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Abstract: Composite materials that contain metal-organic frameworks (MOFs) as a filler and a polymer
matrix have attracted attention because they present a combination of high porosity and structural
integrity. Phase compatibilities of the MOF and polymer play a vital role in the formation of the
composites. In particular, the stiff polymer cannot easily adapt to penetrate into the surface pore of
MOF and mainly depends on chemical attractions to form the MOF/polymer composites. We report the
synthesis of MOF/polyethersulfone (Young’s modulus = ~2.6 GPa) via different fabrication methods,
different MOF types and particle sizes, and different solvents. The formed network structures are robust,
monolithic composites with 60% MOF loadings; also, the MOF surface area and porosity were fully
preserved. The study explored the formation of the composite between MOF and a stiff polymer and
encourages the design of more MOF/polymer composite materials across a wide range of applications.
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1. Introduction

Because of their high porosity and tunable porous architecture, metal-organic frameworks (MOFs)
have attracted a lot of attention over the past few years in terms of energy storage, mixture separation,
air purification, and many related applications [1]. However, until now, exciting news regarding
the successful industrial applications of MOFs has been scarce. One main reason for this is the
crystallinity of MOFs, which makes it difficult to form their bulk materials and then severely limits
their manipulation and processability [2]. To solve this problem, the chemical combination of MOFs
with a continuous polymer is believed to be an efficient way to accelerate the real applications of MOFs.

A large number of MOF matrix composites have been prepared using polymer materials as a
continuous phase or support. The main preparation methods include phase inversion, casting and
solvent evaporation, interface polymerization, in situ growth, and layer-by-layer self-assembly [3–9].
ZIF-8, UiO-66, Cr-MIL-101, and other MOFs have been successfully combined with polyvinylidene
fluoride (PVDF), polyethylenimine (PEI), polystyrene (PS), and polymers of intrinsic microporosity
(PIMs) [10–13]. Among them, polyethersulfone (PES), is broadly used in the field of filtration because
of its outstanding properties such as oxidative, thermal, and hydrolytic stability, mechanical strength,
and chemical inertness across the entire PH range [14,15]. It is highly expected that MOFs can be
endowed with the excellent properties of PES via the formation of composite materials. The quality
of the composites formed mainly depends on the compatibility of the MOF and polymer used. It is
believed that the mechanical properties of polymers play an important role in the formation of the
MOF/polymer interface [16]. Soft polymers (Young’s modulus < 1 GPa) adapt easily to the morphology
of the MOF surface and thus, show good two-phase compatibility. The elastic modulus of PES is
~2.6 GPa, which is much stronger than the Young’s modulus of soft polymers, and thus it is difficult for
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PES to adapt to the pore structure of MOFs. For the synthesis of MOF/PES composites, it is preferential
to use PES as the support for the seed growth of the MOF layer [17] to grow MOF in situ in PES [18].
Although solidification of an MOF-PES mixed solution, which is a more efficient and direct strategy,
has been used to synthesize MOF/PES composite beads [19,20] and a membrane [21–23], controllable
synthesis of MOF/PES composites is highly necessary.

Herein, three kinds of MOFs that have a stable structure and performance (ZIF-8, HKUST-1 and
UiO-66) were selected as filling materials, and PES was used as a matrix to prepare MOF/PES composite
materials. The effects of fabrication, MOF loading, and solvent on the structure and morphology of the
MOF/PES composites were studied.

2. Materials and Methods

2.1. Materials

The raw materials were zinc nitrate hexahydrate (99.99%), copper nitrate trihydrate (99%),
zirconium(IV) chloride (98%), 2-methylimidazole (2-MeIm, 98%), 1,3,5-benzenetricarboxylic acid
(H3BTC, 98%), terephthalic acid (PTA,99%), and glacial acetic acid (99.5%) and were purchased
from Aladdin (Shanghai, China). Polyethersulfone (PES) polymer was supplied by BASF
Company (Ludwigshafen, Germany). All of the solvents, including N,N-dimethylformamide (DMF),
N-methyl-2-pyrrolidone (NMP), N-N-dimethyl-acetamide (DMA), and other organic solvents, were also
purchased from Aladdin (Shanghai, China). All of the chemicals were used without any further treatment.

2.2. Synthesis of MOF and MOF/Polymer Composites

ZIF-8 synthesis [24]. A rapid synthesis method was used to synthesize nanosized ZIF-8 particles
in a purely aqueous solution. Zn(NO3)2·6H2O (1.17 g, 3.93 mmol) and 2-MeIm (23.05 g, 275.10 mmol)
were each dissolved in deionized water (8 mL and 80 mL respectively) and then mixed together at
room temperature. The molar ratio of Zn2+: 2-MeIm was 1:70, and the reaction time while stirring
in the solution was about 5 min. Microsized ZIF-8 crystals were prepared via using a Zn2+: 2-MeIm
molar ratio of 1:3 with 3 days of reaction time at 373 K.

HKUST-1 synthesis [25]. First, Cu(NO3)2·3H2O (2.20 g, 9 mmol) and 1,3,5-benzenetricarboxylic
acid (1.29 g, 6 mmol) were dissolved in separated methanol (80 mL for each vial), and the two solutions
were combined to form a mixture. The mixture was stirred for 2 h at 800 rpm and left undisturbed at
room temperature for 5 h. The particles were collected via centrifugation and washed with methanol
at least 3 times, and the final product was vacuum-dried at 353 K overnight.

UIO-66 synthesis [26]. ZrCl4 (0.2378 g, 1 mmol) and terephthalic acid (0.1678 g, 1 mmol) were
dissolved in 20mL of DMF with the addition of 0.115 mL of glacial acetic acid (2 mmol). After stirring
for about 30 min, the solution was heated to 393 K for 24 h of reaction. The collected particles were
washed at least 3 times with DMF and methanol. The particles were then vacuum-dried at 353 K
overnight to obtain the final product.

MOF/PES composite synthesis. MOF powder (0.21–1.17 g corresponding to 30–70 wt.% loading of
MOF in composites) was suspended in 5 mL of solvent (DMF, NMP or DMA) for 24 h via mechanical
stirring at room temperature. PES particles (0.5 g) were then gradually added to the MOF solution
under stirring. The MOF-polymer solution was stirred for another 24 h at 333 K, and the prepared
mixed solution was then poured into a Petri dish for casting. After that, two separate methods were
used to obtain the final composite. One method is phase inversion based on solvent exchange. In this
method, a nonsolvent liquid (deionized water:ethanol = 50 mL:50 mL) was used for exchange and was
poured into a Petri dish at room temperature for precipitation. The products were then repeatedly
washed with refreshed non-solvent to remove the remaining solvent. Finally, the composites were
dried in air at room temperature. The other method is the solvent evaporation technique. In this
method, a Petri dish is placed in an oven at 363 K and left uncovered over night to allow the evaporation
of the solvent. The layers were then peeled off of the Petri dishes, and finally, the products were treated
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overnight in an oven at 353 K and then in a vacuum oven at 393 K for another 12 h to completely
remove the remaining solvent. The whole synthesis process is shown in Scheme 1.

Crystals 2020, 10, 39 3 of 10 

 

temperature for precipitation. The products were then repeatedly washed with refreshed non-solvent to 
remove the remaining solvent. Finally, the composites were dried in air at room temperature. The other 
method is the solvent evaporation technique. In this method, a Petri dish is placed in an oven at 363 K and 
left uncovered over night to allow the evaporation of the solvent. The layers were then peeled off of the 
Petri dishes, and finally, the products were treated overnight in an oven at 353 K and then in a vacuum 
oven at 393 K for another 12 h to completely remove the remaining solvent. The whole synthesis process is 
shown in Scheme 1. 

 
Scheme 1. Schematic drawing of the synthesis approach used to prepare MOF/polymer composite materials. 

2.3. Measurements 

An X-ray diffractometer (40 kV, 30 mA, Cu Kα, λ = 0.15406 nm) was used to obtain powder X-ray 
diffraction (PXRD) patterns of the MOFs and their composites. The scanning rate was 5° min−1 over a PXRD 
range from 5° to 40°. Scanning electron microscopy (SEM) was conducted using an S-4800 microscope (5.0 
kV accelerating voltage, Hitachi, Tokyo, Japan) to characterize the morphologies of the synthesized 
MOF/PES composite materials. An automatic volumetric adsorption apparatus (Micrometrics ASAP 2020, 
Shanghai, China) was used to measure the nitrogen sorption isotherms at 77 K. The as-synthesized samples 
(weight 100–200 mg) were activated in a quartz tube at 378 K for 12 h. DMF and other volatile compounds 
were completely removed before measurements were made. 

3. Results 

Figure 1 shows optical images of the MOF/PES composite materials that were prepared via solvent 
evaporation and the phase inversion method. The blank experiment with presence of only PES in solvent 
by the two methods can be found in Figure S1. It is clear that the composites cracked after solvent 
evaporation (upper panels in Figure 1). This is probably because of the internal stress concentration. In 
contrast, the composite materials fabricated via the phase inversion method has better integrity (lower 
panels in Figure 1). These layers can even bear folding deformation, which indicates that they have good 
flexibility (Figure S2). 

Scheme 1. Schematic drawing of the synthesis approach used to prepare MOF/polymer
composite materials.

2.3. Measurements

An X-ray diffractometer (40 kV, 30 mA, Cu Kα, λ = 0.15406 nm) was used to obtain powder X-ray
diffraction (PXRD) patterns of the MOFs and their composites. The scanning rate was 5◦ min−1 over
a PXRD range from 5◦ to 40◦. Scanning electron microscopy (SEM) was conducted using an S-4800
microscope (5.0 kV accelerating voltage, Hitachi, Tokyo, Japan) to characterize the morphologies
of the synthesized MOF/PES composite materials. An automatic volumetric adsorption apparatus
(Micrometrics ASAP 2020, Shanghai, China) was used to measure the nitrogen sorption isotherms at
77 K. The as-synthesized samples (weight 100–200 mg) were activated in a quartz tube at 378 K for
12 h. DMF and other volatile compounds were completely removed before measurements were made.

3. Results

Figure 1 shows optical images of the MOF/PES composite materials that were prepared via
solvent evaporation and the phase inversion method. The blank experiment with presence of only
PES in solvent by the two methods can be found in Figure S1. It is clear that the composites cracked
after solvent evaporation (upper panels in Figure 1). This is probably because of the internal stress
concentration. In contrast, the composite materials fabricated via the phase inversion method has better
integrity (lower panels in Figure 1). These layers can even bear folding deformation, which indicates
that they have good flexibility (Figure S2).
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PXRD was used to investigate the high quality of the MOF/PES composites that were prepared via
the phase inversion method (Figure 2). For comparison, the PXRD patterns of pure MOF and pure PES
are also presented in Figure 2. The diffraction patterns of the MOF/PES composites are similar to that
of the pure MOF counterpart, and this indicates that the crystal structure of MOFs was preserved upon
the incorporation of polymer when our fabrication approach was used. One exception is HKUST-1/PES,
which shows a degradation of one peak that is around 5.8◦ (Figure 2b). The small peak corresponds to
the (111) reflection and its degradation has been also observed in HKUST-1/acrylamide composites [12]
and HKUST-1/cellulose acetate mixed matrix membranes [6]. The presence of solvent molecules in the
pores of the synthesized pure HKUST-1 could associate with the small diffraction reflection at 5.8◦

in Figure 2b. Still, other peaks in the PXRD pattern of HKUST-1/PES are consistent with those in the
PXRD pattern of pure HKUST-1. This may be ascribed to slight distortion of the HKUST-1 crystal
structure, instead of the crystal structure being lost completely.
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Because of intrinsic differences between ordered and disordered phases, the morphology of the
MOF and polymer chains in composites is interesting. Figure 3 shows SEM images of the pure MOFs
(microsized crystals) and the composites that were incorporated into different types of MOFs. Strictly,
UiO-66 shows smaller crystal size (10−1 micrometer level), which is still larger than the nanosized ZIF-8
crystals (Figure 4a). For comparison, the same MOF loading (60 wt.%) in different composites was used.
ZIF-8/PES shows a continuous and tightly-packed morphology from the top surface of the composites
(Figure 3a middle panel). In contrast, HKUST-1 and UiO-66 crystalline particles agglomerated and
were surrounded by PES ribbons (Figure 3b,c middle panels). The ribbon-like PES indicates that
the continuous polymer phase was interrupted by HKUST-1 and UiO-66 crystals, and then phase
separation appeared. Furthermore, cross-sectional images of the composites show the presence of
the ribbon-like PES inside all three types of MOF/PES (Figure 3 lower panels). It should be noted
that the size of the ZIF-8 crystal is larger than that of the HKUST-1 and UiO-66 crystals (Figure 3
enlarged inset images). To clarify the size effect, nanosized ZIF-8 crystals (Figure 4a) were chosen
for the synthesis of the ZIF-8/PES composite. Both the top surface (Figure 4b) and the cross-section
(Figure 4c) of the nanosized ZIF-8/PES composite show the absence of the ribbon-like PES, and a
sponge-like structure appeared inside the composite. Furthermore, the composite with embedded
nanosized ZIF-8 crystals (Figure 4b) has a dense and less broken surface. This kind of morphology
implies that there is better phase compatibility in the nanosized ZIF-8/PES composite than that in
microsized ZIF-8/PES, HKUST-1/PES or UiO-66/PES.
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Interfacial interactions can be used to understand the two-phase affinity in MOF/PES composites.
The main free group on the surface of ZIF-8 [27], HKUST-1 [28], and UiO-66 [16] is NH, CH3, and
OH groups, respectively. The most significant interactions should involve hydrogen bonds between
the free groups of MOF and the oxygen of PES, that is, the N-H····O bond (ZIF-8/PES), C-H····O bond
(HKUST-1/PES), and O-H····O bond (UiO-66/PES). According to the electronegativity of the elements,
the decreasing strength of single hydrogen bond is in the order of O-H····O, N-H····O, and C-H····O.
The values of the density of free groups on the MOF surfaces are 0.04 Å−3, 0.02 Å−3, and 0.03 Å−3

for ZIF-8, HKUST-1, and UiO-66, respectively. Thus, ZIF-8 actually has the most free groups on
surface, and in ZIF-8, the hydrogen bond interactions with PES are medium strength. UiO-66 has the
strongest hydrogen bond with PES (O-H····O), but the density of the surface OH group is medium.
The morphologies shown in Figures 3 and 4 indicate that the ZIF-8/PES composite is higher quality
than the UiO-66/PES composite. This indicates that the density of the interfacial active sites may
determine the compatibility of the MOF/polymer when the strength difference of single hydrogen
bond interactions is small (O-H····O vs. N-H····O).
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Focusing on nanosized ZIF-8/PES, the effects of the solvent on the morphologies of the composites
were investigated (Figures 4 and 5). Here, three types of polar and water-miscible solvents (DMF,
DMA, and NMP) were chosen to synthesize the hydrophobic asymmetric ZIF-8/PES via the phase
inversion method. Figure 5a shows the mesoporous surface of the ZIF-8/PES composite that was
prepared using DMA. In contrast, a dense surface of the ZIF-8/PES composites was obtained when
DMF and NMP were used as the solvents.
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Solvent volatility can be used to understand the above solvent effect. It has been reported that
solvents with higher volatility can result in larger pore sizes in polymer matrix membranes because
of rapid evaporation from the polymer [29]. The boiling point values of DMA, DMF, and NMP are
439 K, 426 K, and 475 K, respectively [30]. Hydrogen bonding values (δH) suppress solvent volatility.
The δH value of DMF is 5.5, which is higher than that of DMA (5.0) and that of NMP (3.5). Thus,
DMA is more volatile and evaporates quickly from the ZIF-8/PES composite; this leaves a porous
surface, as shown in the upper panel of Figure 5a. Furthermore, a very small difference between the
solubility parameters of the solvent and the polymer was necessary to obtain a workable zeolite-filled
mixed-matrix membrane [30]. The Hansen solubility parameters for both the DMF and NMP solvents
are closer to that of PES than that of DMA [31]. On the basis of Hansen-solubility parameters, the
strong polymer–solvent interactions indicate the low inter-diffusion rate for DMF and NMP during
the phase inversion process. Slow diffusion can delay exchange between the solvent and nonsolvent,
thereby stimulating delayed demixing. Precipitation that starts after that delayed time leads to a dense
surface of the ZIF-8/PES composite, as seen in Figures 4b and 5b.

Different ZIF-8 loading was employed to synthesize the nanosized ZIF-8/PES composites (Figure 6).
Under low loading, a smooth surface and isolated ZIF-8 crystals coexist (Figure 6a). With an increase in
the ZIF-8 loading (from 40 wt.% to 60 wt.%), ZIF-8 crystals gradually were wrapped by PES (Figure 6).
A further increase in the ZIF-8 loading will lead to the discontinuous PES matrix (Figure S3) and even
to MOF-polymer phase separation.
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Nitrogen sorption experiments at 77 K were performed to check the porosity of the nanosized
ZIF-8(60 wt.%)/PES composite materials. Type-IV isotherms that were observed for both pure ZIF-8 and
the ZIF-8/PES composite show significant hysteresis in the adsorption-desorption process (Figure 7).
At a relative pressure of 0.1, the uptake of nitrogen by ZIF-8 in the composites is about 246 cm3

·g−1,
and this is close to that of pure ZIF-8 (360 cm3

·g−1) but much larger than that of pure PES (3.8 cm3
·g−1).

The Brunauer-Emmett-Teller (BET) surface area (SBET) and the microporous volume (Vmicro) in
ZIF-8/PES composites are 773 m2

·g−1 and 0.34 cm3
·g−1 respectively. Pure PES has a low BET surface

(12 m2
·g−1) and microporous volume (0.008 cm3

·g−1). With 60 wt% loading of ZIF-8 in the composite,
the porosity of composites was almost completely inherited from pure ZIF-8 (SBET = 1222 m2

·g−1 and
Vmicro = 0.52 cm3

·g−1). The above observations indicate that the adsorption properties of the ZIF-8/PES
composite are close to those ZIF-8.
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4. Conclusions

In this study, we proposed a controllable synthesis of MOF/PES composite materials. Three types
of MOFs (ZIF-8, HKUST-1, and UiO-66) were combined with a stiff polymer (PES) via the solvent
exchange method instead of via solvent evaporation. Microscopic images show that the composite
that had nanosized ZIF-8 particles has both an integrated surface and a mixed-phase morphology,
indicating good phase compatibility. A ZIF-8 loading of 60% can be achieved in the nanosized
ZIF-8/PES composite, and this can fully preserve the ZIF-8 surface area and porosity. This work on the
controllable fabrication of stiff polymer–MOF composite materials reveals the experimental factors
that influence the quality of the composites, and this can contribute to the development of more
MOF/polymer composites for real applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/1/39/s1,
Figure S1: The blank experiment with presence of only polymer in solvent employing the solvent evaporation and
the solvent exchange method, Figure S2: Optical images of ZIF-8/PES, HKUST-1/PES, and UiO-66/PES membranes,
Figure S3: Optical images of the composites with the ZIF-8 loading of 60 wt.% and 65 wt.%.
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