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Mixed-matrix membranes are contemporary nanocomposite materials with many
potential applications, from liquid and gas separations to chemical sensors and
biomedicine. We report fabrication of a metal-organic framework (MOF)-based
nanocomposite, combining polyvinylidene difluoride (PVDF) polymer as the matrix
and ZIF-90 nanocrystals of up to 30 wt. % filler content. The focus is to establish
the processing—microstructure—mechanical property relationships. We reveal the
importance for quantifying salient effects of the filler contents: (i) tensile strength
degrades beyond 10 wt. % and (ii) mechanical toughness declines due to mem-
brane embrittlement. These are vital mechanical aspects but widely overlooked
in the emergent field of MOF membranes and composites. © 2017 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4986565]

Contemporary economies require sustainable technologies that have high efficiency and reliabil-
ity while implicating low environmental impact and small carbon footprint. Mixed-matrix membranes
(MMMs) are versatile and very promising composite materials that can be utilized in many fields
of application, for example, gas separation,1,2 liquid phase separation,3,4 pervaporation,5 and water
desalination.6 A growing research area nowadays is carbon dioxide separation and its efficient removal
from the environment leveraging membrane technologies in order to mitigate greenhouse effects.7,8

In the light of this, MMMs containing metal-organic frameworks (MOFs) as a functional filler offer
tunable functionalities highly attractive for energy, sustainability, and environmental applications.9–11

Research in the emerging field of MOF-based MMMs has been rapidly growing over the past
decade.7,12 Typically, MOF-based MMMs are prepared by combining a solution of a polymer (matrix
phase) and a dispersion of a MOF (filler phase), followed by solution casting the MOF/polymer film
and solvent evaporation and/or heat treatment to achieve a free-standing composite membrane.13

Hitherto, there is little or no indication in the literature what rheological properties a MOF/polymer
MMM dispersion should have before casting a good quality membrane. Particularly, there are only
few studies dedicated to the detailed mechanical properties of MMMs, despite the fact that practical
engineering applications14 will require mechanically robust membranes with long-term durability
and good structural resilience.15–17

Polyvinylidene difluoride (PVDF) is a semi-crystalline hydrophobic polymer with linear macro-
molecules18 and is reported as a promising material for liquid-soluble gas removal.3,19 PVDF has
a good combination of mechanical properties and processing ability.20 PVDF-based MMMs were
reported to allow for high percentages of MOF loadings (>65 wt. %)21 as well as enhancing stability
of MOFs in humid conditions.22

MOF is a class of hybrid crystalline compounds built from organic-inorganic moieties, with a
vast chemical and physical tunability to suit a wide range of applications.23–25 MOFs have attracted
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significant scientific attention due to its unique combination of properties: highly ordered intrinsic
porosity and well-defined architecture, exceptionally large surface area, rich structural diversity, and
facile synthesis methods.26–28 The filler phase used in this study is termed ZIF-90: belonging to a sub-
class of MOFs known as Zeolitic Imidazole Frameworks (ZIFs), it has a sodalite network topology
and a high surface area (1270 m2 g 1),29 akin to the prototypical ZIF-8 sodalite structure.30,31 While
ZIF-90 is not as widely reported in the literature compared with ZIF-8, the former exhibits highly
promising small-molecule selectivity to afford useful adsorption and diffusion applications.32

In this work, we propose the fabrication of a novel MMM system comprising a PVDF matrix and
ZIF-90 MOF fillers that can be potentially used for energy and sustainability applications. Herein,
our emphasis is placed on the thermo-mechanical and physical properties of the MMMs, establishing
the membrane compositions with tunable mechanical properties and to understand the structure-
properties relationships. We achieved these employing X-ray diffraction and electron microscopy,
combined with large-strain tensile testing, time- and temperature-dependent viscoelastic measure-
ments, and nanoindentation studies. Additionally, we have considered the rheological properties
of the pre-casting ZIF-90/PVDF dispersions to understand the basic conditions for guiding future
membrane manufacturing.

Synthesis of ZIF-90: ZIF-90 nanoparticles were synthesized by following the procedure reported
by Hua et al.33 Briefly, zinc acetate dihydrate (Sigma Aldrich) and imidazole-2-carboxyaldehyde
(ICA) (Sigma Aldrich) were taken in 1:8 molar ratio and dissolved in N, N-dimethylformamide
(DMF) solvent. ICA was dissolved in a sufficient amount of DMF while magnetically stirred at
65 �C for 1 h. After cooling to the room temperature, zinc acetate solution was added to ICA
dropwise under constant stirring, and the nanoparticles of ZIF-90 formed immediately. The reaction
mixture was stirred for a few more hours to ensure that the reaction was completed. ZIF-90 was
separated from the solvent by centrifugation (12 000 rpm for 1 h). To remove impurities, ZIF-90 was
repeatedly re-dispersed in DMF by means of ultrasonication and separated in the centrifuge. Isolated
nanoparticles were dried in a vacuum oven at 40 �C for at least 24 h.

Preparation of the MMMs: Four filler loadings of ZIF-90 in PVDF were obtained on the basis of
weight percentages: 5, 10, 20, and 30 wt. %. First, PVDF powder with an averaged molecular weight
of Mw ⇠ 534 000 (Sigma Aldrich) was dissolved in DMF to obtain a 15.5 wt. % polymer solution.
The required amounts of ZIF-90 nanoparticles were calculated using the equation,

ZIF - 90 wt. %=
mZIF - 90

mZIF - 90 + mPVDF
⇥ 100%, (1)

where mZIF-90 is the mass of ZIF-90 nanoparticles and mPVDF is the mass of the dry PVDF in its
15.5 wt. % solution in DMF. ZIF-90 was dispersed in 4 ml of acetone and ultrasonicated for 10 min,
then combined with the required quantity of the PVDF solution and further ultrasonicated for a
few hours to ensure thorough dispersion of ZIF-90 nanoparticles. To evaporate acetone and increase
viscosity, the dispersions were further magnetically stirred on a hot plate at 50 �C. After degassing
the dispersions by leaving unstirred overnight, the membranes were cast using the doctor-blade
technique at a speed of 10 mm s 1 onto a glass substrate with the clearance set to 550 µm. Then the
films were dried in an oven at 70 �C for ⇠20 min. The final thickness of the as-prepared membranes
varied from ⇠40 to 60 µm. To remove DMF trapped in the ZIF-90/PVDF membranes, they were
solvent-exchanged in methanol for a few days followed by vacuum-drying at 25 �C.

The cross sections of the ZIF-90/PVDF membranes were obtained by fracturing the samples
in liquid nitrogen. The cross-sectional morphology was imaged (after carbon coated) using a field-
emission scanning electron microscope (FESEM, Zeiss Merlin) at 1-3 keV. The ZIF-90 nanoparticles
were imaged on transmission electron microscope (TEM) JEM-2100 LaB6 operating at 200 keV.
The crystal structure of ZIF-90 and the membrane composition were determined by X-ray diffraction
(XRD).

Thermal stability of the MMMs was investigated using TGA-Q50 (TA Instruments). The neat
PVDF, membranes, and neat ZIF-90 were heated from 50 to 550 �C with a constant heating rate of
10 �C min 1 in a nitrogen atmosphere.

The uniaxial stress-strain curves (under tension) were obtained using the universal testing
machine (Instron 5582) equipped with a 100 N load cell. The test coupons of 5 mm width, ⇠30 mm
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gauge length, and 45–60 µm thickness were subjected to a tensile load applied at 2 mm min 1

until fracture. For each MMM, 10–15 specimens were tested to achieve statistically meaningful
results.

Instrumented nanoindentation measurements (under compression) were performed to obtain
load-displacement curves and to quantify the Young modulus and hardness. A series of 20 indentations
to a maximum depth of 2000 nm with a 50 µm interval was performed for each of the MMMs on
the MTS NanoIndenter XP (Agilent Technologies), equipped with a Berkovich three-sided pyramid
indenter tip. We applied the continuous stiffness measurement (CSM) method, with a loading and
unloading strain rate of 0.05 s 1 at 45 Hz.34,35

Temperature-dependent viscoelastic properties were characterized using DMA-Q800 (TA Instru-
ments) connected to a liquid nitrogen tank via flow-controller to acquire data from low temperatures.
The DMA was calibrated to a pair of tension clamps with a fixed gauge length of 12.5 mm. The test
coupons of the MMMs of 5 mm width and thickness varying in the range of 45–60 µm were tested
under uniaxial tensile mode (small strain 0.1%) with oscillating frequencies of 2, 5, 10, 15, 20, 30,
35, and 40 Hz in a temperature range from 80 to 150 �C. The heating rate was 2 �C min 1, the static
force was set at 0.1 N, and the force track was set to 125%. For each MMM, 4–7 specimens were
tested to ensure sufficient data reproducibility.

Figure 1(a) shows the prepared ZIF-90/PVDF nanocomposite membranes, while the XRD pat-
terns and TGA curves of ZIF-90 nanoparticles and MMMs are presented in Figs. 1(b) and 1(c),
respectively. The XRD diffraction patterns confirm that the synthesis and incorporation of ZIF-90
nanoparticles into the PVDF polymer matrix were successful. The characteristic peaks of PVDF are

FIG. 1. (a) Photographs of the nanocomposite membranes prepared in this study, (b) XRD patterns of ZIF-90, neat PVDF,
and the MMMs, and (c) TGA results. The molecular structures of ZIF-90 (asymmetric unit and pore packing per unit cell,
where yellow surface represents the solvent accessible volume) and ↵- and �- crystalline phases of PVDF are shown next
to the corresponding XRD patterns. The inset shows the excellent correlation between the integrated intensities of relative
peak areas [ZIF-90’s (110) planes normalized by PVDF’s �-phase] against the wt. % content of the ZIF-90 nanoparticles.
The C, O, N, Zn, H, and F atoms are designated in grey, red, lilac, dark-lilac, white, and green colors, respectively.
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at 2✓ = 17.66�, 18.30�, 19.90�, and 26.56� for the ↵ and � phases and at 20.26� for the � phase.18

The pronounced peak at 2✓ ⇡ 20.3� indicates that the PVDF in the MMMs is semi-crystalline, con-
taining predominantly the � phase. In the case of ZIF-90, the observed peaks measured at 2✓ ⇡ 7.3�,
10.4�, 14.8�, 16.5�, and 17.9� are in excellent agreement with the simulated diffraction pattern of
an ideal single crystal; the peak broadening observed is characteristic of the nanosized crystalline
material. It can be seen in Fig. 1(b) that the three major peaks of ZIF-90 in the MMMs, specifically
the intensities of (110), (200), and (211) crystallographic planes are scaling with the wt. % loading
of the ZIF-90 filler phase.

Thermal stability of the ZIF-90/PVDF MMMs as well as the neat PVDF membrane and ZIF-
90 nanoparticles were characterized by thermogravimetric analysis (TGA). TGA data in Fig. 1(c)
suggest that the neat PVDF starts to decompose rapidly beyond 375 �C. In contrast, ZIF-90 starts
to decompose at a relatively lower temperature of 275 �C. Since no weight loss was observed at
temperatures lower than these points, residual solvents (DMF, methanol, water) were completely
removed after solvent exchange and evacuation. Between 275 and 375 �C, a systematic trend exists
where the thermal stability of the ZIF-90/PVDF nanocomposite is gradually decreasing with an
increasing ZIF-90 loading from 5 to 30 wt. %. The TGA results suggest that there are intimate MOF-
to-polymer coupling interactions, attributable to the chemical affinity of the organic ICA linkers of
ZIF-90 to adjacent macromolecules in the PVDF matrix.

The morphologies of ZIF-90 nanoparticles and the cross sections of MMMs are shown in Fig. 2.
The average particle size of the as-synthesized ZIF-90 was ⇠100 nm [Fig. 2(a)]; the TEM image in
the inset reveals that individual nanoparticle does not exhibit well defined crystal facets (unlike ZIF-8
nanoparticles)17 due to twinning and nanocrystalline intergrowth. The nanoparticle distribution in
the PVDF matrix appears to be uniform, evidenced in the 20 wt. % and 30 wt. % nanocomposites
shown in Figs. 2(e) and 2(f); the nanoparticles are also well encapsulated by the matrix phase. This
was achieved by thorough dispersion of ZIF-90 in PVDF solution and by controlling the viscosity of
the mixture for an improved particle distribution. We found that the viscosity of ⇠1 Pa s is sufficient
to maintain a uniform suspension of nanoparticles in the PVDF solution and to facilitate membrane
casting using the doctor-blade approach (see Figs. S1-S3 of the supplementary material).

Tensile testing is a primary technique for determination of the mechanical properties of engi-
neering materials, such as the Young modulus (E), yield and tensile strengths, fracture energy,

FIG. 2. FESEM micrographs of (a) ZIF-90 with the TEM image inset and the membrane cross sections of (b) neat PVDF,
(c) 5 wt. %, (d) 10 wt. %, (e) 20 wt. %, and (f) 30 wt. % ZIF-90/PVDF.
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FIG. 3. (a) Density, (b) Young modulus E, (c) yield strength at 0.2% strain offset and tensile strength, (d) fracture energy
and ductility of the ZIF-90/PVDF MMMs as a function of the ZIF-90 wt. % loading. Uniaxial tensile tests were performed
at 2 mm min 1, each involving 10-15 samples (Fig. S5 of the supplementary material).

and ductility (elongation-to-failure %). These key mechanical properties, summarized in Fig. 3,
were derived from a series of stress-strain curves obtained from uniaxial tensile tests (Fig. S5 of the
supplementary material). In Fig. 3(a), the density of the tested membrane samples was measured
and compared with theoretical values calculated based on the density of the neat matrix and filler
components (by taking ⇢PVDF = 1.78 g cm 3 and ⇢ZIF-90 = 0.988 g cm 3) and wt. % loadings of ZIF-90
in the composites. The experimentally measured densities are lower than the theoretically estimated
values for most of the membranes, which indicates presence of some free volume in the MMMs.

The Young moduli (a measure of elastic stiffness) of the MMMs derived from uniaxial tensile
tests are shown in Fig. 3(b), found to be at⇠1.4 GPa and appeared to be independent of wt. % loading of
the ZIF-90 nanoparticles. Here it is worth noting that this stiffness value is likely to be underestimated
from the tensile test (which is a well-known issue),36 thus in Fig. 4 we applied nanoindentation to
better characterize the elastic stiffness property. Results in Fig. 3(c) show that the yield strength of
PVDF (⇠18 MPa) increases upon addition of 5 wt. % ZIF-90, followed by a gradual decline from
⇠24 to ⇠20 MPa when the filler content was raised from 10 to 30 wt. %. The tensile strength of
membranes decreased from ⇠36 to ⇠26 MPa, which is reasonable, since the higher loadings of ZIF-
90 resulted in increasing embrittlement of the MMMs as indicated by the reduction in the sample
ductility. On this basis, the fracture energy (integrated area under the nominal stress-strain curve,
i.e., energy per unit volume) decreases systematically with the fall in sample ductility as presented in
Fig. 3(d). Specifically, we found the fracture energy of the neat PVDF membrane declined by ⇠90%
upon the addition of 30 wt. % of ZIF-90, resulting from the ductility drop of⇠80%. Importantly, these
results indicate that in order to achieve a mechanically resilient MMM exhibiting good toughness
property, a MOF filler content of ⇠5-10 wt. % is likely to be optimal. Higher filler contents, however,
will lead to an unwanted embrittlement of the composite, thus diminishing the ductility and toughness
properties leading to the membrane cracking. Indeed, this finding is consistent with our previous
studies utilizing glassy Matrimid as a matrix to support ZIF-8 nanoparticles.16

To investigate the fine-scale mechanical properties of the ZIF-90/PVDF MMMs, we performed
instrumented nanoindentation experiments to quantify the indentation modulus and hardness as a
function of the ZIF-90 wt. % filler content. The measured load-displacement curves of the MMMs
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FIG. 4. Indentation modulus (M) and hardness (H) of the ZIF-90/PVDF MMM (top surface) determined using the instru-
mented nanoindentation method. Each averaged value and standard deviation corresponds to 15-20 indentation measurements
derived from a surface penetration depth of 200-2000 nm (refer to Figs. S6 and S7 of the supplementary material for further
details).

for a maximum surface penetration depth of 2 µm are presented in Fig. S6 (supplementary material).
The indentation modulus (M) and hardness (H) values have been derived from the nanoindentation
curves, in accordance with Eqs. (2) and (3), respectively,37

M =
266664

1
Er
�

1 � ⌫2
i

Ei

377775
�1

, (2)

H =
P
Ac

, (3)

where Er is the reduced modulus,38 Ei and ⌫i are the Young modulus and the Poisson ratio of
the diamond indenter tip (whose values are 1141 GPa and 0.07, respectively). P is the indentation
load as a function of the surface penetration depth and Ac is the contact area developed under that
load.

It can be seen in Fig. 4 that the indentation moduli (a measure of stiffness) of the MMMs are lying
in the narrow range of 2.9–3.1 GPa, indicating that the stiffness of ZIF-90 is similar in magnitude to
that of the PVDF matrix. Thus, mixing of the two constituent phases did not significantly alter the
resulting stiffness of the composite. On the contrary, there is a clear rise in the membrane hardness
especially beyond 10 wt. %, from H ⇠ 150 MPa for the neat PVDF membrane to ⇠185 MPa for
the 30 wt. % ZIF-90/PVDF. This indicates that the hardness of ZIF-90 is notably higher than that
of the neat PVDF phase. Assuming that the composite obeys the rule of mixtures relation (in equal
strain),16,39 we estimated the hardness of ZIF-90 to be ⇠250 MPa, which is only about half of its
sodalite counterpart ZIF-8, whose hardness is ⇠530 MPa.40

The Young modulus of the membrane (subscript m) can be estimated using the following
relation,41 if its Poisson ratio is known and assumed to be isotropic,

Em =M
⇣
1 � ⌫2

m

⌘
, (4)

where M is the indentation modulus given by Eq. (2) and ⌫m is the Poisson ratio of the membrane.
Equation (4) above is a good approximation for the neat PVDF membrane. Taking ⌫m = 0.34,42

we estimated the Young modulus of the neat PVDF membrane (thickness ⇠50 µm) to be
2.65 ± 0.09 GPa, which is in good agreement with the recent literature values (e.g., E = 2.5-2.7
GPa from Ref. 42; E = 2.5 GPa from Ref. 43).

Dynamic mechanical analysis (DMA) has become a standard method of investigating the
viscoelastic properties of polymers.16,17 In this study, we focused on characterizing the temperature-
dependent storage and loss moduli of the MMMs to understand the effects of MOF filler inclusion.
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In the DMA theory, for a material subject to a cyclic deformation, the storage modulus (E 0) is a mea-
sure of its elastic behavior (i.e., stored energy) that is responsible for its time-dependent recovery,
while the loss modulus (E 00) is a measure of the viscous behavior responsible for its irreversible
energy dissipation. The ratio of these two quantities is termed the loss tangent, defined as tan
� = E 00/E 0, where phase transition temperatures can be pinpointed by locating the position of the
tan (�) peaks via a temperature-sweep experiment.

The storage and loss moduli of the MMMs measured from 80 to 160 �C are presented in
Figs. 5(a) and 5(b), respectively. The general trend reveals that the magnitude of both E 0 and E 00

has systematically declined, with an increasingly higher wt. % of ZIF-90 filler being added into the
neat PVDF matrix. The DMA data indicate that incorporation of the relatively compliant porous
ZIF nanocrystals44 into the PVDF matrix has reduced the energy storage capacity of the com-
posite when subject to an oscillatory strain, thus E 0 decreases. We reasoned that the increasing
filler content may have caused rigidification of the PVDF macromolecules in the vicinity of each
nanoparticle, thereby reducing the energy dissipation capacity of the MMMs, as quantified by E 00.
Taken together, the ratio of E 00/E 0 which corresponds to the loss tangent [see the inset of Fig. 5(b)
for tan � values] fell with the rising filler contents. This means that the dampening capacity of
the MMMs can be modified by tuning the filler wt. %. We also found that the magnitude of the
glass transition temperature (Tg = 40 �C) is not sensitive to the addition of the ZIF-90 fillers.
Figures 5(c) and 5(d) summarize the variation in storage and loss moduli as a function of the
ZIF-90 wt. %, at Tg = 40 �C and at room temperature RT = 25 �C, respectively. It can be seen
that the storage modulus has decreased gradually from the neat PVDF to the 20 wt. % ZIF-90/PVDF:
by 44% at 40 �C and by 33% at 25 �C; a similar trend can be observed for the corresponding loss
moduli.

In summary, a novel mixed-matrix nanocomposite membrane comprising PVDF as the polymer
matrix and ZIF-90 nanoparticles as a filler has been fabricated, and its physical and mechanical
properties have been systematically characterized. Our main findings are:

FIG. 5. DMA curves for the neat PVDF and ZIF-90/PVDF MMMs tested under the tensile mode: (a) storage modulus E0

and (b) loss modulus E00 with the inset showing the loss tangent (tan � = E00/E0). The bands illustrate the material variability
between specimens with the same ZIF-90 wt. % loading. Variation of E0 and E00 as a function of temperature at (c) glass
transition temperature, Tg = 40 �C and (d) room temperature 25 �C. Further details can be found in the supplementary
material, see Figs. S8-S10.
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• Rheological studies of the ZIF-90/PVDF composite solution suggest a minimum viscosity of
⇠1 Pa s to ensure stability of the filler dispersion and ease of membrane processing via doctor
blade or tape casting.

• For quasistatic mechanical behavior, the elastic stiffness is nearly independent of the wt. % of
ZIF-90, while the indentation hardness shows a stronger scaling with filler content.

• Large strain mechanical deformation studies reveal that higher than ⇠10 wt. % loadings cause
a major loss of tensile strength and embrittlement, degrading the durability of the membranes.

• Dynamic mechanical data at a small oscillatory strain show that the glass transition temperature
of PVDF is not affected by the filler inclusion. However, both the storage and loss moduli
systematically decline with an increasing filler content.

• There is an opportunity to tune the energy storage (E 0) and energy dissipation (E 00) character-
istics of the MOF/Polymer MMMs to tailor the viscoelasticity of nanocomposite systems for
applications requiring cyclic mechanical deformation.

See supplementary material for detailed data obtained from rheological measurements, uniaxial
tensile tests, nanoindentation, and dynamic mechanical analysis. It also contains additional scanning
electron microscopy images of the membrane cross sections. Additional data can be accessed via
ORA (http://ora.ouls.ox.ac.uk). Request for any material samples described in this manuscript can
be directed to the corresponding author.
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