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Abstract: Zeolitic imidazolate frameworks (ZIFs) have been the focus of interest for their physical and chemical proper-
ties, especially, for their extraordinary gas separation properties. In this study, a novel and efficient method for the fab-
rication of continuous ZIF-7 film on «-alumina substrate has been investigated. The electrospray deposition method was
tried for the first time to prepare ZIF films directly without the necessity of prior substrate seeding. It has the advantage of
depositing thin ZIF-7 films directly on the «-alumina substrate by electrospraying the precursor solution. The ZIF-7 films
have been characterized through XRD, FE-SEM, and single gas permeation tests.

Keywords: zeolitic imidazolate frameworks, ZIF-7, electrospray deposition, hydrogen separation

1. Introduction solvothermal method is effective in preparing thin

films of crystalline framework materials, it requires

The preparation of highly selective organic/inorganic long processing time.

composite membranes for gas separation is one of the Electrospray deposition is a coating method that gen-
current trends in nanomaterials research[1-5]. At pres- erates an extremely fine liquid aerosol through electro-
ent, large-scale hydrogen production generally occurs via static charging. By applying high voltage to a solution,
steam reforming followed by water-gas shift (WGS) the charged liquid becomes unstable as it is forced to
and the product contains primarily H, and COx[3]. hold more and more charge. When the liquid reaches a
Therefore, metal-organic frameworks (MOFs) have been critical point, at which it can hold no more electrical
the focus of interest for their extraordinary hydrogen charge, it blows apart into a cloud of tiny, highly
separation properties[2,3]. In general, MOF films have charged droplets at the tip of the nozzle. These tiny
been synthesized by in situ growth and secondary droplets fly about searching for an oppositely charged
growth using the solvothermal method[3]. Although the potential surface on which to land. Depending on the

applied voltage, various shapes of electrospray jet can
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Table 1. Permeance and Ideal Selectivity Data of the ZIF-7 Film Synthesis

2
Permeance [mol - m

R Pa"]

Synthesis Temperature (°C)
COs

H,/CO, Ideal Selectivity at 25°C
H>

160 327 x 107

1.96 x 10° 6.03

be observed such as dripping mode, conejet mode,
multijet mode, and ramified jet mode[6].

Zeolitic imidazolate frameworks (ZIFs), one of MOF
species, show outstanding gas separation properties due
to their thermal, and chemical stability[3,7,8]. In this
study, defect-free continuous ZIF-7 films were pre-
pared by electrospray deposition. The precursor sol-
ution for ZIF-7 was electrosprayed through the nozzle,
and the electrically charged droplets were deposited
uniformly onto a heated «-alumina substrate to facili-
tate the crystallization of ZIF-7. The effect of electro-
spray conditions was systematically investigated, and
the synthesized ZIF-7 films were characterized by
XRD, FE- SEM, and single gas permeation tests.

2. Experimental

2.1. ZIF-7 Films by Electrospray Deposition

First, the precursor solution was synthesized accord-
ing to the literature[6]. In brief, 6.12 g of zinc nitrate
hexahydrate (ZnNO; * 6H,O, 98%, Sigma-Aldrich) and
3.24 g of benzimidazole were dissolved in 80 mL of
dimethylformamide (HCON(CH3),, 99.8%, Sigma-Aldrich
DMF) and stirred for 30 min at room temperature (so-
lution A). 0.6 g of sodium formate (HCOONa, 99%,
Sigma-Aldrich) was dissolved in 80 mL of DMF and
stirred for 30 min at room temperature (solution B).
The resulting solution obtained after mixing solutions
A and B for 30 minutes was used for further electro-
spray deposition.

The experimental set-up for electrospray deposition
is shown in Fig. 1. Before the electrospray deposition,
a disk shaped «-alumina substrate (diameter : 20 mm,
thickness : 2 mm, pore diameter : 0.12 um, porosity :
40%) was heated to a desired temperature (160°C).
The precursor solution was fed into a nozzle by a sy-

syringe pump

I nozzle
high voltage I h
substrate
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P
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Fig. 1. Experimental set-up for electrospray.

ringe pump at various flow rates from 0.5 to 2.0 mL/h.
The voltage that was applied to the nozzle was varied
from 5 to 15 kV. The distance between the nozzle tip
and the substrate was varied from 3 to 6 cm.

The as-synthesized ZIF-7 films were activated by
solvent exchange. They were immersed in methanol for
1 h. Afterwards, the ZIF-7 films were dried at 45°C

under saturated conditions overnight to prevent cracking.

2.2. Characterization

The XRD (M18XHF-SRA, Mac Science, Japan) was
employed to identify crystal phases. The morphology
and thickness of the films were observed by a
field-emission scanning electron microscope (Leo-Supra
55, Carl Zeiss STM, Germany). The gas permeation
properties through the film were investigated using a

home-made permeation set-up at room temperature[9].
3. Results and Discussion

The optimum experimental conditions were set through

experimentation. For a given flow rate of 1.5 mL/h, as

Membrane Journal Vol. 23, No. 4, 2013



280 Victor Manuel Aceituno Melgar - 71714

* Peak from the a-alumina substrate

Intensity (a.u.)

As-synthesized ZIF-7 membrane

ZIF-7 Simulated Pattern
T T T T T

5 10 15 20 25 30 35
20 ()

Fig. 2. XRD pattern of the ZIF-7 film prepared by elec-
trospray deposition.

the voltage was increased from 5 to 15 kV, the differ-
ent electrospray modes were observed : dripping, mi-
crodripping, conejet, multijet, and ramified jet modes.
After varying the applied voltage, the optimum con-
ditions to obtain the conejet mode or Taylor-cone
mode were determined to be a voltage of 12 kV at a
feed rate of 1.5 mL/h. In addition, the optimum height
of the nozzle tip over the substrate was determined to
be 4 cm to completely cover the «-alumina substrate
with the ZIF-7 film.

The temperature of the substrate was fixed at 160°C.
High temperatures are required to promote the bonding
between the deposited organic linkers and the «-alumina
substrate as well as the crystallization of ZIF-7[8].
However, the substrate temperature should not exceed
the decomposition temperature of organic linkers of the
ZIF structure. As a result, the substrate temperature
was set at 160°C to favor the DMF evaporation since
its normal boiling point is 153°C. At this substrate
temperature, the prepared film was colorless, indicating
the characteristics of the ZIF-7 crystals[10].

Fig. 2 shows the XRD pattern of the as-synthesized
ZIF-7 films and the simulated pattern of ZIF-7[10].
The peaks of the ZIF-7 film clearly indicate that it has
pure ZIF-7 crystal phase. The marked peak with an as-
terisk corresponds to the «-alumina substrate phase
onto which the ZIF-7 film was deposited.

Fig. 3 shows the morphology of the ZIF-7 films, in-

dicating a well intergrown, crack-free, and continuous
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Fig. 3. FE-SEM top view image of the ZIF-7 film pre-
pared by electrospray deposition.
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H

Fig. 4. FE-SEM cross section view of the ZIF-7 film pre-
pared by electrospray deposition.

layer. This is a consequence of the addition of sodium
formate in the precursor solution. Sodium formate acts
as a deprotonator by increasing the pH of the solution
and consequently by fully depronotating the benzimida-
zole, resulting in growth occurring in all directions and
yielding larger, well-intergrown crystals[8]. The well-
intergrowth of the crystals and the continuity of the
ZIF-7 film are important for effective gas separation
and high selectivity of H, and CO,. They favor the
sieving effect shown in the zeolitic imidazolate frame-
works, and increase the value of the ideal selectivity in
the H, and CO, separation.

Fig. 4 exhibits a clear distinction between the film
and the «-alumina substrate with a ZIF-7 film thick-
ness of 3.5 pum. It is very important to synthesize very
thin ZIF-7 films to permit high H, permeance values
as well as a high gas separation selectivity of H,/CO..

In addition, Fig. 4 shows a clear boundary between the
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@ -alumina substrate and the ZIF-7 film. It implies that the
film consists of only ZIF-7 crystals, free of impure phases.

The single gas permeation measurements show that
the ZIF-7 films prepared are promising alternatives for
H, separation from CO,. The H,/CO» selectivity for
Knudsen diffusion is 4.7. From the gas permeation re-
sults, the ZIF-7 films synthesized at 160°C exhibit a
higher ideal H»/CO, selectivity of 6.03, calculated as
the ratio of single-gas permeances, than that of Knudsen
diffusion.

The ideal Ho/CO, selectivity at 25°C of ZIF-7 films
prepared at 160°C surpasses that of Knudsen diffusion
significantly, in 28.3%. This is the result of the molecular
sieving effect shown in the zeolitic imidazolate frame-
works (ZIFs)[7]. The ZIF-7 films exhibit a high per-
meance for H, and have the potential to be used in in-
dustrial applications to separate hydrogen and then use
this gas as an alternative energy for energy needs.
Furthermore, ZIF-7 films have outstanding hydrophobic
properties, which make them ideal for H, separation in
the presence of steam due to their excellent hydro-
thermal stability in comparison to zeolite membranes
and sol-gel-derived silica membranes[7].

ZIF-7 is a promising candidate as a H-selective
film. The pore size of ZIF-7 is about 0.3 nm, which is
between the size of Hz (0.29 nm) and CO; (0.33 nm).
Consequently, there is high selectivity of H, over CO;
due to its molecular sieving effect. ZIF-7 crystallizes
in the sodalite structure with a hexagonal arrangement
of the cavities octahedrally interconnected by narrow
windows interconnecting the cavities, which are re-
sponsible for the molecular sieving effect. One of the
advantages that ZIF-7 films have is that their pore size
is near that of the molecular size of H,. Consequently,
a high H, selectivity can be achieved without any pore
modification.

Previous studies by Li ef. al. show that H,/CO, se-
lectivity for ZIF-7 increases with temperature. In fact,
they present a H,/CO, selectivity of 5.4 at 50°C[11],
which is exceeded by the ZIF-7 films prepared at
160°C even when the single gas permeation tests were
carried at 25°C.
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Fig. 5. Comparison of this work with the Robeson’s upper
bound for H,/CO, separation.

Fig. 5 shows a comparison between the results of
this study and the Robeson’s upper bound for H,/CO,
separation. The graph includes the performance of
some membranes and films that have been synthesized
for Hy/CO, separation[12-15]. As it can be observed,
for the H, permeability through the synthesized ZIF-7
films, the ideal H»/CO, selectivity upper bound has
been surpassed. This shows that these results are prom-
ising for industrial applications not only in terms of
ideal H»/CO, selectivity but also of H» permeability.

4. Conclusion

Crack-free, uniform and thin ZIF-7 films on porous
@ -alumina substrates by electrospray deposition have
been prepared successfully. The XRD pattern confirms
the synthesis of ZIF-7 crystals and the FE-SEM images
show crack-free uniform layer of ZIF-7 with thickness
of 3.5 um. The thickness of ZIF-7 film can be con-
trolled by the amount of the precursor solution electro-
sprayed on the @-alumina substrate. The permeation
tests show that an ideal selectivity H»/CO, of 6.03 is
obtained when the film is prepared at 160°C, exceed-
ing in 28.30% that of Knudsen diffusion, as well as

the Robeson’s upper bound.
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