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Film processing and patterning techniques are a prerequisite to

fully exploit the potential of metal–organic frameworks (MOFs) in

integrated applications. We report a solvent-free approach for the

synthesis of ZIF-8 thin films and patterns through the reaction of

ZnO films with melted 2-methylimidazole.

Metal–organic frameworks (MOFs) are a class of crystalline porous
materials consisting of metal ions or clusters connected by
multitopic organic linkers. In the last years, these materials have
been widely researched for applications ranging from separations1

and catalysis2 to sensing and biomedical applications.3 Efficient
patterning and thin film processing methods are a prerequisite to
fully exploit the potential of these materials in integrated
applications such as microfluidic and electronic devices.4,5

Reported MOF thin film deposition methods typically rely on
the growth of the MOF on a support from a precursor solution.
Control over localization of the growth has been achieved by
patterned functionalization of the surface of the support,6 or by
the patterned deposition of MOF precursors either as solutes7 or
in solid form.8 In addition to these bottom-up methods, the
applicability of top-down lithographic approaches was recently
demonstrated.6,9 Nevertheless, there is still a need for further
advances towards fast, cheap and versatile methodologies that
allow control over the position and size of the deposited crystals.5

ZIF-8 (Zn(mim)2, mim = 2-methylimidazolate) is one of the
most studied MOFs because of its high chemical and thermal
stability, mild synthesis conditions, and interesting characteristics
for molecular separation10,11 and catalysis.12,13 It was recently
reported that ZIF-8 also shows potential as an insulator in
microelectronics.14 Preparation techniques for ZIF-8 films enabled

the demonstration of the value of this material in sensing
applications, especially in the case where quantification of small
organic molecules in the presence of water vapor is required.15

However, reports on patterning of ZIF-8,6,16 providing methods
that are needed for coating only the active sensing area in
integrated devices, are still scarce and the used methods are
currently based on surface etching and grafting techniques not
generally applicable to various supports. Patterned growth by
electrochemical deposition, such as reported for HKUST-1,8 is
hampered for ZIF-8 by an incubation time prior to nucleation.17 In
addition, a common disadvantage of all current solvent-based ZIF-
8 thin film processing and patterning techniques is the large
amount of solvent needed because of a low volumetric synthesis
yield for the film and difficulties in preventing solution growth,
thus resulting in waste generation. The use of solvents could also
cause safety and processability issues, especially when operating
under solvothermal conditions, which are needed to obtain large
crystals.

Recently, there has been an increased interest in synthesizing
MOFs from metal oxides or hydroxides instead of the typically
used metal salts.18,19 Some recent reports have demonstrated that
these metal sources can also be used to make structured MOF
assemblies20,21 and films22 by replication of the metal source
morphology during the MOF synthesis. An interesting approach
for low melting point ligands is to synthesize MOF powders by
melting the ligand while physically mixing with metal oxide or
hydroxide particulates, as has been demonstrated for ZIF-8 (Zn),
MAF-27 (Mg), MAF-28 (Zn) and ZIF-67 (Co).23,24 This reaction
consists of a simple acid–base neutralization with water as the
only by-product, which enables a salt-free and solvent-free
production of MOFs.

Here, it is shown how such favorable attributes of the oxide-to-
MOF transformation can be extrapolated to the preparation of
patterned MOF coatings and films, thus enabling facile integration
with mature oxide deposition techniques. In contrast to the small
number of reported ZIF-8 patterning techniques, various attractive
patterning methods have been demonstrated for ZnO, including
electrochemical deposition,25 inkjet printing,26 direct imprint
lithography,27 and magnetron sputtering.28 Given this array of
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well-developed ZnO deposition techniques, a method for trans-
forming the resulting ZnO patterns to ZIF-8 patterns would enable
high-quality features by a convenient two-step procedure.

Herein, we report a novel strategy to deposit ZIF-8 thin films
and micropatterns on different supports through the solvent-free
reaction of ZnO precursor films and patterns with melted
2-methylimidazole. To show the broad applicability of this
solvent-free transformation strategy we demonstrate its use on
ZnO coatings synthesized via three well-known procedures (as
shown in Scheme 1). Sputtered ZnO films on silicon wafer
supports are transformed into intergrown ZIF-8 films and ZnO
patterns processed via microcontact printing are transformed into
ZIF-8 patterns. To demonstrate the applicability for the replication
of three-dimensional precursor morphologies, an electrochemi-
cally deposited flake-like ZnO film on a carbon steel support is
transformed into a flake-like ZIF-8 film.

A detailed description of the experimental conditions is given
in the ESI.3 In general, small cut pieces of the supported ZnO films
and patterns were covered with a thin layer of finely ground
2-methylimidazole (HmIM) powder. The samples were placed in
closed containers and subsequently placed in a preheated oven at
433 K. Transformation was timed from the moment of melting of
the HmIM powder. During the melting process the excess liquid
HmIM quickly wetted the complete surface, leading to a
homogeneous reaction with the precursor film. After the required
transformation time, the samples were cooled down to ambient
conditions. The samples were washed with methanol and air-
dried. This washing step can be interchanged with a ligand excess
evaporation step to obtain a completely solvent-free procedure, as
reported for powder samples by Lin et al.,23 by applying a vacuum
or a gas stream at the end of the transformation step. When a cold
trap is used it is possible to recuperate the excess pure ligand,
thereby making the synthesis procedure completely waste-free.

When 1 mm thick sputtered ZnO films were used as precursors,
large crystal intergrown ZIF-8 thin films were obtained. The
influence of the transformation time on the film morphology and
the crystal size was investigated by interrupting the transformation
at different time points. Fig. 1 shows the resulting films after a 1,
2, 5 and 10 min transformation time. A layer of crystals covering
the ZnO layer is formed in less than 1 minute. In the gaps between
these initially formed crystals leftover ZnO can be seen (Fig. S1,
ESI3). Over the next minutes the crystals grow further, resulting in
a layer consisting of well-intergrown crystals of up to 2 mm after 5
minutes. Further reaction seems to lead to crystal ripening, as can
be seen from the increased crystal sizes up to 5 mm and the
decreased number of separately nucleated crystals observed after

Scheme 1 Schematic overview of the solvent-free ZIF-8 film processing and patterning approach. Different precursors were used to demonstrate the versatility: dense
sputtered films, printed patterns and electrochemically deposited flake-like films. The approach consists of two simple steps: (1) covering the ZnO film with ligand
powder and melting the ligand powder for in situ solvent-free reaction with the ZnO precursor, (2) removing excess ligand resulting in an evacuated ZIF-8 film.

Fig. 1 SEM images of the resulting ZIF-8 films (top view) at different times
during the transformation of a 1 mm thick sputtered ZnO film on a silicon wafer
support. (a) 1 min, (b) 2 min, (c) 5 min, (d) 10 min. Scale bars: 5 mm.
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10 minutes. The formation of highly crystalline ZIF-8 films was
confirmed by XRD in reflection mode (Fig. S2, ESI3). A cross-
sectional view of the film after 10 min (shown in Fig. S3, ESI3)
clearly shows that the partly transformed ZnO layer acts as a
bridging layer between the silicon support and the large ZIF-8
crystals. In this cross-sectional view the intergrown ZIF-8 crystals
can be seen on top of the morphologically unaltered ZnO layer,
still close to its original 1 mm thickness. This observation can be
explained by a volumetric expansion during transformation
because of a significant increase in molar volume (from 14.49
cm3 mol21 to 249.55 cm3 mol21 based on crystal lattice
parameters). These results make this solvent-free approach to
our knowledge the fastest method to obtain well-intergrown ZIF-8
films consisting of micron-sized crystals and the only method that
works at atmospheric pressure.

Because of the bridging layer between the SiO2 support and the
large ZIF-8 crystals, good substrate adhesion of these MOF crystals
is expected. To support this hypothesis we performed a simple
tape test, consisting of pressing adhesive tape on top of the film
and subsequently peeling it off. Fig. S4, ESI,3 shows that the ZIF-8
film is still intact after this procedure.

To test whether the above transformation procedure is
applicable for patterned MOF deposition, a hexagonal ZnO motif
was prepared by microcontact printing. The approximate film
thickness of the ZnO features in this film was 0.2 mm. The
hexagonal ZIF-8 pattern resulting from solvent-free transformation
is shown in Fig. 2. A high magnification view of the pattern before
and after transformation and the respective XRD patterns are
shown in Fig. S5, ESI.3 From the sharp edges in the high
magnification SEM images it can be concluded that nucleation
and growth of ZIF-8 are restricted to the location of the ZnO
precursor pattern. This can either be the result of the insolubility
and therefore immobility of the zinc ions in the melted ligand or
of the slow diffusion of dissolved species. The resulting pattern
consists of an intergrown layer of individual crystals with sizes
smaller than 0.5 mm.

To demonstrate that the solvent-free transformation method is
also applicable for the replication of three dimensional morphol-
ogies, a flake-like ZnO film was electrochemically grown on a
carbon steel support and subsequently transformed. The mor-
phology of the precursor ZnO film, with its y0.1 mm thick,
randomly stacked flakes, is clearly preserved in the ZIF-8 film
resulting from solvent-free transformation (Fig. 3). In the eventual
film, it is mostly impossible to distinguish between crystals that
started to grow at either side of the ZnO flake. This implies that
the growing crystallites have penetrated through the original ZnO
plane, and that the ZnO must have been largely consumed. The
resulting hierarchical ZIF-8 films are possibly interesting for
application in gas separation devices since a high capacity is
coupled with a facilitated mass transport because of the presence
of both micro- and macropores.20

When comparing the printed, sputtered and electrochemically
deposited ZnO samples it is clear that the ZnO morphology and
layer thickness not only affect the morphology of the resulting ZIF-
8 film but also the MOF crystal size. Starting from dense 1 mm
thick sputtered ZnO films, large 1–5 mm crystals can be grown in
less than 20 minutes. For the stamped and electrochemically
deposited ZnO, the ZIF-8 crystals are typically smaller than 1 mm
after the same transformation time, suggesting that crystal growth
is stopped because of Zn2+ depletion. In contrast, the 1 mm

Fig. 2 SEM images of a ZIF-8 pattern obtained after 20 min transformation of a
ZnO pattern. (a) The hexagonal ZIF-8 pattern. (b) A high magnification view of
the sharp edge. Scale bars: (a) 20 mm, (b) 1 mm.

Fig. 3 SEM images of the flake-like ZnO and ZIF-8 films. (a) The electrochemi-
cally deposited ZnO precursor film. (b) The resulting ZIF-8 film after 20 min
transformation of the ZnO precursor film. Scale bars: 5 mm.
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sputtered ZnO film provides an abundant supply of Zn2+, and
crystal growth is continued to larger sizes. To support this
hypothesis we transformed sputtered ZnO films of approximately
0.1 mm and 0.5 mm for comparison with the 1 mm film (Fig. 4). A
decreased crystal size can be seen in the resulting ZIF-8 films of
the thinner ZnO films. This is a clear indication that the crystal
size can easily be controlled by changing the amount of ZnO in
contact with the growing crystals during the transformation.

Conclusions

We have developed a fast, waste- and solvent-free strategy to
fabricate supported ZIF-8 thin films and patterns. The method
consists of the transformation of zinc oxide precursor films and
patterns into ZIF-8 films and patterns by reaction with the melted
2-methylimidazole ligand. We have shown that the spatial
distribution of the ZnO precursor film is replicated by the crystal
assemblies in the resulting ZIF-8 film. Since many different ZnO
film morphologies can be grown on various substrates using well-
known methods this novel strategy could open doors towards new
applications for ZIF-8 films.
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