~') diameter (nm)
UiO-66 130 =15 1800 £ 2.5 0.68 1.5
UiO-66-NH, 146 =15 1213 +6 0.48 1.45
UiO-66-(COOH), 150 =10 400 + 0.8 0.17 1.33
ZIF-7 171 £13 469 £ 2 0.39 1.12

one hand, it could reduce the UiO-66 pore size and lead to
a reduced BET surface area as discussed above. For the -COOH
functionalized MOFs, each organic ligand contains two -COOH
groups, leading to significant pore blockage and subsequently
low adsorption capacity. On the other hand, the presence of
polar moieties such as -NH, can improve the adsorption
capacity for CO,, resulting in the highest CO, adsorption for
Ui0-66-(NH,), even though its surface area is smaller than that
of UiO-66.

The chemical properties of the MOFs synthesized in this
research were analyzed using FTIR analysis and the results are
presented in Fig. S1.f The FTIR spectra of UiO-66 and its
derivatives show a weak band at 1660 cm ™', which was assigned
to the stretching vibrations of C=O0O in the carboxylic acid
present in the bdc ligand. The asymmetric stretching vibration
observed at around 1585 cm ™' originated from O-C-O asym-
metric stretching in the bdc ligand. The vibration of C=C in the
benzene ring can be observed at 1506 cm " and the O-C-O
symmetric stretching vibration in the carboxylate group of the
bdc ligand was observed as a small band at 1395 cm™*.*#* For
UiO-66-NH,, the presence of primary amino functional groups
(N-H) was confirmed by the small peaks at 3367 and
3475 cm™".* The peak at 1710 em™ "' for UiO-66-(COOH), is
consistent with a free carboxylic acid C=O stretching vibra-
tion.*” For ZIF-7 particles, signature peaks at 1455 and 750 cm ™"
were observed in Fig. Sic,f corresponding to the C=C and C-H
bonds in the benzene functional group of benzimidazole as the
organic ligand.*®
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Fig. 2 (a) N; and (b) CO, adsorption for UiO-66 derivatives and ZIF-7
particles. The filled symbols represent adsorption and the open
symbols represent desorption. N, adsorption and desorption
isotherms were measured at 77 K while CO, adsorption and desorp-
tion isotherms were measured at 298.15 K. Both measured pressures
were up to 1 bar.
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XRD analysis was then carried out to investigate the crys-
tallinity of the UiO-66 and ZIF-7 particles as shown in Fig. S2.7
In terms of UiO-66 and its derivatives, the XRD pattern of UiO-
66 in Fig. S2af shows signature peaks at 26 = 7.28°, 8.42° and
25.63°. These were in accordance with the peak positions
observed in other studies on UiO-66 particle synthesis.* After
the incorporation of the amine —(NH,) and -(COOH), func-
tionalities, the positions of the peaks were largely invariant.
This indicates the preservation of crystallinity of the UiO-66
particles despite the change in chemical moieties on the
organic ligands. The crystallinity of ZIF-7 was confirmed from
the powder X-ray diffraction patterns shown in Fig. S2b.f The
pattern aligned well with literature values.*”

3.2 Characterization of UiO-66/Pebax-based hollow fiber
composite membranes

The performance of the composite membrane is determined by
the intrinsic properties of the materials as well as the interfacial
interactions.® In this work, the composite membranes con-
sisted of a PVDF porous support, a layer of PTMSP as a gutter
layer, a Pebax-1657-based selective layer (containing different
amounts of MOFs) and a top pure Pebax-1657 protective layer.
Each of these layers contributes to the overall gas separation
performance of the membranes.

3.2.1 Morphology of the composite membranes. Firstly, we
examined the membrane cross-sectional morphology. As shown
in Fig. 3, the thickness of the PTMSP gutter layer was approxi-
mately 6 to 7 pm. This is the optimum thickness that can ensure
even and uniform coverage of the PVDF support as has been
investigated in our previous study.> Uniform and continuous
coverage of the porous support with PTMSP will prevent the
intrusion of the selective layer into the pores of the porous
support, ensuring an even and thin selective layer for higher
permeation flux.

The further deposition of a selective layer and a protective
layer increased the thickness of the membranes by around
1-1.5 pm. However, the distinct boundary between the gutter
and selective layers cannot be observed clearly under a SEM due
to the interfusion between these two layers. This has also been
observed in our previous study.” It was difficult to obtain high-
resolution cross-sectional images of the nanocomposite hollow
fiber membranes: due to the poor conductivity of the porous
substrates and their tubular shape, a significant electron beam
drifting can occur at high magnification. Based on the SEM
images presented here, the presence of UiO-66 (Fig. 3c-¢) can be
observed in the top region of the composite membrane
(as highlighted in the images). When the UiO-66 loading was at
80 wt%, a significant nanoparticle aggregation was observed on
the membrane surface (Fig. 3f). It should be noted that for
conventional mixed matrix and nanocomposite membranes,
the loading of the MOF filler is limited due to the difficulty in
maintaining a uniform and even distribution within the poly-
meric matrix. The MOF aggregation can potentially lead to non-
selective defects and particle loss during the fabrication
process. As a result, most previous work has only studied
a relatively low particle loading (<30 wt%).>*** In this work, up to
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Fig.3 Cross-sectional SEM images of composite membranes with different coating layers: (a) PTMSP, (b) PTMSP and pure Pebax, (c) PTMSP and
50 wt% UiO-66 in Pebax, (d) PTMSP and 50 wt% UiO-66-NH, in Pebax, (e) PTMSP and 50 wt% UiO-66-(COOH), in Pebax and (f) PTMSP and
80 wt% UiO-66 in Pebax. Membranes (b—f) have an extra top Pebax protective layer.

80 wt% of MOFs were blended into the Pebax dip-coating
solution. At low to moderate UiO-66 loadings (10-50 wt%), the
particles were evenly distributed without significant aggrega-
tion, and clear UiO-66 aggregation was only observed at 80 wt%
MOF loading (Fig. S31 and 3). In addition, it should be noted
that compared with the composite membrane with a pure Pebax
layer, the composite membrane containing 80 wt% of UiO-66
had comparable tensile strength (elongation at break: 35%
and 37% and tensile strength at break: 3.1 and 2.9 MPa,
respectively), indicating a good compatibility between the MOF
and Pebax.

To confirm the presence of UiO-66 particles (or those of its
derivatives) inside the composite membranes, EDX scanning of
Zr was conducted. Typical results for UiO-66 are presented in
Fig. 4. The Zr content of UiO-66 particles can be observed near
the top surface of the composite membrane with a thickness of
around 1-1.5 um for all samples. This confirms the observation
from SEM that the thickness beyond the PTMSP gutter layer was
around 1-1.5 um. The Zr signal strength within the selective
layer increased with a higher particle loading (from 10 wt% to
80 wt%). The EDX scan can provide a rough indication of the
selective layer thickness. However, it must be noted that the
exact thickness of the selective layer and the top protective layer
was difficult to measure due to the interfusion of the PTMSP
and Pebax layers during the repeated coating process. In addi-
tion, for a membrane with high UiO-66 loading (80 wt%), it is
difficult to accurately determine its selective layer thickness due
to the nanofiller aggregation. Based on the SEM image (Fig. 3),

J. Mater. Chem. A

the UiO-66 aggregates can be up to 10 um on the membrane
surface.

3.2.2 The crystallinity of the composite membrane. XRD
analysis was performed to determine the crystal structure of the
membranes. Four common crystal phases (o, §, v, and 8) have
been reported for PVDF.** The crystallinity of PVDF is one of the
most important factors influencing its mechanical properties.
The XRD patterns of the composite membranes are shown in

5004 —— 10wt. % Ui0-66
—— 30wt. % Ui0-66

— 50wt. % UiO-66
——— 80wt. % UiO-66

400

300

Counts

200

100

T T T T T

0 2 4 6 8 10 12
Distance (microns)

Fig. 4 EDX linear scanning of the Zr content of the cross section of
membranes containing different UiO-66 loadings.
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Fig. S4,1 and the observed characteristic peak at § = 20.17° for
all membranes originated from the PVDF supporting
membrane (B phase).” After the membrane coating with
a PTMSP gutter layer, a broad signature peak of the PTMSP
polymer at 10° was observed. The signature peak of Pebax-1657
at 24.1° for the crystalline polyamide phase and the broader
peak of the polyethylene oxide phase from 17.5° to 22.5° could
not be observed clearly from the XRD patterns of the composite
membranes.” This can be mainly attributed to a thin Pebax
layer as well as their overlap with the peaks of PVDF. To better
highlight the preservation of UiO-66 crystallinity within Pebax,
we conducted XRD analysis with UiO-66/Pebax-1657 mixed
matrix films (Fig. 5). It shows that after the addition of UiO-66
nanoparticles, the signature peaks of UiO-66 (Fig. S21) were
clearly observed, indicating the preservation of crystallinity of
particles inside the layer for the mixed matrix films.

DSC analysis was also carried out to study the evolution of the
melting point (7;,) of the composite membrane (Table 2). The pure
PVDF membrane had a T, of around 157 °C and after the coating
of PTMSP and Pebax layers, the T;, value increased to a slightly
higher value. After incorporation of the UiO-66, the melting point
further increased to around 165 °C, indicating a good interfacial
compatibility between UiO-66 and its surrounding Pebax matrix,
which could rigidify the polymer chains.

It is important to explore the effect of UiO-66 on the poly-
meric structure of the Pebax selective layer. However, it can be
challenging to characterize the thin selective layer within the
composite membrane. Therefore, we fabricated a series of thick
mixed matrix membranes with UiO-66 and Pebax. The degree of
crystallinity in both soft and hard phases of Pebax was analysed
using DSC and estimated using eqn (5):

AH,,

where AH,, is the tested melting enthalpy of a certain polymeric
section and AHY, is the melting enthalpy of its fully crystalline

Pure Pebax-1657

Pebax- UiO-66-NH, 50 wt%

Pebax- UiO-66-(COOH), 50 wt%

0 5 10 15 20 25 30 35 40
20 (degree)

intensity (a.u.)

Pebax- UiO-66 50 wt%

~A

Fig.5 XRD patterns of the different UiO-66/Pebax-1657 mixed matrix
membranes.
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Table 2 Melting point (T,,) of the UiO-66/Pebax-1657-based
composite membranes (typical error of T,, was around 0.5 °C)

Type of membrane Tm (°C)
Pure PVDF 157
PTMSP coated 159
PTMSP + Pebax coated 160
50 wt% UiO-66/Pebax coated 164
50 wt% UiO-66-NH,/Pebax coated 165
50 wt% UiO-66-(COOH),/Pebax coated 164

form. The melting enthalpy (AH,,) was estimated from the area
of the melting peak in the DSC curves, while the melting
enthalpy of the pure crystalline phase (AHY,) of PEO is
166.4 ] g ' and PA is 230 J g~ .52 The degrees of crystallinity of
the PA and PEO phases of pure Pebax and UiO-66/Pebax are
presented in Table 3. After the incorporation of UiO-66, espe-
cially the functionalized UiO-66 nanoparticles, both PA and PEO
phases showed enhancements in crystallinity. This indicates an
increase in the rigidity of the polymer matrix after the incor-
poration of particles due to the potential formation of hydrogen
bonds between polymeric chains and UiO-66.

3.2.3 Chemical properties of the UiO-66/Pebax-1657
composite membranes. To examine the chemical structure of
pure PVDF and the composite membranes, FTIR analysis was
conducted. The FTIR spectra of pure PVDF and typical
composite membranes incorporating 50 wt% UiO-66 are
depicted in Fig. 6. The peak for pure PVDF at 1403 cm ' was
attributed to CH, vibrations, and the C-C band of PVDF was
observed at 1185 cm '. The CF, stretching vibration and
bending modes were observed as peaks at around 745-840
and 510 cm ™", respectively. The bands located at around 3022
and 2980 cm ' corresponded to the CH, asymmetric and
symmetric vibration of PVDF.*" After deposition of the Pebax-
1657 mixture, the stretching vibration of the C-O-C group in
the PEO segment of Pebax appeared as a distinct peak at around
1094 cm™'. In addition, the PA segment in Pebax exhibited
additional peaks at 3297 cm ™' for -N-H-, 1636 cm™ " for H-N-
C=0 and 1730 cm ' for O-C=0 groups.*>* Previous research
studies have demonstrated that MOFs can form hydrogen
bonds with the glassy section of Pebax.>>*® But the N-H- peak
shift for the PA segment is negligible in this work (Fig. 6b),
possibly due to the difficulty in characterizing the thin
composite layer.

3.3 The gas separation performance of various UiO-66-based
membranes

In the case of mixed matrix membranes, it is relatively difficult
to incorporate a large percentage of nanofillers into the matrix
due to the difficulty in obtaining a homogeneous dispersion, as
well as the loss in mechanical strength. In the present work, we
incorporated up to 80 wt% of UiO-66 into the thin Pebax layer
and the gas separation performance was investigated with both
pure gases and mixed gases. Both PDMS and PTMSP were
applied as gutter layers and the results are summarized in Table
S1.7 PTMSP clearly had higher CO, permeance and selectivity.
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Table 3 The degree of crystallinity of PA and PEO phases in Pebax-based dense mixed matrix membranes

Integral of melting peak (J g™ )

Type of membrane PEO block PA block Xpro (%) Xpa (%) X, (total) (%)
Pure Pebax 14.72 21.1 14.74 22.93 18.02
50 wt% UiO-66/Pebax 18.10 22.43 18.13 24.38 20.63
50 wt% UiO-66-(COOH),/Pebax 19.46 23.06 19.49 25.07 21.72
50 wt% UiO-66-NH,/Pebax 19.89 23.19 19.92 25.22 22.04

(a)

UiO-66-(COOH), 50 wt%

UiO-66-NH, 50 wt%
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Fig. 6 (a) FTIR spectra of the different UiO-66/Pebax-1657 nano-
composite membranes and (b) the enlarged wavenumber range
between 3000 and 3400 cm™.

As a result, PTMSP was applied for membrane fabrication in the
subsequent tests. A smooth gutter layer can prevent the intru-
sion of Pebax into supportive membrane pores, ensuring a thin
and continuous selective layer. Fig. 7 presents the gas perme-
ation performance of UiO-66/Pebax-1657-based composite
membranes with various particle loadings. In terms of the
composite membrane containing pure Pebax as the selective
layer, the CO, permeability was much higher than that of other

J. Mater. Chem. A

gases such as N, and CH,, which could be attributed to the
rubbery PEO block in Pebax which has a strong affinity to polar
gas (CO,) over non-polar gases (N, and CH,).****

Compared with the pure Pebax membrane, the incorpora-
tion of UiO-66 into the selective layer only slightly increased the
CO, permeance, even for the membrane containing 80 wt% of
UiO-66. These results are unexpected considering the large BET
surface area of UiO-66 and its relatively wide BJH pore diameter
range compared with the target CO, molecules (Table 1). Within
the thin composite selective layer, the gas transport can be
affected by the polymeric sections, MOF structures and MOF-
polymer interfacial regions.>**** The relatively unchanged CO,
permeance indicates a good interfacial compatibility; otherwise
rapid gas transport can occur via the non-selective defect voids
throughout the thin layer. As suggested in Table 3, the addition
of UiO-66 into Pebax can effectively increase the crystallinity
and thereby rigidify the polymer chains, which slows the gas
transport. As a result, the CO, permeance only slightly
increased with the addition of UiO-66, even though its inherent
highly porous structure can facilitate rapid gas molecule
transport. In terms of the gas selectivity (Fig. 7b and c), for the
membrane with UiO-66, the highest selectivity was observed
with a nanofiller loading of 50 wt% for both CO,/N, and CO,/
CH,. It should be noted that the increased selectivity should
mainly originate from the increased polymer chain rigidity as
the pore size of UiO-66 (Table 1) is unlikely to provide effective
molecular sieving for CO, against N, and CH,.

The functionalization of UiO-66 can have a significant effect
on the composite membrane performance. Compared with UiO-
66, much higher CO, permeance results were obtained for all
membranes with different UiO-66-NH, nanofiller loadings.
Based on our previous gas adsorption results, the presence of
amine groups on the organic ligands appear to have improved
the selective CO, uptake for UiO-66-NH,, leading to higher CO,
solubility within the thin selective layer.

On the other hand, for the UiO-66-(COOH), nanofillers, the
MOF pore blockage by the carboxylate functional groups limited
its gas adsorption within the framework structure, such that its
incorporation into the Pebax matrix had a relatively minor effect
on CO, permeance, similar to the case of the UiO-66. For both
functionalized MOFs, the highest selectivities were obtained at
50 wt% loading, suggesting good compatibility between nano-
fillers and the polymeric matrix. Based on the gas permeation
results with the functionalized UiO-66, we can further confirm
that the composite membrane performance is dominated by the
interactions between nanofillers and the polymer matrix: the

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Gas separation performance of UiO-66/Pebax-1657-based
composite membranes at different particle loadings: (a) CO, per-
meance, (b) CO,/N, gas selectivity and (c) CO,/CH4 gas selectivity
(solid lines represent pure gas and dashed lines represent mixed gas).

highest gas permeance and selectivity were obtained with UiO-
66-HN,, the BET surface area of which was significantly lower
than that of UiO-66. In addition, even though the COOH func-
tionalized UiO-66 had the smallest BJH pore size, the func-
tionalized MOF pore was still too large for effective molecular
sieving; therefore the shrinkage in pore size did not effectively
lead to an improved selectivity.®® In this work, we also con-
ducted the Maxwell model calculation for the composite
membranes. However, the model failed to accurately predict the
composite membrane performance, possibly because the effect
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of interfacial region was not considered by the Maxwell model.
A more detailed discussion and Maxwell model results are
presented in the ESI (Fig. S5).1

3.4 The effects of operating pressure and plasticization on
gas separation performance

Membrane plasticization caused by polymer chain swelling is
a common phenomenon for gas separation membranes when
exposed to aggressive feed conditions,””*® e.g., CO, separation
from CH, in natural gas treatment. The condensable gas
increases the mobility of the polymer chain segments, which
further increases the diffusion coefficients of all penetrants
through the polymer membrane. This eventually leads to the
increase of permeability and loss of selectivity. For a polymer
membrane, the plasticization pressure is defined as the pres-
sure at which the gas permeability increases with increasing
feed pressure.*

Pebax has been thoroughly investigated as a promising
candidate for industrial CO, separation.'”?”** However, the
behavior of the Pebax-based mixed matrix membrane under
elevated operating pressures has not been fully elucidated,
especially for the thin Pebax layer within a composite hollow
fiber membrane. In this study, we exposed the UiO-66/Pebax
composite membrane to different feed pressures in
a complete pressurization-depressurization cycle to investigate
the reversibility of the polymer matrix swelling/compaction
effect. In order to understand the effect of membrane plastici-
zation on the non-condensable gas permeation, CH, perme-
ation tests were also carried out upon completion of the CO,
permeation experiment under each tested pressure.®* The best-
performing membranes (containing 50 wt% of UiO-66 and its
derivatives) were tested here.

The gas permeation results for the UiO-66/Pebax-based
composite membranes are presented in Fig. 8 and S6.1 The
experiment was carried out at up to 15 bar, as further increasing
the feed pressure can lead to the collapse of the supporting
membranes. In general, the membranes showed a decrease in
CO, permeability with the increase of feed pressure. Previous
studies have revealed that gas transport through pure Pebax-
based membranes occurs mostly through the soft PEO
block.>**® Therefore, the effect of pressure on the gas perme-
ability was based on the competing effects of hydrostatic pres-
sure and plasticization.”®*® CO, gas permeance through the
pure Pebax-coated membrane at elevated pressure showed
a relatively severe decrease, to almost half of its initial value at 2
bar, due to a compaction effect of the polymer matrix. The gas
permeance did not return to its initial value during the
depressurization process indicating that the polymer matrix
was irreversibly compacted. In addition, up to 15 bar, the
membranes did not show an obvious plasticization effect as
observed in the glassy polymer.

The incorporation of UiO-66 and its derivatives helped to
reduce the compaction effect as can be seen from the relatively
stable gas permeance at different feed pressures. Our previous
study on ZIF-8/Pebax-1657-based composite membranes
showed a similar phenomenon.? The increase in the rigidity of
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Fig.8 The effect of feed pressure on (a) CO, permeance, and (b) CO,/
CH,4 selectivity of various UiO-66/Pebax-1657-based composite
membranes (solid lines represent the pressurization step and dashed
lines represent the depressurization step).

the polymer matrix helped to increase the compaction resis-
tance of the membranes incorporating UiO-66 particles. The
increase in the rigidity of the membranes was reflected in the
increase in melting point and the degree of crystallinity as
shown in Tables 2 and 3. All the membranes incorporating
particles showed good compaction resistance during the
experiment.

CH, gas permeation tests were also conducted directly after
the CO, permeation test at each pressure to analyse the
plasticization/compaction effect on the permeation of the non-
condensable gas. The results of the CH, permeance and CO,/
CH, gas selectivity are presented in Fig. 8b and S6.f Compac-
tion of the polymer matrix at elevated pressures also affected
the CH, gas permeance through the membranes, leading to
lower permeance for the pure Pebax coated membranes. Again,
the incorporation of UiO-66 particles helped to improve the
compaction resistance of the membranes. In terms of gas
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selectivity, a relatively constant CO,/CH, selectivity was
observed in membranes incorporating UiO-66 particles. On the
other hand, a decrease in gas selectivity with the increase of feed
pressure was observed in the pure Pebax membrane, as this
membrane experienced a relatively severe compaction effect.

3.5 ZIF-7/Pebax-1657-based hollow fiber composite
membranes

Based on our results on the utilization of UiO-66 and its
derivatives for composite membrane fabrication, it is very
important to investigate the effect of surface functional
groups and pore size on the final membrane performance,
especially at elevated pressures. In addition, to understand
the general applicability of the membrane fabrication method
used in this work, we also fabricated ZIF-7/Pebax-1657-based
composite membranes using a similar dip coating approach
to that used for the UiO-66/Pebax-based membranes. ZIF-7
has a window aperture of ~3.0 angstroms, which is smaller
than the kinetic diameter of CO, gas (~3.4 angstroms).
However, previous studies on ZIF-7 revealed the flexible
nature of ZIF-7's apertures®”®* that provided an enhancement
in CO, uptake by the framework at a relatively high pressure,
which is in good agreement with the results obtained in this
work (Fig. 3).

3.5.1 Gas separation performance of the ZIF-7/Pebax-based
hollow fiber composite membranes. In this experiment,
ZIF-7/Pebax-1657-based membranes with 10-30 wt% particle
loading were synthesized and tested for their gas separation
performance. Further increasing the ZIF-7 content in the
coating solution would lead to particle aggregation and settling.
The SEM images of the composite membrane are presented in
Fig. S7:1 at 30 wt% of ZIF-7 loading, clear nanoparticle aggre-
gation can be observed. We further tested the membrane
performance with both pure and mixed gases (Fig. 9). Both pure
gas and mixed gas showed similar results, with only marginally
lower gas permeance for the mixed gas due to a competitive
sorption effect. The incorporation of ZIF-7 slightly increased the
CO, permeance through the membranes, which can be attrib-
uted to the small pore size of ZIF-7.

Our previous study on ZIF-8/Pebax-1657-based membranes
suggests the loss of gas selectivity of the nanocomposite
membranes.”® The incorporation of MOF particles with flexible
framework structures could allow the rapid transport of bulkier
gas molecules. It could also create microvoids in the interfacial
region. In comparison, the incorporation of ZIF-7 slightly
increased the gas selectivity. A similar increase in gas selectivity
with higher particle loading was also reported in a previous
study on flat sheet membranes containing ZIF-7.%”

3.5.2 Gas separation performance of the ZIF-7/Pebax-1657-
based hollow fiber composite membranes at elevated pressure.
The effects of elevated pressure on CO, and CH, gas per-
meances are depicted in Fig. 10 and S8.1 The competing effects
of compaction and plasticization resulted in a decrease of gas
permeance for all the membranes tested. Compared to the
pure Pebax membrane, the decreases in gas permeance in the
ZIF-7/Pebax-1657-based membranes were less severe. This
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Fig. 9 Gas separation performance of ZIF-7/Pebax-1657-based
composite membranes at different particle loadings: (a) CO, per-
meance, (b) CO,/N, and CO,/CH,4 gas selectivity (solid lines represent
pure gas and dashed lines represent mixed gas).

shows an increase in polymer rigidity after the incorporation of
the particles, as was observed for the UiO-66/Pebax-1657-based
membranes (Section 3.4).

3.6 Comparison of gas separation performance and
understanding the effect of MOF rigidity

Recently, there have been a number of studies on nano-
composite membranes incorporating MOFs. To better under-
stand how the MOF functions within the thin selective layer,
the results obtained in this work are compared with our
previous results using ZIF-8 nanocrystals in addition to other
relevant reports (Table 4). In the present work, the incorpo-
ration of UiO-66 and ZIF-7 into the composite membranes
increased both CO, permeance and gas selectivity. The highest
CO,/N, selectivity obtained with 50 wt% UiO-66 was 57 with
a CO, permeance of 338 GPU, making this membrane one of
the best performing MOF-containing composite membranes
(Table 4). It should be noted that by optimizing the dip-coating
substrates, gutter layer materials, coating technique and
coating material solution, some pure polymer composite
membranes can exhibit comparable gas separation perfor-
mance.”"%% However, as suggested earlier, the operational
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Fig. 10 (a) CO, gas permeances and (b) CO,/CH,4 selectivity at
different feed pressures of ZIF-7/Pebax-1657-based composite
membranes (solid lines represent the pressurization step and dashed
lines represent the depressurization step).

stability of the pure polymer membrane still limits its indus-
trial application under harsh conditions.

In our previous work, the addition of ZIF-8 into the thin
Pebax layer led to the loss of its gas selectivity.>® In comparison,
both improved gas permeance and selectivity were obtained
with UiO-66 and ZIF-7 in this work. The addition of ZIF-8 into
the Pebax polymeric layer may rigidify the polymeric chains via
hydrogen bonding, and their crystalline framework structure
may ensure high molecular sieving capabilities. Both of these
aspects can improve the gas selectivity of the composite
membranes. On the other hand, it has been demonstrated that
the organic ligand of ZIF-8 can experience pore-gate-opening
due to the rotational and vibrational movement of the organic
ligands, which can be attributed to the bending of the N-Zn-N
bond and rotation of the Zn-MeIM-Zn bond of ZIF-8.”” This can
reduce the intrinsic molecular separation capability of the ZIF-
8. At the same time, since ZIF-8 is considered as a “flexible”
MOF due to its low metal-center-coordination number, it may
experience conformational changes under external mechanical
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Table 4 Comparison of the performance of nanocomposite membranes incorporating different particles in CO,/N; gas separation

Gutter Membrane  Max. particle Testing 7/P CO, permeance CO,/N,
Support  layer Selective layer type loading (°C/bar) (GPU) selectivity —Ref.
PAN PDMS  Pebax-2533/soft PEG-b-PDMS nanoparticle Flat sheet 40 wt% 35/3.4 1374 12 63
PAN PDMS  Pebax-2533/soft PEG-based nanoparticle Flat sheet 50 wt% 35/3.4 601 28 64
PAN PDMS  Pebax-2533/PRXs soft nanoparticle Flat sheet 30 wt% 35/3.4 1670 14 65
PAN PTMSP Pebax-1657/ZIF-7 Flat sheet 34 wt% 20/3.75 39 105 37
PVDF — Pebax-1657/UiO-66 Flat sheet 20 wt% 25/3 ~130 barrer 20 30
PVDF — Pebax-1657/UiO-66-NH, Flat sheet 20 wt% 25/3 ~125 barrer 25 30
PSf — PDMS/Cu;(BTC), Hollow fiber 4000 ppm 25/5 109.2 33.46 66
PVDF PTMSP Pebax-1657/ZIF-8 Hollow fiber 30 wt% 25/2 345 31.7 25
PVDF PTMSP Pebax-1657/UiO-66 Hollow fiber 50 wt% 25/2 225 45 This
PVDF PTMSP Pebax-1657/UiO-66-NH, Hollow fiber 50 wt% 25/2 338 57 work
PVDF PTMSP  Pebax-1657/UiO-66-(COOH), Hollow fiber 50 wt% 25/2 240 50
PVDF PTMSP Pebax-1657/ZIF-7 Hollow fiber 30 wt% 25/2 300 48

Rigid UiO-66 and
ZIF-7 in Pebax-1657

stress. All these aspects may eventually lead to the loss of
selectivity.

On the other hand, both UiO-66 and ZIF-7 are considered
more rigid. For example, UiO-66 has an ultrahigh shear
modulus of ~14 GPa (compared with ~1 GPa for flexible ZIF-
8).** The high Zr-O coordination restricts the bending of the
bonds, which can effectively preserve its intrinsic molecular
sieving capability within a polymeric matrix (Fig. 11). As a result,
the incorporation of rigid UiO-66 can simultaneously improve
gas permeance and selectivity of the composite membranes.
This may also explain why the incorporation of ZIF-7 showed an
improved membrane gas selectivity: ZIF-7 and ZIF-8 have
similar crystalline structures, but ZIF-7 has a more rigid
framework structure.”® Still, in order to fully understand the
effect of MOF rigidity on the membrane performance, more
characterization should be carried out to investigate the MOF
structure within the polymeric matrix. However, this is beyond
the scope of this work.
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Fig. 11 Schematic diagram of the UiO-66, ZIF-7 and ZIF-8 nanocomposite membranes.

4 Conclusions

In this work, UiO-66 and ZIF-7/Pebax based hollow fiber
composite membranes were fabricated. Functionalized UiO-
66 was applied to understand the effect of surface modifica-
tion on the final membrane performance. The addition of
nanofillers can effectively promote the gas permeance. Due to
good interfacial compatibility, the Pebax thin layer can host
50 wt% UiO-66 without introducing extra defects and further
increase the UiO-66 loading to 80 wt% with only slightly
reduced gas selectivity. This work also investigated the oper-
ational stability of the nanocomposite membranes, and the
results indicate that the addition of nanofillers can rigidify
the Pebax polymer chains via hydrogen bonds, which subse-
quently enhances the plasticization and compaction resis-
tance of both UiO-66 and ZIF-7 composite membranes.
Finally, we discussed the effect of MOF rigidity on the final
membrane performance and suggested that more rigid MOFs

This journal is © The Royal Society of Chemistry 2017
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are preferred to maintain their intrinsic molecular sieving
capability within the thin composite membranes.
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Jinghuang Lin, Henan Jia, Yifei Cai, Shulin Chen, Haoyan Liang, Xu Wang, Fu Zhang, Junlei Qi, Jian Cao, Jicai Feng and Wei-dong
Fei

We strategically created defects on the side surfaces of VFG via defect engineering using rotary
plasma etching, which not only improves the wettability with electrolyte, but also provides more
electroactive sites.

The article was first published on 03 Nov 2017
J. Mater. Chem. A, 2018,6, 908-917
https://doi.org/10.1039/C7TA06490J

Download PDF  Article HTML

Paper

Surface functionalized UiO-66/Pebax-based ultrathin composite hollow fiber gas
separation membranes

Putu Doddy Sutrisna, Jingwei Hou, Muhammad Yazid Zulkifli, Hongyu Li, Yatao Zhang, Weibin Liang, Deanna M. D'Alessandro and
Vicki Chen

Pebax-based composite hollow fiber membranes are fabricated with functionalized MOFs, and
the effect of MOF rigidity is discussed.

The article was first published on 02 Nov 2017
J. Mater. Chem. A, 2018, 6, 918-931
https://doi.org/10.1039/CTTA07512J

Download PDF  Article HTML
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With increased charge carrier density and efficient CO, activation, the MOF-based hybrid ternary

nanocomposite exhibits a high CO, conversion efficiency and preferential formation of CH,.

The article was first published on 05 Dec 2017
J. Mater. Chem. A, 2018, 6, 932-940
https://doi.org/10.1039/C7TA09192C

Download PDF  Article HTML

Paper

Ag-Doped PEDOT:PSS/CNT composites for thin-film all-solid-state supercapacitors
with a stretchability of 480%

Yaping Zhu, Ning Li, Tian Lv, Yao Yao, Huanan Peng, Jun Shi, Shaokui Cao and Tao Chen

A highly flexible and stretchable all-solid-state supercapacitor that can bear a tensile strain as
high as 480% is developed by using composite electrodes of aligned carbon nanotube and silver-
doped poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate).

The article was first published on 30 Nov 2017
J. Mater. Chem. A, 2018, 6, 941-947
https://doi.org/10.1039/CTTA09154K

Download PDF  Article HTML

Paper

Rational design of asymmetric benzodithiophene based photovoltaic polymers for
efficient solar cells
Tingting Zhu, Deyu Liu, Kaili Zhang, Yonghai Li, Zhe Liu, Xudong Gao, Xichang Bao, Mingliang Sun and Rengiang Yang
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The article was first published on 30 Nov 2017
J. Mater. Chem. A, 2018, 6, 948-956
https://doi.org/10.1039/C7TA09736K

Download PDF  Article HTML

Paper

Improved photocurrent and efficiency of non-fullerene organic solar cells despite
higher charge recombination

Biao Xiao, Jingnan Song, Bing Guo, Minli Zhang, Wanbin Li, Ruixue Zhou, Jiyan Liu, Hong-Bo Wang, Maojie Zhang, Guoping Luo,
Feng Liu and Thomas P. Russell

Charge recombination in high-efficiency non-fullerene cells (PCE = 9.25%) is much more serious
than that of fullerene based cells (PCE = 6.95%).

The article was first published on 04 Dec 2017
J. Mater. Chem. A, 2018,6, 957-962
https://doi.org/10.1039/C7TTA07501D

Download PDF  Article HTML

Paper

A facile nanocomposite strategy to fabricate a rGO-MWCNT photothermal layer for
efficient water evaporation

Yuchao Wang, Canzhu Wang, Xiangju Song, Suresh Kumar Megarajan and Heging Jiang

A facile strategy based on a nanocomposite is developed to fabricate a rGO-MWCNT membrane
for the improvement of photothermal evaporation.
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The article was first published on 30 Nov 2017
J. Mater. Chem. A, 2018,6, 963-971
https://doi.org/10.1039/C7TA08372D

Download PDF  Article HTML

Paper

In situ g-C;N, self-sacrificial synthesis of a g-C;N,/LaCO;OH heterostructure with
strong interfacial charge transfer and separation for photocatalytic NO removal

Zhenyu Wang, Yu Huang, Long Chen, Meijuan Chen, Junji Cao, Wingkei Ho and Shun Cheng Lee

A novel g-C;N,/LaCO,0H heterojunction was controllably fabricated via an in situ self-sacrificial

strategy and this strategy was extended to synthesize g-C;N,/carbonate compounds.

From the themed collection: 2018 Journal of Materials Chemistry A HOT Papers

The article was first published on 01 Dec 2017
J. Mater. Chem. A, 2018,6,972-981
https://doi.org/10.1039/C7TA09132J

Download PDF  Article HTML

Paper
Laser co-ablation of bismuth antimony telluride and diamond-like carbon
nanocomposites for enhanced thermoelectric performance

Tsung-Han Chen, Po-Hung Chen and Chun-Hua Chen

A series of innovative heterogeneous nanocomposites comprising diamond-like carbon (DLC)
clusters and well-aligned Bi-Sb-Te based nanoassemblies were realized for thermoelectric

enhancement.
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Paper
Carboxylated polyimide separator with excellent lithium ion transport properties for
a high-power density lithium-ion battery

Chun-Er Lin, Hong Zhang, You-Zhi Song, Yin Zhang, Jia-Jia Yuan and Bao-Ku Zhu

Carboxyl groups on the separator improve the lithium ion transport rate by 6 times in the lithium
ion battery.

The article was first published on 05 Dec 2017
J. Mater. Chem. A, 2018,6,991-998
https://doi.org/10.1039/C7TTA08702K

Download PDF  Article HTML

Paper
Synthesis of Cu,(Zn,_,Co,)SnS, nanocrystals and formation of polycrystalline thin
films from their aqueous dispersions

Alexandre H. Pinto, Seung Wook Shin, Aastha Sharma, R. Lee Penn and Eray S. Aydil

Cu,(Zn,_,Co,)SnS, nanocrystals were synthesized using a microwave solvothermal method. The

influence of Co incorporation in the annealed thin films formation was analyzed.

The article was first published on 20 Dec 2017
J. Mater. Chem. A, 2018, 6, 999-1008
https://doi.org/10.1039/C7TA06295H
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Paper
Low toxicity environmentally friendly single component aqueous organic ionic
conductors for high efficiency photoelectrochemical solar cells

Jayraj V. Vaghasiya, Dilip Krishna Nandakumar, Zhang Yaoxin and Swee Ching Tan

Low-toxic, environment friendly single component organic ionic conductors are synthesized by
facile methods and used as electrolytes in Dye Sensitized Solar Cells (DSSCs).

The article was first published on 08 Dec 2017
J. Mater. Chem. A, 2018, 6, 1009-1016
https://doi.org/10.1039/C7TTAQ09557K

Download PDF  Article HTML

Paper
Graphene-coupled Ti;C, MXenes-derived TiO, mesostructure: promising sodium-ion
capacitor anode with fast ion storage and long-term cycling

Rutao Wang, Shijie Wang, Yabin Zhang, Dongdong Jin, Xinyong Tao and Li Zhang

Graphene coupled Ti,C, MXenes-derived TiO, mesostructure with robust Na-ion charge storage

properties enables the fabrication of high-performance Na-ion capacitors.

The article was first published on 12 Dec 2017
J. Mater. Chem. A, 2018,6, 1017-1027
https://doi.org/10.1039/C7TA09153B

Download PDF  Article HTML
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rate performance

Seung-Keun Park, Jin-Sung Park and Yun Chan Kang

Novel porous carbon nanofibers with bimodal pores were synthesized by carbonization of
electrospun zeolitic imidazole framework-8/polyacrylonitrile nanofibers and further chemical
activation.

The article was first published on 08 Dec 2017
J. Mater. Chem. A, 2018,6, 1028-1036
https://doi.org/10.1039/C7TA09676C

Download PDF  Article HTML

Paper

Effect of tantalum doping in a TiO, compact layer on the performance of planar
spiro-OMeTAD free perovskite solar cells

Rahul Ranjan, Asit Prakash, Arjun Singh, Anand Singh, Ashish Garg and Raju Kumar Gupta

This work investigates the effect of tantalum doping in compact TiO, layer on the performance of
planar spiro-OMeTAD free perovskite solar cells. 40% improvement in the overall efficiency was
obtained as compared to the device with undoped TiO,,.

The article was first published on 07 Dec 2017
J. Mater. Chem. A, 2018,6, 1037-1047
https://doi.org/10.1039/C7TA09193A

Download PDF  Article HTML
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In this work, CoM00,/Co,0, hollow porous octahedrons are synthesized by thermal conversion

of a cyanide-metal framework (CMF) compound of Co,[Mo(CN)g]-xH,0.

The article was first published on 08 Dec 2017
J. Mater. Chem. A, 2018, 6, 1048-1056
https://doi.org/10.1039/C7TA08868J

Download PDF  Article HTML

Paper
Red-blood-cell-like (NH,)[Fe,(OH)(PO,),]1-2H,0 particles: fabrication and
application in high-performance LiFePO, cathode materials

Kaipeng Wu, Ke Du and Guorong Hu

Red-blood-cell-like (NH,)[Fe,(OH)(PO,),]-2H,0, synthesized by a facile sonochemical method, has

been used as a valuable precursor to fabricate high performance LiFePO,/C.

The article was first published on 18 Oct 2017
J. Mater. Chem. A, 2018,6, 1057-1066
https://doi.org/10.1039/C7TA08413G

Download PDF  Article HTML

a Paper

Influence of water intercalation and hydration on chemical decomposition and ion
transport in methylammonium lead halide perovskites

Un-Gi Jong, Chol-Jun Yu, Gum-Chol Ri, Andrew P. McMahon, Nicholas M. Harrison, Piers R. F. Barnes and Aron Walsh

The application of methylammonium (MA) lead halide perovskites, CH;NH,PbX; (X =1, Br, Cl), in

Top Info Search

19 of 34 3/21/2022, 10:59 AM



Journal of Materials Chemistry A Home-Materials for energy and sust... https://pubs.rsc.org/en/journals/journalissues/ta#!issueid=ta006003&...

From the themed collection: Recent Open Access Articles

The article was first published on 05 Dec 2017
J. Mater. Chem. A, 2018, 6, 1067-1074
https://doi.org/10.1039/C7TA09112E

Download PDF  Article HTML

Paper
CoS,-TiO, hybrid nanostructures: efficient and durable bifunctional electrocatalysts
for alkaline electrolyte membrane water electrolyzers

Pandian Ganesan, Arumugam Sivanantham and Sangaraju Shanmugam

The TiO, supported Co(TU)-derived CoS, nanostructures show remarkable bifunctional

electrochemical activity and ultra-stability in alkaline electrolyte membrane water electrolysis.

The article was first published on 08 Dec 2017
J. Mater. Chem. A, 2018, 6, 1075-1085
https://doi.org/10.1039/C7TA09096.

Download PDF  Article HTML

Paper
CuGas, nanoplates: a robust and self-healing anode for Li/Na ion batteries in a wide
temperature range of 268-318 K

Yun Song, Yanmei Li, Lin Zhu, Zhichang Pan, Yinchang Jiang, Pei Wang, Yong-Ning Zhou, Fang Fang, Linfeng Hu and Dalin Sun

CuGas, hexagonal nanoplates were found to be a novel and robust anode material in a wide

temperature range.
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The article was first published on 06 Dec 2017
J. Mater. Chem. A, 2018, 6, 1086-1093
https://doi.org/10.1039/C7TA09197D

Download PDF  Article HTML

a Paper

Towards centimeter thick transparent wood through interface manipulation

Yuanyuan Li, Xuan Yang, Qiliang Fu, Ramiro Rojas, Min Yan and Lars Berglund

A centimeter-thick transparent wood structure was realized through interface manipulation.

From the themed collection: Recent Open Access Articles

The article was first published on 13 Dec 2017
J. Mater. Chem. A, 2018,6, 1094-1101
https://doi.org/10.1039/C7TA09973H

Download PDF  Article HTML

Paper

Cyclodextrin-gold nanocluster decorated TiO, enhances photocatalytic
decomposition of organic pollutants

Haiguang Zhu, Nirmal Goswami, Qiaofeng Yao, Tiankai Chen, Yanbiao Liu, Qingfeng Xu, Dongyun Chen, Jianmei Lu and Jianping
Xie
We decorated per-6-thio-B-cyclodextrin protected gold nanoclusters on TiO, nanoparticles to

improve photocatalytic activity by inhibiting electron-hole pair recombination and absorbing
organic targets via host-guest interactions.
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Paper
A true cable assembly with a carbon nanotube sheath and nickel wire core: a fully
flexible electrode integrating energy storage and electrical conduction

Huating Ye, Kai Wang, Juntao Zhou, Li Song, Li Gu and Xuebo Cao

Scalable production of fully flexible cables consisting of a carbon nanotube sheath and nickel
wire core for wire-shaped supercapacitors is demonstrated.

The article was first published on 12 Dec 2017
J. Mater. Chem. A, 2018,6,1109-1118
https://doi.org/10.1039/C7TTAQ8758F

Download PDF  Article HTML

Paper

Monolithic mesoporous graphitic composites as super capacitors: from Starbons to
Starenes®

Andrea Mufioz Garcia, Vitaliy L. Budarin, Yixin Zhou, Mario De bruyn, Andrew J. Hunt, Leonardo Lari, Vlado K. Lazarov, Horacio J.
Salavagione, Enrique Morales, Gary J. Ellis, James H. Clark and Peter S. Shuttleworth

Sustainable electric double-layer capacitor (EDLC) electrodes were made by incorporating nano-
graphite particles into the electrode pore walls, improving conductivity and capacitance. The
combination of ball milling, microwave processing and carbonisation were key to excellent
nanoparticle dispersion.

The article was first published on 18 Dec 2017
I Mater Chom 4 2018 & 1119.11727
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Paper

Lithium-ion intercalation and deintercalation behaviors of graphitized carbon
nanospheres

Shohei Maruyama, Tomokazu Fukutsuka, Kohei Miyazaki, Yumi Abe, Noriko Yoshizawa and Takeshi Abe

The electrochemical properties of graphitized carbon nanospheres as a promising negative
electrode material for high-rate lithium-ion batteries were correlated with lithium-ion
intercalation and deintercalation behaviors.

The article was first published on 22 Dec 2017
J. Mater. Chem. A, 2018,6, 1128-1137
https://doi.org/10.1039/C7TAQ07902H

Download PDF  Article HTML
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Paper

Simple combination of a protic salt and an iron halide: precursor for a Fe, N and S
co-doped catalyst for the oxygen reduction reaction in alkaline and acidic media

Mahfuzul Hoque, Shiguo Zhang, Morgan L. Thomas, Zhe Li, Soma Suzuki, Ayumi Ando, Masato Yanagi, Yoshio Kobayashi, Kaoru
Dokko and Masayoshi Watanabe

A simple and robust strategy for an Fe based oxygen reduction catalyst using a protic salt and an
iron halide.

The article was first published on 11 Dec 2017
J. Mater. Chem. A, 2018,6, 1138-1149
https://doi.org/10.1039/C7TA09975D

Download PDF  Article HTML

Paper
Bulk properties and transport mechanisms of a solid state antiperovskite Li-ion
conductor Li;OCI: insights from first principles calculations

Musheng Wu, Bo Xu, Xueling Lei, Kelvin Huang and Chuying Ouyang

Systematic study on bulk properties, defect chemistry and Li-ion transport mechanisms of a
Li;OCl fast-ion conductor.

The article was first published on 08 Dec 2017
J. Mater. Chem. A, 2018, 6, 1150-1160
https://doi.org/10.1039/C7TA087808B
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Cong-Cong Zhang, Zhao-Kui Wang, Meng Li, Zhi-Yong Liu, Ji-En Yang, Ying-Guo Yang, Xing-Yu Gao and Heng Ma

We develop an external-electric-field (EEF)-assisted annealing treatment to improve the
photoelectric performance of planar organic-inorganic perovskite solar cells (PSCs).

The article was first published on 08 Dec 2017
J. Mater. Chem. A, 2018,6, 1161-1170
https://doi.org/10.1039/C7TA08204E

Download PDF  Article HTML

Paper
Tuning the structural stability of LiBH, through boron-based compounds towards
superior dehydrogenation

Weitong Cai, Juner Chen, Liying Liu, Yuanzheng Yang and Hui Wang

A LiBH,-H;BO, destabilization system shows significantly lower temperature, rapid kinetics, pure

hydrogen and high capacity through [BH,]"---[OH]" interaction.

The article was first published on 11 Dec 2017
J. Mater. Chem. A, 2018,6,1171-1180
https://doi.org/10.1039/C7TA09376D

Download PDF  Article HTML

a Paper

Controlling interpenetration through linker conformation in the modulated synthesis
of Sc metal-organic frameworks

Ross J. Marshall, Ciaran T. Lennon, Andi Tao, Hans M. Senn, Claire Wilson, David Fairen-Jimenez and Ross S. Forgan

Top Info Search

25 of 34 3/21/2022, 10:59 AM



Journal of Materials Chemistry A Home-Materials for energy and sust... https://pubs.rsc.org/en/journals/journalissues/ta#!issueid=ta006003&...

From the themed collection: Recent Open Access Articles

The article was first published on 15 Dec 2017
J. Mater. Chem. A, 2018,6,1181-1187
https://doi.org/10.1039/C7TA09699B

Download PDF  Article HTML

Paper

A novel two-dimensional nickel phthalocyanine-based metal-organic framework for
highly efficient water oxidation catalysis

Hongxing Jia, Yuchuan Yao, Jiangtao Zhao, Yuyue Gao, Zhenlin Luo and Pingwu Du

For the first time, we report herein bottom-up fabrication of a conductive nickel phthalocyanine-
based 2D MOF and use it as a highly active electrocatalyst for OER (overpotential <250 mV)
without further pyrolysis or adding conductive materials, which can facilitate the development of
2D MOFs for energy applications.

The article was first published on 12 Dec 2017
J. Mater. Chem. A, 2018,6, 1188-1195
https://doi.org/10.1039/C7TA07978H
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Paper

Rapid and facile synthesis of hierarchically mesoporous TiO,-B with enhanced
reversible capacity and rate capability

Yubin Liu, Minghuang Guo, Zhenwei Liu, Qiaohua Wei and Mingdeng Wei

Search

26 of 34 3/21/2022, 10:59 AM



Journal of Materials Chemistry A Home-Materials for energy and sust... https://pubs.rsc.org/en/journals/journalissues/ta#!issueid=ta006003&...

The article was first published on 15 Dec 2017
J. Mater. Chem. A, 2018, 6, 1196-1200
https://doi.org/10.1039/C7TA09264D

Download PDF  Article HTML

Paper
Enhancing oxygen permeation through Fe,NiO,-Ce, ;Tb, ,0,_s composite
membranes using porous layers activated with PrgO,; nanoparticles

Julio Garcia-Fayos, Rian Ruhl, Laura Navarrete, Henny J. M. Bouwmeester and Jose M. Serra

Fe,NiO,-Ce, 3Tb,,0,_s (NFO-CTO) composite membranes are of interest to separate oxygen from

air.

The article was first published on 12 Dec 2017
J. Mater. Chem. A, 2018,6, 1201-1209
https://doi.org/10.1039/C7TA06485C
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Paper
Highly ordered ZnO/ZnFe,0, inverse opals with binder-free heterojunction
interfaces for high-performance photoelectrochemical water splitting

Tingting Yang, Jiawei Xue, Hao Tan, Anjian Xie, Shikuo Li, Wensheng Yan and Yuhua Shen

Highly ordered macroporous ZnO/ZnFe,0, inverse opals with binder-free heterojunction

interfaces improve the separation of photogenerated charge carriers for high-performance PEC
water splitting.
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The article was first published on 11 Dec 2017
J. Mater. Chem. A, 2018,6, 1210-1218
https://doi.org/10.1039/C7TA07798J

Download PDF  Article HTML

Paper

Phosphorus functionalization for the rapid preparation of highly nanoporous
submicron-diameter carbon fibers by electrospinning of lignin solutions

F. J. Garcia-Mateos, R. Berenguer, M. J. Valero-Romero, J. Rodriguez-Mirasol and T. Cordero

Rapid preparation of low-cost carbon fibers by electrospinning of lignin solutions thanks to the
functionalization with H,PO,.

From the themed collection: 2018 Journal of Materials Chemistry A HOT Papers

The article was first published on 13 Dec 2017
J. Mater. Chem. A, 2018,6, 1219-1233
https://doi.org/10.1039/C7TA08788H
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Paper

Improved sodium-ion storage performance of Ti,C,T, MXenes by sulfur doping

Jiabao Li, Dong Yan, Shujin Hou, Yuquan Li, Ting Lu, Yefeng Yao and Likun Pan

A S-doped Ti,C,T, MXene was synthesized and applied as an anode material for sodium-ion

batteries for the first time.

The article was first published on 15 Dec 2017
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Paper

A green and scalable route to yield porous carbon sheets from biomass for
supercapacitors with high capacity

Cunjing Wang, Dapeng Wu, Hongju Wang, Zhiyong Gao, Fang Xu and Kai Jiang

A green route is developed to prepare hierarchical porous carbon sheets (HPCS) from biomass
directly under air atmosphere without inert gas protection. The as-prepared HPCS with ultra-thin
structure, rich O doping sites and large SSA demonstrate excellent specific capacitance and
stability when used in supercapacitor.

The article was first published on 13 Dec 2017
J. Mater. Chem. A, 2018, 6, 1244-1254
https://doi.org/10.1039/C7TTAQ07579K
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Paper
Systematic structure control of ammonium iodide salts as feasible UCST-type
forward osmosis draw solutes for the treatment of wastewater

Jeongseon Park, Heeyoung Joo, Minwoo Noh, Yon Namkoong, Seonju Lee, Kyung Hwa Jung, Hye Ryun Ahn, Seulah Kim, Jong-
Chan Lee, Jae Hoon Yoon and Yan Lee

Systematic structure control of ammonium iodide salts is designed using novel UCST-type
forward osmosis draw solutes for wastewater treatment.

The article was first published on 11 Dec 2017
I Mater Chem 4 2018 & 1258-192A8
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Paper

A precious metal-free solar water splitting cell with a bifunctional cobalt phosphide
electrocatalyst and doubly promoted bismuth vanadate photoanode

Jin Hyun Kim, Suenghoon Han, Yim Hyun Jo, Yunji Bak and Jae Sung Lee

A bifunctional cobalt phosphide (CoP) electrocatalyst is applied to a doubly promoted BiVO,
photoanode as an oxygen evolution as well as to a cathode as a hydrogen evolution reaction
(HER) catalyst to establish a photoelectrochemical (PEC) water splitting cell made of only earth
abundant elements without any precious metals.

The article was first published on 13 Dec 2017
J. Mater. Chem. A, 2018, 6, 1266-1274
https://doi.org/10.1039/C7TA09134F

Download PDF  Article HTML

Paper

Glutathione-coated Fe,O, nanoparticles with enhanced Fenton-like activity at
neutral pH for degrading 2,4-dichlorophenol

Rui Zhou, Ningfei Shen, Jian Zhao, Yu Su and Hejun Ren

Fe,0,@GSH nanoparticles exhibit a strong affinity for H,0, under neutral pH conditions.

The article was first published on 14 Dec 2017
J. Mater. Chem. A, 2018,6, 1275-1283
https://doi.org/10.1039/C7TA09685B
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