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and crystallizes in a sodalite-type struc-
ture. [ 6 ]  The introduction of ZIF-8 as a thin 
fi lm or membrane expands its utilization 
as sorbent and catalytic agent in powder 
form [ 7 ]  towards further applications such 
as selective sensors for chemical vapors 
and gases [ 4a ]  or insulators in microelec-
tronics. [ 8 ]  In general, ZIF-8 membranes 
have been synthesized on different sup-
ports by in situ [ 9 ]  and secondary growth 
methods. [ 10 ]  However, signifi cant prob-
lems such as poor nucleation, adhesion 
and intergrowth of ZIF crystals were dis-
cussed in the literature. [ 11 ]  The main draw-
back for growing MOF and also ZIF fi lms 
on non-functionalized supports is the 
low density of available nucleation sites 
in the form of functional groups such as 

OH groups from where the formation of MOF/ZIF crystals 
can proceed. Consequently, the direct solvothermal synthesis 
route is rather unfavorable for the growth of dense crystalline 
layers. [ 12 ]  Therefore, the nucleation and thus the formation of 
homogeneous coatings of MOF/ZIF crystals on the substrate 
surface requires suitable functionalization in the form of self-
assembled monolayers (SAMs) [ 12a , 13 ]  or preformed seeding 
coating [ 10f , 14 ]  of the supports (secondary growth). In contrast, 
an alternative fabrication strategy of MOF/ZIF thin fi lms relies 
on the utilization of metal oxides nanostructures. This concept 
is based upon the idea that substrates coated with metal oxide 
(nano) layers or structures already provide the required metal 
ions for initiation of nucleation and sustainable growth of MOF 
crystals directly in close proximity to the substrate, without any 
other surface modifi cations. 

 The synthesis of MOFs directly from metal oxides has 
been shown to enable the use of inexpensive raw materials 
and to overcome the lack of control over the spatial localiza-
tion of the crystallization which is a typical problem for other 
approaches. [ 15 ]  It has been reported that ZnO or Zn surfaces 
can induce and favor the nucleation of ZIF-8 crystals with 
the possibility of the formation of ZIF-8 fi lms. [ 16,17 ]  Chen 
et al. reported the solvent-free synthesis of ZIF-8 by means of 
a direct reaction between ZnO and Hmim. [ 18 ]  This direct acid-
base approach was also applied by Román et al. for the syn-
thesis of a family of ZIFs based on the reaction between ZnO/
CoO/Co(OH) 2  and imidazolic ligands. [ 19 ]  Carreon et al. dem-
onstrated the synthesis of ZIF-8 from a solid-liquid interface 
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  1.     Introduction 

 Zeolitic imidazolate frameworks (ZIFs) are a type of materials 
that combine the unique properties of both zeolites and metal-
organic frameworks (MOFs), such as remarkably high surface 
areas, high grade of crystallinity, regular micropores as well as 
thermal and chemical stability. [ 1 ]  The attractive potential of ZIFs 
as novel functional porous coordination network (PCNs) mate-
rials is displayed through their applications in gas storage, [ 2 ]  
separation, [ 3 ]  chemical sensing [ 4 ]  and catalysis. [ 5 ]  The prototyp-
ical ZIF, [Zn(mim) 2 ] (ZIF-8), is formed by combining a Zn 2+  
source and 2-methylimidazole (Hmim) in a suitable solvent 
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via solution-mediated crystallization, whereas the ZIF crystals 
were grown from Zn foils in the presence of Hmim alcohol 
solutions. [ 17b ]  ZnO@ZIF-8 nanorods with a core-shell structure 
have also been synthesized from prefabricated ZnO nanorods 
in a reaction with Hmim. [ 20 ]  Recently, the preparation of low-
defect ZIF-8 tubular membranes, based on the modifi cation of 
the substrate with ZnO sol and its activation prior to the mem-
brane formation was reported by Zhang et al. [ 21 ]  

 In order to take full advantage of the functionality of the 
MOF/ZIF fi lms, control over the crystal size, position and 
orientation is desirable. Various strategies to induce MOF 
nucleation in specifi c positions on different kinds of substrates 
have been reported and three different concepts can be identi-
fi ed. [ 22 ]  Firstly, the MOF positioning (patterning) is controlled 
by use of an additive or specifi c agent. [ 23,24 ]  Secondly, control 
is achieved by substrate chemistry or surface modifi cation (e.g. 
localized electrochemistry, microcontact printing. [ 26 ]  Thirdly, 
the MOF positioning is based on the application of an external 
fi eld, e.g. magnetic patterning. [ 27 ]  Despite this variety of pro-
cedures to position MOFs on surfaces, certain drawbacks still 
remain (e.g. poor nucleation and integration for device fabri-
cation). Consequently, further advances are required to estab-
lish a versatile approach for localized MOF thin fi lm formation, 
which is suitable for integration in device fabrication schemes. 

 A very powerful and widely established methodology for 
spatial positioning of materials (thin fi lms, nanostructures), 
especially in microelectronics, is based on vapor phase depo-
sition technologies. In particular, highly controlled deposition 
of nanoscale metal oxides is achieved by atomic layer deposi-
tion (ALD) or magnetron sputtering. Herein, we report on the 
combination of ALD and sputtering techniques with MOF thin 
fi lm fabrication and demonstrate the self-directed localization 
of ZIF-8 thin fi lm formation by conversion of ZnO nano layers 
( Scheme    1  ). The ZIF-8 coatings were obtained on silicon (Si/
SiO 2 ) and on quartz crystal microbalance (QCM) substrates by 
wet-chemical, microwave-assisted conversion of pre-deposited 
ZnO layers derived from sputtering and ALD methods. The 
key feature of functional ZIF thin fi lms (and MOFs or PCNs in 
general), for example for sensor applications, is porosity. [ 28 ]  We 
therefore also applied our method to QCM-sensors coated with 
ZnO and probed the adsorption properties by nano gravim-
etry. To the best of our knowledge, this is the fi rst report on 
localizing MOF thin fi lm growth on substrates by conversion 
of ALD and sputter deposited metal oxides and including the 

characterization of the materials’ microporosity based on Lang-
muir Type I isotherms.   

  2.      Results and Discussion 

  2.1.      Fabrication of ZIF-8 Films from ZnO Nanolayers 

 Firstly, the ZnO precursor fi lms (∼50–150 nm thickness) were 
obtained by atomic layer deposition (chemical thin fi lm depo-
sition method) and confocal radio frequency (RF) magnetron 
sputtering. These techniques have the highest potential for the 
fabrication of fl at and uniform fi lms with low stress and defect 
density as well as highly precise and variable thickness down to 
the low nano-meter range. For ALD of ZnO, diethylzinc (DEZ) 
was used as the organometallic Zn-source and deionized water 
was used as the O-source. The main characteristic of the ALD 
process is a sequential deposition procedure. ZnO is created 
here as a result of a surface chemical reaction. The X-ray dif-
fraction (XRD) characterization of ALD-ZnO (47 nm) shows 
weak and broadened refl exes indexed as (100), (002) and (101), 
which match in both position and relative intensities with the 
hexagonal (wurtzite) ZnO reference (Figure S1), indicating that 
the grown fi lms are not textured. The poor crystallinity of the 
fi lms is confi rmed by selected-area electron diffraction (SAED) 
analysis, showing only weak diffraction rings (Figure S2). 
According to these results, the ALD fi lms are predominantly 
composed of randomly oriented ZnO nanocrystals, possibly 
imbedded in or associated with an amorphous ZnO matrix 
(which is typical for ALD-ZnO). Radio frequency magnetron 
sputtering (Ar) using a microcrystalline ZnO target yields the 
PVD-ZnO fi lms. The corresponding XRD pattern (Figure S1) of 
a typical fi lm (113 nm) deposited on a Si/SiO 2  substrate shows 
a similar pattern to the ALD-ZnO, except for an intense refl ex 
at 34.5° 2Θ, which corresponds to diffraction from the (002) 
ZnO plane. The observed (002) preferential orientation is due 
to the typical growth of ZnO crystals in the form of long hexag-
onal rods along the c-axis, resulting in columnar grains that are 
perpendicular to the substrate. The SAED data (Figure S2) are 
complementary to the XRD data and confi rm the pronounced 
crystallinity (more intense diffraction rings) of the sputtered 
ZnO with respect to the ALD-ZnO. 

 The ZnO thin fi lms deposited on Si or QCM substrates 
were used as a sacrifi cial surface to deliver the Zn 2+  ions for 
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 Scheme 1.    Schematic illustration of the synthesis of ZIF-8 fi lms from ZnO precursor fi lms deposited on solid substrates.
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initiation and support of ZIF-8 growth. The successful transfor-
mation from the ZnO fi lm to the ZIF-8 fi lm was carried out by 
immersion of the ZnO-coated substrates into the mixed solvent 
medium of  N,N -dimethylformamide (DMF) and H 2 O followed 
by a microwave-assisted treatment with 2-methylimidazole 
(linker component) at 80 °C for 1 h. The XRD patterns of the 
resulting coatings are shown in  Figure   1 (I) and reveal the suc-
cessful formation of ZIF-8 in both cases. The main refl exes at 
7.5° (110), 10.4° (200) and 12.8° (211) in 2Θ match well with 
the simulated pattern of the bulk material, based on Crystal-
lographic Information File (CIF) reported by Yaghi et al. [ 6a ]  
No signifi cant difference in crystallinity is observed between 
the ZIF-8 fi lms grown from either ALD or sputtered ZnO. 
The qualitative evaluation of the comparably weak intensities 
and line widths point to small (nano sized) randomly oriented 
ZIF-8 crystallites. The intense refl ections in the range of 30–40 

2Θ stem from the remaining ZnO coating and indicate that 
only a fraction of the ZnO fi lm was converted to ZIF-8.  

 Generally, ZnO can easily be dissolved to release Zn 2+  ions 
in acidic or basic aqueous solutions. [ 29 ]  The key of the forma-
tion mechanism of intergrown ZIF-8 fi lms is the role of the 
organic linker 2-methylimidazole, that acts both as an etching 
agent to dissolve ZnO fi lms in order to provide Zn 2+  ions and 
as a ligand for the coordination of Zn 2+  ions to form ZIF-8. The 
linker creates homogeneous nucleation sites for the growth of 
a dense ZIF-8 fi lm right on the substrate surface. The mecha-
nism can only work when there is the right balance between the 
dissolution rate and coordination rate of Zn 2+  ions. As reported 
previously, the dissolution of ZnO is too fast in H 2 O and too 
slow in DMF. [ 30 ]  Therefore, the ZIF-8 fi lms were successfully 
synthesized in a mixed DMF/H 2 O solvent. The reaction tem-
perature and reaction time are further crucial factors which 
infl uence the success of the fi lm formation. Dense, continuous 
and intergrown ZIF-8 fi lms (Figure  1 (II) and section 2.2. below) 
are synthesized at 80 °C after 1 h of microwave irradiation. An 
increase of the reaction time infl uences the amount of dissolved 
ZnO only in the case of ALD-ZnO, i.e. the remaining ZnO 
coating exhibits more areas in which the ZnO material appears 
to be almost fully converted to ZIF-8 (Figure S3). Figure  1 (II) 
shows intergrown polycrystalline ZIF-8 layers with crystal sizes 
of ∼50 nm on the top of Si and QCM substrates. The SEM 
images of the sputtered ZnO and the ALD-ZnO fi lms before 
the partial conversion into the corresponding ZIF-8 fi lms are 
presented in Figure S4. The crystal morphology of sputtered 
ZnO (a,c) and ALD-ZnO (b,d) clearly differs from each other. 
In the case of sputtered ZnO, the formed ZIF-8 structures are 
larger, due to the larger size of the ZnO particles obtained by 
the sputtering process, and the characteristic shape of ZIF-8 
cannot be observed. In contrast, ZIF-8 fi lms grown from the 
ALD-ZnO display a typical faceted shape of well-formed ZIF-8 
crystals, which can be attributed to the fact that the formation 
of ZIF-8 fi lms from a less dense, predominantly nanocrystal-
line ZnO precursor material is more effective due to the faster 
dissolution and conversion of the metal oxide. In general, SEM 
characterization proves the formation of dense, uniform and 
homogeneous ZIF-8 fi lms on Si and QCM substrates in both 
cases. It can be concluded that nucleation and growth of the 
nanocrystals are both restricted to the location of ZnO pre-
cursor fi lms.  

  2.2.      Transmission Electron Microscopy (TEM) Characterization 
of ZIF-8 Films 

 Focused ion beam (FIB) milling is a suitable technique to 
prepare both cross-section and plan-view specimens from the 
grown ZIF-8 layers, in order to estimate the ZnO conversion 
progress and the thickness of the resulting ZIF-8 fi lms. The 
TEM images in Figure S5 show cross-sectional views of the 
various layers in each sample. Bright-contrast ZIF-8 crystals 
can be seen on the top of the unconverted ZnO layer, which is 
deposited on a Si substrate. A thick Pt layer was deposited on 
top of the material for its protection prior to the milling proce-
dure. The Pt signal is detected by energy dispersive X-ray ele-
mental mapping (STEM-EDX). and represented in Figure S7. 
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 Figure 1.    Phase composition and surface morphology of the ZIF-8/ZnO 
samples. (I,  left ) XRD patterns of ZIF-8 fi lms obtained from ALD (a) and 
sputtered ZnO (b) compared with a calculated pattern of the bulk mate-
rial (c). (II,  right ) SEM images of (a) ZIF-8 derived from sputtered ZnO 
on a Si substrate, (b) ZIF-8 derived from ALD-ZnO on a Si substrate, (c) 
ZIF-8 derived from sputtered ZnO on QCM sensor and (d) ZIF-8 derived 
from ALD-ZnO on QCM sensor.
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The FIB-prepared cross-sectional views in  Figure   2 a and d 
show uniform, polycrystalline ZnO precursor fi lms. The sput-
tered layer in 2a exhibits a typical columnar growth perpen-
dicular to the substrate. The initial thicknesses of the sputtered 
and ALD-ZnO fi lms are 113 and 47 nm. During the microwave 
synthesis, ZnO layers of several nm thicknesses are dissolved 
and the resulting liberated Zn 2+  ions coordinate to the linker 
and form the ZIF-8 coating.  

 In order to understand the coherence between the amount of 
the dissolved ZnO and the formed ZIF-8 nanocrystals, the den-
sity ratio γ = ρ(ZIF-8)/ρ(ZnO) is introduced. For the estimation 
of the density of the thin fi lm it was assumed that the reported 
density value for bulk ZIF-8 is also valid for thin fi lms of the 
same type of material. The densities (ρ) of the ALD [ 31a ]  and sput-
tered ZnO are 4.47 g cm −3  and 5.61 g cm −3  and the theoretical 
density of crystalline ZIF-8 [ 31b,c ]  is 0.95 g cm −3  giving γ = 21.2 
and 16.9, respectively. The factors can be used for the estimation 
of the resulting ZIF-8 fi lm thickness. If 1 nm of ALD-ZnO is 
dissolved by the linker, 21.2 nm of ZIF-8 fi lm should be formed. 
In case of sputtered ZnO, 16.9 nm of ZIF-8 should be produced. 
The intergrown ZIF-8 crystals can be seen on top of the uncon-
verted ZnO layers and the thickness of the fi lms is 70–87 nm in 
case of the sputtered ZnO precursor and 85–106 nm in case of 

the ALD-ZnO fi lm. Consequently, 4.1–5.1 nm of sputtered ZnO 
and 4–5 nm of ALD-ZnO precursor fi lm have been consumed, 
which is in good agreement with the TEM results. Figure S6 
shows a FIB-prepared TEM plan-view sample of well-formed 
ZIF-8 crystals grown from ALD- ZnO, and gives an additional 
insight into the conversion procedure. Generally, the thickness 
of the precursor fi lm doesn’t signifi cantly change after the con-
version procedure. This can be explained by a volumetric expan-
sion of ZnO during transformation because of a signifi cant 
increase in molar volume. The residual, partially transformed 
ZnO acts as a bridging layer between the substrate and the 
ZIF-8 nanocrystals providing an excellent substrate adhesion for 
the nanocrystals. Notably however, the precursor fi lm cannot be 
fully converted due to the very fast formation of the fi rst ZIF-8 
crystals, which block the ZnO surface and its further dissolu-
tion through the organic linker. Consequently, only very thin 
(less than 10 nm) ZnO fi lms are likely to be fully converted into 
corresponding ZIF fi lms. Our examples qualitatively show the 
possibility of the conversion of ultrathin precursor fi lms, ena-
bling the precise control of the location of materials and opening 
further applications in fi eld of the miniaturized devices. [ 32 ]  

 Scanning transmission electron microscopy–electron 
energy loss spectroscopy (STEM-EELS) and energy dispersive 
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 Figure 2.    Microstructure of the grown ZIF-8 nano fi lms. Bright-fi eld TEM images of cross-sectional ZIF-8/ZnO samples on Si/SiO 2  substrates prepared 
by Focused Ion Beam (FIB), all samples are covered with a Pt layer of several hundreds of nms (see experimental part): (a) sputtered ZnO of 113 nm 
thickness, (b-c) ZIF-8 fi lm (∼80 ± 10 nm) grown from sputtered ZnO (c, magnifi cation of image b); (d) ALD-ZnO of 47 nm thickness; (e-f) and ZIF-8 
fi lm (∼95 ± 10 nm) grown from ALD-ZnO (f, magnifi cation of image e). The microstructure of the ZIF-8/ZnO attached to the Si/SiO 2  substrate is nicely 
seen in images c and f: the bright contrast regions are the porous ZIF-8 fi lms.
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X-ray elemental mapping (STEM-EDX) were carried out 
to identify the elemental composition of the nanocrystals 
( Figure   3  and Figure S7). Both methods display signals cor-
responding to the nitrogen in the ZIF-8 structure, which 
again supports the formation of ZIF-8 fi lms. The RGB 
color models (Figure  3 f) composed of the N, Zn and Si ele-
mental maps illustrate the merging of these elements and 
clearly show the position of the ZIF-8 fi lms on the top of the 
remaining ZnO.   

  2.3.     Porosity Investigations of ZIF-8 Films via QCM 

 As mentioned above, the self-directed localization approach can 
also be applied to the synthesis of ZIF-8 fi lms directly on the 
surface of QCM sensor substrates. The required low temper-
ature (80 °C) and short reaction time (1 h) for the successful 
conversion of ZnO allow to avoid damage to the QCM sensors, 
which can be caused by high temperatures and long micro-
wave treatments, and to investigate the methanol adsorption 
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 Figure 3.    Elemental composition (mapping) by STEM-EELS. ZIF-8 fi lms grown from sputtered ZnO (I,  above ) and grown from ALD-ZnO (II,  below ). 
Dark-Field image (a) and elemental maps of Zn (b), N (c), C (d) and Si (e). The RGB color maps in (f) display the merging of the elemental maps of 
N (red), Zn (green) and Si (blue). The localization of the N signals together with Zn and C clearly identify the region of ZIF-8 formation.
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properties of the formed ZIF-8 fi lms by the environment-
controlled QCM technique at 298 K. To the best of our knowl-
edge, this is the fi rst report that MOFs/ZIFs nano fi lms have 
been grown from a prefabricated metal oxide on the surface of 
a QCM sensor and have had their porosity properties investi-
gated. Prior to the adsorption measurements ( Figure   4 ) the 
samples were dried and activated as described in the experi-
mental part. Methanol adsorption isotherms of ZIF-8 nano 
fi lms ((a) and (b)) display a very similar over-all shape to the 
reference sample (c), clearly revealing the micro porosity of the 
fi lms. The isotherm shape of the ZIF-8 nano fi lms is slightly 
different from the Langmuir type I isotherms for N 2  adsorption 
of bulk ZIF-8 as previously reported, however they nicely match 
with the reported shape of the methanol adsorption isotherm 
of bulk ZIF-8. [ 34 ]  To compare the saturation uptake of ZIF-8 
fi lms with the reference ZIF-8 material, three isotherms were 
measured simultaneously in a six-channel environmentally 
controlled QCM chamber. First, we compare two samples of 
ZIF-8 nano fi lms, derived from sputtered ZnO obtained from 
two sources ((a) trace, ZnO on QCM substrate obtained from 
q-sense company (Sweden); (b) trace, ZnO on QCM fabricated 
by ourselves). The one ZIF-8 (a) exhibits only a slightly higher 
saturation uptake of 0.42 g/g at P/P 0  = 95% in comparison to 
the other ZIF-8 where a maximum loading of 0.32 g/g was 
reached. From these data adsorbed amounts of methanol mol-
ecules per Zn atom (3.0 and 2.3, respectively) are calculated. 
The values are in a good accordance with the reported uptake of 
2.7 for the bulk ZIF-8 reference [ 34 ]  and our own ZIF-8 powder 
sample (obtained from bulk ZnO, see Experimental Section) 
measured by QCM (c). The solvent-accessible volume (SAV) 
for the ZIF-8 nano fi lms ((a) and (b)) was also calculated from 
the saturation uptakes (48.8% and 37.2%) and compared to the 
SAV value (50.4%) [ 33 ]  of a ZIF-8 bulk reference material syn-
thesized from Zn(NO 3 ) 2 *6H 2 O. [ 6 ]  The slight but signifi cant dif-
ference in the saturation uptakes of the ZIF-8 nano fi lms is a 

clear indication that the crystallinity of ZIF-8 grown from non 
oriented sputtered ZnO (obtained from q-sense company, XRD 
in Figure S1) is higher than of ZIF-8 fi lm fabricated from more 
crystalline and preferentially c-axis oriented sputtered ZnO 
obtained by ourselves.   

  2.4.     Fabrication of [Al(OH)(1,4-ndc)] n  Thin Films from Al 2 O 3  
Nano Layers 

 The self-directed localization approach for the controlled MOFs/
ZIFs growth on different substrates was extended to the fabri-
cation of [Al(OH)(1,4-ndc)] n  fi lms from amorphous aluminum 
oxide layers pre-deposited (by ALD) on Si. Recently, Furukawa’s 
group showed the localized synthesis of this framework on the 
surface of gold nanorods [ 15b ]  which is achieved by coordination 
replication of alumina to Al-based MOF whereat the kinetic 
coupling between the dissolution of alumina and the crystal-
lization of [Al(OH)(1,4-ndc)] n  allowed for the precise localiza-
tion of MOF nucleation on the targeted environment. [ 15a ]  Using 
1,4-naphthalenedicarboxylic acid H 2 (1,4-ndc) as the etching 
agent and the coordination linker, we were able to convert 
an amorphous Al 2 O 3  precursor layer into a corresponding 
[Al(OH)(1,4-ndc)] n  dense homogeneous fi lm (Figure S8).   

  3.     Conclusions 

 We have demonstrated a fast and effective self-directed locali-
zation strategy for the fabrication of dense and homogeneous 
fi lms of ZIF-8 and [Al(OH)(1,4-ndc)] n  based on pre-deposited 
ZnO and Al 2 O 3  nano layers. ALD and sputtering methods are 
employed to deposit ZnO on Si and QCM substrates which 
act as the sacrifi cial templates for the growth of the uniform 
and crystalline ZIF/MOF thin fi lms. The demonstrated conver-
sion of ultra thin precursor fi lms into highly crystalline porous 
materials will open new possibilities in the fi elds of microelec-
tronics and miniaturized devices. [ 35 ]  The porosity of the ZIF-8 
fi lms obtained by spacial localization of the Zn 2+  source on a 
solid support was investigated for the fi rst time via the QCM 
technique. ALD offers ultra precise and high aspect ratio metal 
oxide positioning not only on fl at substrates but also employing 
complex architectures and coating of internal surfaces of meso 
or macrostructured monoliths. The well established ALD tech-
nology platform, including organometallic and metal-organic 
precursor chemistry for metal oxide materials and special vari-
ants of ALD processes (thermal, photo- and plasma-assisted, 
etc.), together with lateral structuring methods (e.g. photo-
lithography) suggest great potential for integration of MOF thin 
fi lms and nanostructures into devices.  

  4.     Experimental Section 
  Materials:  All reagents and solvents were commercially available 

and used without further purifi cation. 2-methylimidazole (99%), 
1,4-naphthalenedicarboxylic acid and ZnO nanopowder were purchased 
from Aldrich Chemicals (Germany). Dimethylformamide was obtained 
by Fischer Chemicals (Germany). Chloroform was delivered by VWR 
International (Germany). In all experiments deionized water was used. 
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 Figure 4.    Microporosity of the ZIF-8 nano fi lms. Methanol adsorption 
isotherms of two samples of ZIF-8 fi lms grown from sputtered ZnO ((a) 
and (b)) measured at 298 K via QCM and comparison with a reference 
powder sample of microcrystalline ZIF-8 (c) deposited on the QCM 
sensor substrate by drop casting (see Experimental Section). The data 
show a similar behavior of the three samples reaching a specifi c satura-
tion uptake [g Methanol /g ZIF-8 ] of 0.42 (a) and 0.32 (b) respectively. The good 
quality of the ZIF-8 nano fi lms is indicated by their saturation uptakes 
being similar to the reference sample (c).



FU
LL

 P
A
P
ER

4810

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

  Sputter Deposition of ZnO : ZnO thin fi lms were deposited by confocal 
radio frequency (RF) magnetron sputtering using an AJA ATC2200-V 
sputter system, equipped with a 4” ZnO compound target (Williams 
Advanced Materials, purity 99.9%). The depositions (RF Power: 100 W) 
were performed at room temperature and a sputter gas pressure of 
1.33 Pa with an Ar fl ow of 40 sccm. The base pressure was better 
than 2.3*10 −5  Pa for all samples. The substrates were rotated with 
40 rpm, to achieve homogeneous thicknesses. Quartz crystal micro 
balance substrates (gold coated) and photolithographically structured 
Si/SiO 2  substrates were both mounted onto a 4” Si/SiO 2  wafers and 
ZnO thin fi lms were deposited by sputtering as described above. In 
addition, QCM substrates coated with sputtered ZnO (150 nm) were 
obtained from q-sense company for comparison. 

  Atomic Layer Deposition (ALD) of ZnO : Atomic layer deposition (ALD) 
of ZnO fi lms was performed at the Plasma Materials Processing (PMP) 
group of Applied Physics Department, Technical University Eindhoven, 
Netherlands. ZnO fi lms were deposited on Si (4” wafers) using an 
open load Oxford instruments OpAL reactor at 100 °C. Diethyl zinc 
[DEZ, Zn(C 2 H 5 ) 2 ] and deionized water (DI H 2 O) vapor were used as 
precursors for the deposition of ZnO fi lms. The dosing and purging 
times in one ZnO cycle were DEZ (50 ms)/purge (5 s)/DI H 2 O vapor 
(20 ms)/purge (6 s) with a total of 247 ALD cycles (thickness ∼50 nm). 
The base pressure was 1 mTorr and typical operating pressures were 
100–1000 mTorr. Unfortunately, we could not obtain good quality 
ALD-ZnO nano fi lms on (gold coated) QCM substrates. 

  Formation of ZIF-8 Nanofi lm on ZnO-Coated Si/SiO 2  Substrates : The 
formation of ZIF-8 from ZnO (either derived by ALD or by sputtering) 
deposited on Si/SiO 2  was performed in a microwave reactor in a big 
excess of the organic linker. In a typical experiment, 2-methylimidazole 
(0.2 g) was added in a microwave reaction vessel (10 mL) containing a 
mixed solvent DMF/H 2 O (6 mL). After a 5 min sonication a small piece 
of Si substrate coated with ALD (47 nm) or sputtered (113 nm) ZnO 
was added to the reaction mixture. The microwave synthesis was carried 
out for 1 h under stirring at 80 °C. After the reaction, the samples ZIF-8/
ZnO@QCM were washed with DMF and H 2 O several times and dried 
under ambient conditions. 

  Formation of ZIF-8 Film on ZnO-Coated QCM Sensors : Hmim 
(0.5 g) was sonicated with of DMF/H 2 O solvent (16 mL). Then, QCM 
substrates coated with sputtered ZnO (150 nm, obtained by q-sense 
company; 113 nm obtained by ourselves) were added to a sonicated 
mixture in a microwave vessel (80 mL). The mixture was left to react 
under microwave irradiation for 1 h at 80 °C under stirring. The samples 
ZIF-8/ZnO@QCM were washed with water and DMF and dried under 
ambient conditions. 

  Synthesis of ZIF-8 Bulk Material : ZnO nanopowder (0.0204 g) was 
mixed with Hmim (0.1650 g) and put in the microwave reaction vessel 
(10 mL) containing the mixed solvent DMF/H 2 O (6 mL). After a short 
sonication (several min), the mixture was heated at 80 °C for 1 h under 
stirring. The resulting material was washed with DMF and mixed with 
chloroform to exchange the DMF molecules. 

  Activation Procedure of ZIF-8 Films Prior to the Adsorption 
Measurements : The activation process was performed in two steps. 
Firstly, the QCM substrates coated with ZIF-8 nanofi lms and the ZIF-8 
reference powder sample were soaked in pure CHCl 3  for 1 h at 40 °C 
to exchange the DMF molecules. Then, the solvent was changed to 
the fresh one and this procedure was repeated several times. After the 
solvent exchange, a suspension of the reference ZIF-8 powder in CHCl 3  
was dropped onto the QCM substrate and left at ambient conditions to 
evaporate the solvent. During the additional pretreatment the substrates 
were heated at 70 °C for 2 h in He stream inside the QCM chamber. 

  Methanol Adsorption Isotherms : The methanol adsorption properties 
of ZIF-8 nano fi lms grown from sputtered ZnO on the QCM substrates 
and the reference bulk ZIF-8 powder material deposited on the 
QCM material were investigated by an environment controlled BEL 
JAPAN QCM instrument. Further details are given in the Supporting 
Information. 

  Formation of [Al(OH)(1,4-ndc)] n  Film on Si Substrate : A small piece of 
Al 2 O 3 @Si was added in a microwave vessel (10 mL) containing water 

and H 2 (1,4-ndc) (200 mg). Some drops of nitric acid in H 2 O were added 
to the mixture to adjust the pH value to 2. The mixture was stirred several 
minutes before heating to 180 °C for 1 h in the microwave. After cooling 
down, the material was washed with DMF and H 2 O to remove the 
residual linker and dried under ambient conditions. The microstructural 
characterization data are given in the supporting information.  
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 Supporting Information is available from the Wiley Online Library or 
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